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Abstract

Nanocarriers that deliver functional proteins to cell interiors are an attractive platform for
the intracellular delivery of intact proteins without further modification, with in vivo
compatibility. Development of efficient methods for cargo protein encapsulation and
release in recipient cell cytosol is needed. Herein, we assess the feasibility of the above
requirements using a protein nanocage (artificial nanocage) without compromising the
structure and functions of the original protein and allowing design flexibility of the
surfaces and interiors. The protein nanocage formed via the self-assembly of B-annulus
peptide (24-amino acid peptide) in water was used as a model framework. The
nitrilotriacetic acid moiety was displayed on nanocage lumen for effective encapsulation
of hexahistidine-tagged proteins in the presence of Ni?*, and the amphiphilic cationic lytic
peptide HAad was displayed on nanocage surface to attain cell permeability. Successful
intracellular delivery of cargo proteins and targeting of cytosolic proteins by a nanobody

were achieved, indicating the validity of the approach employed in this study.
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Introduction

Although proteins including antibodies and small molecule antibodies exhibit
considerable therapeutic potential, their inherently low membrane permeability is an
obstacle for their targeted delivery in cells.”* Conjugation with peptides and polymers
can increase the membrane-permeability of cargo proteins;*? however, sophisticated
methods of conjugation are often needed. Conjugation with heterogeneous molecules
may lead to aggregation due to an imbalance in charges and hydrophobicity.
Nanoparticles can be used to encapsulate biopharmaceuticals without any chemical
modifications. The nanocarriers should effectively encapsulate the biopharmaceuticals
and release them into cells.

Various nanoparticles are available including those based on natural/synthetic
polymers, lipids, and organic/inorganic materials having their characteristic properties.
Among these, protein nanocages have attractive features.”® Compared with other
nanocarriers, protein nanocages exhibit a more precise design on their surfaces and
interiors, which facilitates the efficient delivery of biopharmaceuticals.”/! The abilities of
nanoparticles for targeting specific organs and cells enable their in vivo application.

Designing the protein nanocages is also a challenge in chemical biology.



For the application of protein nanocages in intracellular delivery, effective
encapsulation of cargo proteins and their release in recipient cells is needed. Electrostatic
interactions can be used for protein encapsulation in nanocages, and are typically used for
nucleic acid delivery.>’6 Harsh conditions (e.g., low pH/organic solvents) are sometimes
used for the encapsulation of nucleic acids in nanocarriers, but may cause protein
denaturation.!” Additionally, all proteins are not highly charged. Therefore, more general
approaches for protein encapsulation should be used. The approaches that precisely
control the number of encapsulated cargos and their topologies in the particles are
preferred.’® Previous studies have reported few approaches of cell permeation for the
efficient delivery of cargo proteins in the cytosol of recipient cells using protein
nanocages. One possible reason for the unsuccessful cargo protein delivery could be the
inefficient endosomal release of cargo proteins. We aimed to study the applicability of the
attenuated cationic amphiphilic peptide HAad, which was successfully used in our
previous studies for the intracellular delivery of various proteins including
immunoglobulin G in the cytosol with considerable efficacy.” 7~/ We also evaluated the
feasibility of protein delivery in cells using protein nanocages composed of -annulus
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peptide as a model framework. For encapsulation of proteins into nanocages, the

efficacy of the affinity tag was evaluated. The nitrilotriacetic acid (NTA) moiety was



displayed on nanocage lumen as a model tag for effective encapsulation of hexahistidine
(Hise)-tagged proteins in the presence of Ni**. HAad peptide was displayed on nanocage
surface to attain cell permeability. The efficient cytosolic delivery of Hise-tagged
enhanced green fluorescent protein (EGFP-Hiss) and successful targeting of cytosolic
protein by a nanobody (i.e., a small antibody-like protein) fused with EGFP-Hiss was

achieved by this system.



Results and discussion
Design of -annulus-based artificial peptide nanocage decorated with HAad

The B-annulus peptide is a 24-amino acid peptide derived from the structural
backbone of the dodecahedral capsid structure of the tomato bushy stunt virus
(INHVGGTGGAIMAPVAVTRQLVGS) (Figure 1A). Matsuura et al. reported that this
peptide self-assembles to form a peptide nanocage structure in water, having about 30—
50 nm diameter with a hollow interior (Figure S1).? Previous findings have shown that
the N-terminus of the B-annulus peptide faces inward, whereas the C-terminus faces
outward of the nanocage.”” Therefore, the attachment of a suitable tag segment having
affinity toward proteins to the N-terminal of the B-annulus peptide may allow efficient
encapsulation of cargo proteins inside the nanocage.

Endocytosis is a major cellular pathway for the cellular uptake of
biomacromolecules and materials trapped in the vesicular compartments. Since these
vesicles finally fuse with lysosomes that digest the endocytosed macromolecules,
encapsulated cargo proteins should be released from the nanocage and endosomes before
being degraded in the lysosome. Therefore, we attached HAad peptide to the C-terminus
of B-annulus peptide so that HAad peptide was displayed on nanocage surface. HAad
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stimulates endocytic uptake. The pH inside the endosome decreases to about 5,



along with endosomal maturation. HAad increases membrane interactions to perturb the
membrane, thus facilitating the endosomal escape of cargo proteins. The display of many
HAad segments on nanocage surface should also increase the local concentration of
peptides and membrane interactions, thus facilitating the local perturbation of membranes.
Therefore, effective delivery of cargo proteins in the cytosol using HAad-decorated
nanocage was expected.

The encapsulation efficacy of cargo proteins in nanocarriers is a critical factor in
their formulation, thus lowering the loss of non-encapsulated proteins. The Ni-NTA
affinity tag exhibits a high affinity toward Hiss-tagged proteins.?® The size of the Hiss-tag
is small enough to have no affect on the intrinsic protein function, hence this techniques
is frequently employed in protein purification used for cell biological studies.”” Feasibility
of encapsulation of various functional proteins in B-annulus peptide and other protein-
based nanocages using Ni-NTA has already been exemplified.”” 26 When delivered into
cells, non-covalent methods for binding of Hise-tagged proteins with the capsid protein
are favorably for their cytosolic liberation along with the membrane interaction of the
HAad-decorated nanocages. Since there is no affinity tag to capture proteins regardless
of physicochemical properties (e.g., sequence, charge, and size), the above feature of

Hise-tag is preferable in the context of our study.



Direct conjugation of cargo proteins with the nanocage component is another
option for encapsulating cargo proteins;’*-*? however, the attachemnt to extra segment
(especially those having a high membrane interaction ability, like HAad) may affect the
celllular localization and the function of the cargo proteins.?? In this study, the NTA group
was, therefore, attached to the N-terminus of B-annulus peptide derivatives to determine
whether the disposition of an appropriate affinity tag in nanocage lumen promotes cargo
encapsulation.

Previous studies have used virus-derived self-assembled proteins that yielded
particle-like structures to deliver nucleic acids and proteins.?’~*> The sequences of these
assembly proteins are often longer than those prepared via solid-phase peptide synthesis
(SPPS) and must be prepared through recombinant methods, whereas 3-annulus is a 24-
amino acid residue peptide easily prepared via SPPS. The employment of B-annulus
peptide should thus provide more flexibility in designing the delivery system, thereby
allowing specific chemical modifications (e.g., NTA group)/cross-linking, and the use of
peptides containing non-standard amino acids, such as Aad in HAad, as shown in this
study. As described above, attachment of the HAad and the NTA group to the C- and N-
terminal sides of B-annulus allows for their exposures on both capsid surface and

interior.”® The possible topological control of the B-annulus-attached segments is



advantageous in the functional design compared with other peptide-based nanoparticle
structures.’* Nucleic acid-based particles are another possible templates for the delivery
of nanocages, which allow for topographically specific functionalization for surface
modification and cargo encapsulation.’”3” However, cell surfaces are rich in negatively
charged molecules, such as proteoglycans and sialic acids,’® that may hinder cellular
uptake. Additionally, cationic charges in HAad are important for its endosomolytic

activity,’” ¥

while attachment to negatively charged frameworks can diminish such
activity. Therefore, we employed peptide-based nanocage in this study.

To assess the preferred mode of membrane interactions with HAad peptide, two
types of HAad conjugation to the B-annulus peptide were studied, the N-terminus or C-
terminus of HAad (NTA-B-annulus-N[HAad] (Figure 1B(ii)) and NTA-B-annulus-
C[HAad] (Figure 1B(iii)), respectively). Additionally, the B-annulus peptide without
conjugation with HAad peptide (NTA-B-annulus, Figure 1B(1)) was prepared as a control.
In this study, oxidation-prone methionine (Met, position 12) in the original B-annulus
sequence was substituted with non-oxidizable norleucine (Nle) for the ease of handling.

For the preparation of NTA-B-annulus-N[HAad] and NTA-B-annulus-C[HAad],

cysteine and glycyl-lysine residues were attached to the N- and C-termini of the 3-annulus

segment. The NTA moieties were introduced by reacting N-[5-(3'-



maleimidopropylamido)-1-carboxypentyl] iminodiacetic acid (maleimido-C3-NTA)?*
with the N-terminal cysteine. For the conjugation of B-annulus and HAad segments,
strain-promoted azide-alkyne cycloaddition was performed using dibenzocyclooctine
(DBCO).”’ The azide group bearing a polyethylene glycol linker was attached to the C-
terminus lysine of the -annulus using azido-dPEGi>-NHS ester (NHS = N-
hydroxysuccinimide). The DBCO group was introduced using the corresponding
maleimide on the cysteine, placed either at the N- or C-terminus of the HAad segment via
a tetraglycine linker to yield NTA-B-annulus-N[HAad] and NTA-B-annulus-C[HAad],
respectively. The details of conjugate preparation are described in the Supporting

Information and Figures S2—-S4.
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Figure 1. (A) Schematic illustration of the artificial peptide nanocage prepared via the
assembly of B-annulus peptides, displaying the HAad intracellular delivery peptide on
nanocage surface and encapsulating cargo proteins using the affinity tag (i.e., Ni-NTA).
N and C denote the N- and C-terminal sides, respectively. (B) Structures of -annulus
peptides bearing the NTA and HAad moieties.
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Confirmation of the formation of artificial peptide nanocage decorated with HAad

NTA-B-annulus-N[HAad] and NTA-B-annulus-C[HAad] that were prepared
spontaneously formed nanoparticle structures as expected, similar to those of the NTA-
B-annulus. This was confirmed by dynamic light scattering (DLS) measurements after
incubation of 40 uM peptides in H>O for 1 h at 25 °C (Figure 2A). The NTA-B-annulus
was suggested to form particles of approximately 40 nm in diameter (Figure 2A(1)), which
is consistent with a previous report (46.8 = 10.5 nm).?® The size of the particles formed
by NTA-B-annulus-N[HAad] and NTA-B-annulus-C[HAad] was about 30 nm (Figure 2A
(i1) and (ii1)).

Transmission electron microscopic (TEM) analysis further confirmed the
formation of spherical structures by these peptides with diameters of about 50 nm (Figure
2B). The peptides in H2O (40 uM) were incubated for 1 h at 25 °C. The solutions were

then transferred to a TEM grid and then negative staining was performed.
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Figure 2. Formation of peptide nanocage structures via (i) NTA-B-annulus; (ii) NTA--
annulus-N[HAad]; and (iii)) NTA-B-annulus-C[HAad]. (A) Dynamic light scattering
analysis of 40 uM peptide solutions in water. (B) Transmission electron microscopy
images stained with EM stainer (purchased from Nisshin EM).

Cellular uptake and distribution of the artificial peptide nanocage decorated with HAad

We next determined whether the artificial nanocages decorated with HAad were
internalized in the cells. To visualize the nanocages, the conjugates of B-annulus and
HAad labeled with Alexa Fluor 488 were prepared (Figure 3A). Peptides were prepared
similarly as in the case of the NTA-modified conjugates using Alexa Fluor 488-maleimide

instead of maleimido-C3-NTA to yield Alexa488-fB-annulus-N[HAad] and Alexa488-3-



annulus-C[HAad] (Figure 3A (ii) and (iii), respectively). Alexa488-B-annulus was also
prepared as a control (Figure 3A (i)). These conjugates were dissolved in phosphate-
buffered saline (PBS) containing CaCl, and MgCl, (PBS (+) and incubated for 1 h at
25 °C (final peptide concentration, 40 M), under the identical conditions described in
the previous section to confirm the formation of nanocage structures (Figure 2A and B).

The confocal laser scanning microscopy (CLSM) analysis of HeLa cells treated
with the above solution of Alexa488-B-annulus (Figure 3A (i)) for 1 h at 37 °C showed
punctate and dot-like signals (Figure 3B (1)), suggesting that Alexa488-pB-annulus taken
up by the cells was predominantly retained in the endosomal vesicles. A similar tendency
was observed for the cells treated with Alexa488-B-annulus-N[HAad] solution (Figure
3B (ii)). On the other hand, the cells treated with Alexa488-p-annulus-C[HAad] solution
showed diffuse Alexa Fluor 488 signals in the cytosol in addition to punctate signals,
suggesting cytosolic translocation of Alexa488-B-annulus-C[HAad] (Figure 3B (iii)). N-
termini often play crucial roles in the interaction between amphiphilic helical peptides
and membranes.”” The increased cytosolic translocation of Alexa488-B-annulus-
C[HAad] may be explained by the fact that the HAad segment in Alexa488-p-annulus-
C[HAad] had a free N-terminus but that in Alexa488-B-annulus-N[HAad] was used for

crosslinking.
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Figure 3. (A) Structures of Alexa Fluor 488-labeled peptides: (i) Alexa488-f-annulus;
(i1) Alexa488-B-annulus-N[HAad]; and (iii) Alexa488-f-annulus-C[HAad]. (B) Cellular
distribution of Alexa Fluor 488-labeled peptides. Each peptide was dissolved in PBS (+)
(final concentration, 40 pM) and incubated at 25 °C for 1 h to allow for nanocage

formation. The solution was added to HeLa cells, and the cells were incubated at 37 °C
for 1 h. Scale bars, 50 um.
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Encapsulation of His-tagged protein in an artificial peptide nanocage

Although Alexa488-B-annulus-C[HAad] solution yielded cytosolic localization
of the peptide (Figure 3B(iii)), this did not ensure the delivery of the nanocage formed by
Alexa488-B-annulus-C[HAad]. We next examined whether NTA-B-annulus-C[HAad]
forms a nanocage encapsulating EGFP-His in the presence of Ni%* by ultrafiltration using
EGFP-Hiss as a model (Figure 4). EGFP-His¢ (~27 kDa) should permeate through the
ultrafiltration filter having a molecular weight cutoff of 100 K (MWCO 100 K).
Conversely, if 60 molecules of NTA-B-annulus-C[HAad] (~7 kDa) assemble to form a
nanocage and encapsulate EGFP-Hiss, the mass of Ni-NTA-B-annulus-C[HAad]
containing an EGFP-His¢ molecule can be ~450 kDa, which is retained on the filter of
MWCO 100-K filter. The encapsulation efficacy of EGFP-Hiss in the nanocage can be
evaluated in terms of the amount of EGFP-Hiss in the filtrate versus that remaining on
the filter.

NTA-B-annulus-C[HAad] (40 uM) was incubated with 5 uM EGFP-Hise in the
presence or absence of 40 uM NiCl, for 1 h at 25 °C and then subject to ultrafiltration
using the MWCO 100 K filter. The residue and the filtrate were diluted to the same
volume (Figure 4A). The band intensity analysis of each fraction performed using sodium

dodecyl sulfate—polyacrylamide gel electrophoresis (Figure 4B) showed no substantive
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EGFP-Hise remaining on the ultrafilter when EGFP-Hise solution alone or a mixture of
NTA-B-annulus-C[HAad] and EGFP-Hiss in the absence of Ni?* (Figure 4C). However,
when NTA-B-annulus-C[HAad] and EGFP-Hiss were incubated in the presence of Ni?*,
EGFP-Hiss predominantly resided on the filter. The encapsulation efficiency evaluated
from the band intensity was 93%. Although further topological investigations are
warranted to assess the HAad and NTA moieties, if properly located on the surface and
inside of the B-annulus-based nanocage, respectively, it is plausible that most of the
EGFP-Hiss would be retained inside the nanocage; the dissociation constant of Hise-
tagged proteins with Ni-NTA has been estimated within the micromolar range*’ and,
considering that the initial concentration of EGFP-Hise in the preparation of the nanocage
was 5 uM, EGFP-Hiss may therefore be gradually released from the nanocage when
exposed on the nanocage surface facing solvents without containing EGFP-Hise. At least
6 residues are typically needed for the interaction of poly-histidine with the NTA,?S which
is retained even in the presence of the relevant amino acids within the nanocage structure
(e.g., His/Arg in B-annulus, and Trp/Lys in HAad).

The concentration of NTA-B-annulus-C[HAad] needed to form HAad-decorated
artificial nanocages was also investigated via DLS (Figure S5). The peptide was dissolved

in water at a final concentration of 40 uM, and subsequently diluted to yield 20, 10, 5, 2,
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1, 0.5, and 0.2 uM. Concentration-dependent, linear increase in the particle number was
observed at NTA-B-annulus-C[HAad] concentrations higher than 5 pM, suggestive of the
critical aggregation concentration (CAC) of NTA-B-annulus-C[HAad]. Particles with

diameters of 20-30 nm were formed at peptide concentrations higher than the CAC.

NTA-B-annulus- | NTA-B-annulus-

EGFP-Hisg C[HAad C[HAad]
only + + Ni2* +
EGFP-Hisg EGFP-Hisg

retained| filtered |retained| filtered |retained| filtered

C| 4% [ 1% 93%

Figure 4. Evaluation of encapsulation ratios of Hise-tagged enhanced green fluorescent
protein (EGFP-Hise) in the artificial nanocage formed by NTA-B-annulus-C[HAad] in the
absence and presence of Ni?*. (A) Fluorescence images of EGFP-Hiss retained on the
ultrafilter and filtrates. Each sample was diluted to yield an equal volume; (B) Sodium
dodecyl sulfate—polyacrylamide gel electrophoresis of each fraction; (C) Percentages of
EGFP-Hise retained on the ultrafilter (suggestive of encapsulated EGFP-Hise in the
nanocage) analyzed from the band intensities.
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Cytosolic delivery of the His-tagged protein by HAad-decorated nanocage
HAad-decorated nanocages formed using NTA-B-annulus-C[HAad]
successfully delivered the His-tagged proteins into the cytosol in the presence of Ni%*
(Figure 5). Following the procedures of verification of EGFP-Hiss encapsulation into the
nanocage (Figure 4), 5 uM EGFP-Hiss was incubated with NTA--annulus-C[HAad] (40
uM) in the presence of Ni** (40 uM) in PBS (+) for 1 h at 25 °C. The samples were added
to HeLa cells and incubated for 1 h at 37 °C. HeLa cells were treated with 5 uM EGFP-
Hise alone for 1 h at 37 °C as a control. CLSM analysis of the cells treated with EGFP-
Hise alone yielded punctate, dot-like EGFP-Hisg signals (Figure 5 (1)), suggesting that the
EGFP-Hiss was taken up by the cells via endocytosis and predominantly captured in the
endosomes without being released into the cytosol. In contrast, diffuse EGFP-Hise signals
distributed throughout the cells were observed in ~70% of the cells treated with EGFP-
Hiss that was pre-incubated with NTA-B-annulus-C[HAad] in the presence of Ni** (Figure
5 (iv)), suggesting the cytosolic release of EGFP-Hise from the nanocage. When the same
experiment was performed in the absence of Ni?*, where HAad-decorated nanocage was
formed but EGFP-Hiss may not be encapsulated because of the lack of chelate formation
with the nanocage, the cells with diffuse cytosolic EGFP-Hise signals were about 50%

(Figure 5 (v)), suggesting the importance of EGFP-Hiss encapsulation in the nanocage to
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achieve cytosolic translocation with optimal efficacy. As controls, treatment of the cells
with EGFP-Hiss incubated with NTA-B-annulus in the presence of Ni** yielded no
marked diffuse cytosolic EGFP-Hise signals, where EGFP-Hiss could be encapsulated in
the nanocage, but the nanocage had no HAad modification (Figure 5 (ii)). The same
experiment using NTA-B-annulus-N[HAad] yielded only about 25% of the cells with
cytosolic EGFP-Hise signals (Figure 5 (iii)). These results suggested the importance of
nanocages displaying HAad with an appropriate orientation or topology and
encapsulation of EGFP-Hise using Ni-NTA to achieve effective cytosolic delivery by this
nanocage-mediated approach. The percentage of cells with diffuse cytosolic EGFP-Hise
signals was almost the same in the presence of 10% bovine serum (BS) compared with
that in its absence (Figure S6 (i) and (ii)), although some extent of decrease in the
fluorescence intensities of cytosolic EGFP-Hiss signals was observed. Decreased efficacy
of the intracellular delivery of biomacromolecules is often observed in the presence of

serum proteins. > ¥4

The retention in the delivery activity of HAad-decorated nanocages
in the presence of serum suggested the possible expandability of this system for in vivo
applications.

Although the p-annulus nanocage is membrane impermeable and the

conjugation of HAad with the nanocage could reduce membrane-permeabilization
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activity of HAad, this was not observed. No apparent difference in the efficacy of
cytosolic delivery of EGFP-Hiss was observed when delivered using nanocage compared

with delivered using HAad without tagged with the nanocage (Figure S6 (i) and (ii1)).
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Figure 5. Cytosolic delivery of EGFP-Hiss by HAad-decorated nanocage. (A) Cellular
distribution of EGFP-Hiss. Scale bars, 50 um. (B) Percentage of cells yielding diffuse
cytosolic EGFP-Hise signals. Results are presented as mean + standard error of the mean
(n=3). ***p<0.001; n.s., not significantly different vs. no peptide (one-way analysis of
variance followed by Dunnett’s post hoc test).
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Targeting a cytosolic protein by a nanobody encapsulated in the HAad-decorated
nanocage

Small antibody-like proteins including nanobodies are a promising class of
biopharmaceuticals.”’” Considerable research has been undergone on the development of
antibody-like proteins that modulate extracellular drug targets. Although there are several
potential drug targets within the cells including disease-related protein-protein
interactions, the difficulty in accessibility of these proteins into cell interiors reduces their
applications. We demonstrated the potential applicability of the HAad-decorated
nanocage for the delivery of nanobodies (variable domains of heavy chains of heavy chain
antibodies from camelid, VHH) targeting intracellular proteins. Lifeact-mCherry was
used as the model target within the cell. Lifeact is a peptide with 17 amino acids that binds
to filamentous actin (F-actin) protein in living cells.?* An anti-mCherry nanobody fused
with EGFP-Hiss was designed as a cargo protein for visualizing the intracellular
localization of the nanobody and for facilitating its encapsulation in the HAad-decorated
nanocage via the interaction with His¢-tag (Figure 6A).

HeLa cells stably expressing Lifeact-mCherry were used to visualize the F-actin
structure in the cells (Figure 6). Following the procedures to deliver encapsulated EGFP-

Hiss to the cell interior using the HAad-decorated nanocage, an anti-mCherry nanobody
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fused with EGFP-Hiss was pre-incubated in NTA-B-annulus-C[HAad] in PBS (+)
containing Ni** and 10% BS for 1 h at 25 °C and then added to the HeLa cells. After
incubation for 1 h at 37 °C, the cells were washed and incubated for 4 h. CLSM analysis
of the cells yielded EGFP signals within the cells well colocalized with mCherry signals
(Figure 6B, lower panels).

In contrast to the intracellular delivery of EGFP-Hisg (Figure 5A), the signals
from anti-mCherry nanobody-EGFP-Hiss outlined cytosolic, filamentous structures,
similar to the F-actin structure stained with Lifeact-mCherry. The generation of white
filamentous structures in the merged image strongly suggested the colocalization of
Lifeact-mCherry (magenta) and anti-mCherry nanobody-EGFP-Hise (green) in the cells
(yielding white signals), indicating the capability of the nanobody to recognize cellular
proteins delivered by the HAad-decorated nanocage. Meanwhile, no significant
colocalization of anti-mCherry nanobody-EGFP-Hise signals with Lifeact-mCherry was
observed when anti-mCherry nanobody-EGFP-Hiss was added to the cells without
encapsulation in the nanocage of Ni**/NTA-B-annulus-C[HAad] (Figure 6B, upper
panels). Large dot-like EGFP signals observed in cells both in the absence and presence
of Ni**/NTA-B-annulus-C[HAad] (Figure 6B) represent the precipitates of anti-mCherry

nanobody-EGFP-Hiss.
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Overall, although some extent of aggregation was observed extracellularly, the
successful cytosolic delivery and recognition of the cellular target were achieved by anti-

mCherry nanobody-EGFP-Hise using the HAad-decorated nanocage.

A O ; anti-mCherry nanobody-EGFP-Hisg
Lifeact-mCherry-stable HeLa
B DIC mCherry EGFP merge
anti-mCherry
nanobody-

EGFP-Hisg only A

o
NiZ*/NTA-
B-annulus- =
C[HAad]

Figure 6. Recognition of the cytosolic protein by anti-mCherry nanobody-EGFP-Hise
intracellularly delivered by Ni?*/NTA-B-annulus-C[HAad]. (A) Outline of the experiment.
(B) Cellular localization of Lifeact-mCherry and anti-mCherry nanobody-EGFP-Hise
delivered by Ni**/NTA-B-annulus-C[HAad]. Scale bars, 50 um.
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Conclusions

In this study, we evaluated the feasibility of HAad-decorated peptide nanocages

to efficiently deliver encapsulated proteins in the cytosol. The HAad-decorated nanocage

was formed by the self-assembly of NTA-B-annulus-C[HAad] and the sphere-like

structure was confirmed via TEM analysis. Encapsulation of cargo proteins in a nanocage

is crucial for avoiding the loss of cargo proteins during formulation. The nanocage was

designed to display the NTA group in the interior, facilitating the encapsulation of Hise-

tagged proteins. Efficient cytosolic delivery of EGFP-Hiss and anti-mCherry nanobody-

EGFP-Hiss fusion protein was achieved using the HAad-decorated nanocage. Notably, in

the latter case, the targetability of anti-mCherry nanobody-EGFP-Hise to Lifeact-mCherry

was exemplified by co-staining the cytoskeletal F-actin structure.

For efficient cytosolic delivery, encapsulation of cargo proteins in nanocage

structures and the effective release of encapsulated proteins into the cytosol are important.

Therefore, a balance between encapsulation and release is required, which was attained

in this study using NTA-B-annulus-C[HAad]. Although a remarkable extent of cytosolic

appearance of the delivered proteins was observed in 75% of cells, a relatively high

concentration of HAad-decorated nanocage (40 uM as HAad concentration), ensuring the

retention of the nanocage structures encapsulating His¢-tagged proteins, was used.
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A more detailed study is needed on the design of nanocage structures to improve

the delivery efficacy along with the methods of cellular uptake and cytosolic release of

cargo proteins. In this study, we showed the potential use of artificial nanocarriers with

appropriate membrane-permeabilizing peptides for the intracellular delivery of proteins

with specific functions, which is an important first step in designing nanocarriers capable

of delivering encapsulated proteins into specific cells or organs.
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Experimental Section
Materials.
All chemicals, materials, and cell culture media were purchased from Peptide Institute,

Thermo Scientific, and FUJIFILM Wako Pure Chemicals unless otherwise specified.

Solid-phase peptide synthesis.

All linear peptides were synthesized via Fmoc solid-phase peptide synthesis (SPPS) using
a Rink amide resin (TGS-RAM; Shimadzu — for peptides having a C-terminal amide
structure) or a Wang resin (TGS-PHB; Shimadzu — for peptides having C-terminal
carboxyl group). The 3-[bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxide
hexafluorophosphate (HBTU)/hydroxybenzotriazole (HOBt) coupling system was
employed for peptide chain elongation.?” Deprotection of protecting groups and
detachment of the peptides from the resin was conducted using trifluoroacetic acid
(TFA)/ethanedithiol (EDT) (95:5 (v:v)) at room temperature (~23 °C) for 3 h. Peptides
were purified by reverse-phase high-performance liquid chromatography (HPLC) using
a C18 column. Masses were confirmed by matrix-assisted laser desorption ionization —
time-of-flight mass spectrometry (MALDI-TOF MS). Peptide sequences and the obtained

masses are summarized in Table S1.
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Preparation of conjugates

The methods of conjugate preparation are described in the Supporting Information and

Figures S2—S4.

Dynamic light scattering (DLS)

Each peptide (8 nmol) was dissolved in 200 pL of ultrapure water filtered by 0.2 pm filter

to yield 40 uM peptide solution and incubated for 1 h at 25 °C. The solution was then

transferred to disposable cuvettes (ZEN0040, Malvern Panalytical) and DLS was

measured using Zetasizer Nano S (Malvern Panalytical) under the following condition:

temperature, 25 °C; measurement angle, 173°; measurement time, 10 sec for 10 times;

number of measurements, 3 times. For investigation of critical aggregation concentration,

40 uM peptide solution incubated for 1 h at 25°C were diluted stepwise to yield 20, 10,

5,2,1,0.5, 0.1 uM peptide solutions in the cuvette and DLS was measured.

Transmission electron microscopy (TEM)

Each peptide (4 nmol) was dissolved in 100 pL of ultrapure water to yield 40 uM peptide

solution and incubated for 1 h at 25 °C. After incubation, 5 uL of the solution was applied
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to C-SMART Hydrophobic carbon film TEM grid (10 nm, ALLIANCE Biosystems) for

60 sec and were then removed. Grids were then negatively stained using EM stainer

(Nisshin-EM) for 15 min and then the stain was removed. Grids were dried in vacuo and

observed by TEM (JEOL JEM-1400 Plus) with an acceleration voltage of 80 kV.

Cell culture

HeLa cells (human epithelial carcinoma cell line) obtained from The European Collection

of Authenticated Cell Cultures (ECACC) (93021013) were cultured in a-minimum

essential medium (a-MEM) supplemented with 10% (v/v) heat-inactivated bovine serum

(BS) (a-MEM(+)). Cells were maintained at 37 °C, in a humidified 5% CO; incubator

and subculture was conducted every 3-4 days.

Confocal laser scanning microscope (CLSM) analysis of Alexa488-labeled peptides

Cells were seeded in 35 mm glass-bottom dishes (Iwaki) and were cultured at 37 °C, with

5% CO; for 24 h up to 80-90% confluence. Alexa488-labeled peptides (2 nmol) were

dissolved in 200 pL PBS(+) to yield 10 uM peptide solutions and incubated for 1 h at

25 °C. Cells were washed twice with PBS(—) and were then incubated with the peptide

solution for 1 h at 37 °C. After washing twice with PBS(—), a-MEM(+) was added on
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dishes and cellular localization of Alexa488-labeled peptides was analyzed via live-cell

imaging using FV3000 Olympus CLSM.

Establishing Lifeact-mCherry-expressing HeLa cells*¢

HeLa cells were transfected with the Lifeact-mCherry plasmid (kindly provided by Prof.
T. Itoh) with Lipofectamine 3000 (Invitrogen) according to manufacturer’s protocol.
After 24 h, the media was changed to fresh a-MEM(+). The cells were incubated for an
additional 72 h before selection in the presence of 600 pg/mL G418 (FUJIFILM Wako)

for 1 week. Colonies expressing Lifeact-mCherry were picked and expanded.

Protein expression and purification

pET-EGFP-Hiss plasmid was constructed as described in the previous paper.’? The EGFP-
Hises protein was expressed in E.coli BL21 (DE3) cells by induction with 1 mM of
isopropyl-p-p-thiogalactopyranoside (IPTG) for 12 h at 18 °C. Induced cells were
resuspended in lysis buffer (20 mM Tris, 300 mM NaCl, 10 mM Imidazole, pH 8.0),
sonicated, and centrifuged at 18,000 rpm for 30 min. From the soluble fraction the EGFP-

Hises protein was purified using Ni-NTA-agarose (QIAGEN) and concentrated with
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Amicon Ultra-4 (molecular weight cut off (MWCO) 10 kDa) centrifugal filter units
(Merck Millipore) using PBS(-).

To construct anti-mCherry nanobody-EGFP-Hiss, anti-mCherry nanobody was
amplified from pGEX6P1-anti-mCherry nanobody?® (kindly provided by Profs. K.
Nakayama and Y. Kato) using the following primers: Forward, 5'-AGA AGG AGA TAT
ACC ATG GCG CAA GTT-3"; Reverse, 5'-ACG TTA CTT GTA TCC ATG GAA ATG
GCT TCT TTG CT-3" and inserted to Ncol site of pET-EGFP-Hiss to yield anti-mCherry
nanobody-EGFP-Hiss plasmid. The orientation of insertion of anti-mCherry nanobody
was confirmed by sequence analysis. The anti-mCherry nanobody-EGFP-His¢ protein
was expressed in E.coli BL21 (DE3) cells by induction with 1 mM of IPTG for 12 h at
18 °C. Induced cells were resuspended in lysis buffer, sonicated, and centrifuged at
18,000 rpm for 30 min. From the soluble fraction the anti-mCherry nanobody-EGFP-Hise
protein was purified using Ni-NTA-agarose and concentrated with Amicon Ultra-4

(MWCO 10 kDa) centrifugal filter units using PBS(—).

Evaluation of encapsulation efficacy

Solutions of PBS(+) (500 pL) containing 40 uM peptide, 5 uM EGFP-Hise and 40 uM

NiClz or those without containing NiCl, were incubated for 1 h at 25°C. The solutions
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were transferred to Amicon Ultra 0.5 mL ultrafiltration unit (MWCO 100K, Merck

Millipore) and centrifuged at 14,000% g for 15 min. The sample remaining on the filter

(20 pL) and filtrate (480 pL) were diluted with PBS(+) to 500 pL and the pictures of the

tubes were recorded by Samsung SCV45. The samples (15 pL) were then mixed with 5

pL of 4x SDS sample buffer containing 2-mercaptoethanol and boiled at 95 °C for 5 min.

SDS-PAGE was conducted with 15% polyacrylamide gel at 100 V for 1 h. The gel was

stained with rapid stain CBB (Nacalai Tesque) and the band intensity of the gel was

quantified using ImageJ 1.53c (National Institutes of Health, USA).

CLSM analysis of cytosolic delivery of EGFP-Hiss

Cells were seeded in 35 mm glass-bottom dishes and were cultured at 37 °C, with 5%

CO; for 24 h up to 80-90% confluence. NTA-conjugated peptides (8 nmol) were dissolved

in 200 pL of PBS(+) containing 5 uM EGFP-Hisg to yield 40 uM peptide solutions and

incubated in the presence and absence of 40 uM NiCl; or 10% (v/v) BS for 1 h at 25°C.

Cells were washed twice with PBS(—) and were then incubated with the incubated

solution PBS(—) for 1 h at 37 °C. After washing twice with PBS(—), the nuclei were

stained by 5 pg/mL Hoechst 33342 (Invitrogen) and a-MEM(+) was added on dishes.

Cellular localization of EGFP-Hiss was analyzed via live-cell imaging using FV3000
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Olympus CLSM. The number of cells with diffuse cytosolic dextran signals in total > 200

cells were counted for each sample on ImagelJ software.

CLSM analysis of cellular distribution of anti-mCherry nanobody-EGFP-Hise

protein

Lifeact-mCherry-expressing HeLa cells were seeded in 35 mm glass bottom dishes and

were cultured at 37 °C, with 5% COx> for 24 h up to 80-90% confluence. NTA-conjugated

peptides (8 nmol) were dissolved in 200 pL of PBS(+) containing 5 uM anti-mCherry

nanobody-EGFP-Hiss and 10% (v/v) BS to yield 40 uM peptide solutions and incubated

in the presence of 40 uM NiCl for 1 h at 25 °C. Cells were washed twice with PBS(—)

and were then incubated with the incubated solution for 1 h at 37 °C. After washing twice

with PBS(—), a-MEM(+) was added on dishes and cellular localization of anti-mCherry

nanobody-EGFP-Hiss was analyzed via live-cell imaging using FV3000 Olympus CLSM.

Statistical Analyses.

All data were presented as mean + standard error (SE) of three independent biological

experiments (n = 3). Graphs were drawn and statistical analyses were performed using

JMP Pro 14 (SAS Institute, Cary, NC, USA). For multiple comparison analyses, one-way
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analysis of variance (ANOVA) followed by Dunnett's post-hoc test was used. Differences

were considered significant when the calculated p-value was < 0.05.

34



Associated content

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website

at DOI: 10.1021/acs.bioconjchem.

Preparation of conjugates, Table S1 and Figures S1-S6

Author Information

Corresponding Authors

Shiroh Futaki

Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan

E-mail: futaki@scl.kyoto-u.ac.jp

Kazunori Matsuura

Department of Chemistry and Biotechnology, Graduate School of Engineering,

Tottori University, Tottori 680-8552, Japan; Centre for Research on Green

Sustainable Chemistry, Tottori University, Tottori 680-8552, Japan

E-mail: ma2ra-k@tottori-u.ac.jp

35



Authors

Kentarou Sakamoto

Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan

Hiroto Furukawa

Graduate School of Engineering, Tottori University, Tottori 680-8552, Japan

Jan Vincent V. Arafiles

Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan

Miki Imanishi

Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan

Acknowledgements

This work was supported by JSPS KAKENHI (Grant Numbers JP18H04017,

JP20H04707, and JP21H04794 for S.F., and JP20H04712 for K. M.), and by JST CREST

(Grant Number JPMJCR18HS for S.F.). K.S. and H.F. are grateful for the JSPS Research

Fellowship for Young Scientists. The authors are grateful for Professors K. Nakayama

and Y. Kato for their gift of pGEX6P1-anti-mCherry nanobody plasmid. The authors are

also grateful for Prof. T. Itoh for the gift of the lifeact-mCherry plasmid.

36



References

(1

2

3)

“4)

)

(6)

(7

®)

©)

(10)

(11D

(12)

Leader, B., Baca, Q. J., and Golan, D. E. (2008) Protein therapeutics: a summary
and pharmacological classification. Nat Rev Drug Discov 7, 21-39.

Mitragotri, S., Burke, P. A., and Langer, R. (2014) Overcoming the challenges in
administering biopharmaceuticals: formulation and delivery strategies. Nat Rev
Drug Discov 13, 655-72.

Niamsuphap, S., Fercher, C., Kumble, S., Huda, P., Mahler, S. M., and Howard,
C. B. (2020) Targeting the undruggable: emerging technologies in antibody
delivery against intracellular targets. Expert Opin Drug Deliv 17, 1189-1211.

van Witteloostuijn, S. B., Pedersen, S. L., and Jensen, K. J. (2016) Half-life
extension of biopharmaceuticals using chemical methods: Alternatives to
PEGylation. ChemMedChem 11, 2474-2495.

Futaki, S., Arafiles, J. V. V., and Hirose, H. (2020) Peptide-assisted intracellular
delivery of biomacromolecules. Chem Lett 49, 1088-1094.

Baumann, A. L., and Hackenberger, C. P. R. (2019) Tag and release: strategies for
the intracellular cleavage of protein conjugates. Curr Opin Chem Biol 52, 39-46.
Lee, E. J., Lee, N. K., and Kim, I. S. (2016) Bioengineered protein-based
nanocage for drug delivery. Adv Drug Deliv Rev 106, 157-171.

Molino, N. M., and Wang, S. W. (2014) Caged protein nanoparticles for drug
delivery. Curr Opin Biotechnol 28, 75-82.

Zhang, Y., Raise, J. J., Lee, K., Li, J., and Murthy, N. (2018) Recent developments
in intracellular protein delivery. Curr Opin Biotechnol 52, 25-31.

Chou, M. L., Hsieh, Y. F., Wang, M., Chang, J. T., Chang, D., Zouali, M., and Tsay,
G. J. (2010) In vitro and in vivo targeted delivery of IL-10 interfering RNA by JC
virus-like particles. J Biomed Sci 17, 51.

Ashley, C. E., Carnes, E. C., Phillips, G. K., Durfee, P. N., Buley, M. D., Lino, C.
A., Padilla, D. P., Phillips, B., Carter, M. B., Willman, C. L., Brinker, C. J,,
Caldeira Jdo, C., Chackerian, B., Wharton, W., and Peabody, D. S. (2011) Cell-
specific delivery of diverse cargos by bacteriophage MS2 virus-like particles. ACS
Nano 5, 5729-45.

Lilavivat, S., Sardar, D., Jana, S., Thomas, G. C., and Woycechowsky, K. J. (2012)
In vivo encapsulation of nucleic acids using an engineered nonviral protein capsid.
J Am Chem Soc 134, 13152-5.

37



(13)

(14)

(15)

(16)

17)

(18)

19)

(20)

@2y

(22)

(23)

(24)

(25)

Azuma, Y., Edwardson, T. G. W., Terasaka, N., and Hilvert, D. (2018) Modular
protein cages for size-selective RNA packaging in vivo. J Am Chem Soc 140, 566-
569.

Fu, J., and Woycechowsky, K. J. (2020) Guest sequence can influence rna
encapsulation by an engineered cationic protein capsid. Biochemistry 59, 1517-
1526.

Seebeck, F. P., Woycechowsky, K. J., Zhuang, W., Rabe, J. P., and Hilvert, D.
(2006) A simple tagging system for protein encapsulation. J Am Chem Soc 128,
4516-7.

Azuma, Y., Zschoche, R., Tinzl, M., and Hilvert, D. (2016) Quantitative packaging
of active enzymes into a protein cage. Angew Chem Int Ed Engl 55, 1531-4.
Yonezawa, S., Koide, H., and Asai, T. (2020) Recent advances in siRNA delivery
mediated by lipid-based nanoparticles. Adv Drug Deliv Rev 154-155, 64-78.
El-Sayed, A., Khalil, I. A., Kogure, K., Futaki, S., and Harashima, H. (2008)
Octaarginine- and octalysine-modified nanoparticles have different modes of
endosomal escape. J Biol Chem 283, 23450-61.

Sakamoto, K., Akishiba, M., Iwata, T., Murata, K., Mizuno, S., Kawano, K.,
Imanishi, M., Sugiyama, F., and Futaki, S. (2020) Optimizing charge switching in
membrane lytic peptides for endosomal release of biomacromolecules. Angew
Chem Int Ed Engl 59, 19990-19998.

Yu, H.-H., Sakamoto, K., Akishiba, M., Tamemoto, N., Hirose, H., Nakase, I.,
Imanishi, M., Madani, F., Graslund, A., and Futaki, S. (2020) Conversion of
cationic amphiphilic lytic peptides to cell-penetration peptides. Peptide Sci 112,
e24144.

Futaki, S. (2021) Functional peptides that target biomembranes: design and modes
of action. Chem Pharm Bull 69, 601-607.

Matsuura, K., Watanabe, K., Matsuzaki, T., Sakurai, K., and Kimizuka, N. (2010)
Self-assembled synthetic viral capsids from a 24-mer viral peptide fragment.
Angew Chem Int Ed Engl 49, 9662-5.

Matsuura, K. (2020) Dressing up artificial viral capsids self-assembled from C-
terminal-modified B-annulus peptides. Polymer J 52, 1035-1041.

Matsuura, K. (2018) Synthetic approaches to construct viral capsid-like spherical
nanomaterials. Chem Commun 54, 8944-8959.

Matsuura, K., Watanabe, K., Matsushita, Y., and Kimizuka, N. (2013) Guest-
binding behavior of peptide nanocapsules self-assembled from viral peptide
fragments. Polymer J 45, 529-534.

38



(26)

27)

(28)

(29)

(30)

(€29

(32)

(33)

(34)

(35)

(36)

Hochuli, E., Bannwarth, W., Débeli, H., Gentz, R., and Stiiber, D. (1988) Genetic
approach to facilitate purification of recombinant proteins with a novel metal
chelate adsorbent. Bio/Technology 6, 1321-1325.

Janknecht, R., de Martynoff, G., Lou, J., Hipskind, R. A., Nordheim, A., and
Stunnenberg, H. G. (1991) Rapid and efficient purification of native histidine-
tagged protein expressed by recombinant vaccinia virus. Proc Nat Acad Sci U S A
88, 8972-8976.

Matsuura, K., Nakamura, T., Watanabe, K., Noguchi, T., Minamihata, K., Kamiya,
N., and Kimizuka, N. (2016) Self-assembly of Ni-NTA-modified B-annulus
peptides into artificial viral capsids and encapsulation of His-tagged proteins. Org
Biomol Chem 14, 7869-74.

Segel, M., Lash, B., Song, J., Ladha, A., Liu, C. C,, Jin, X., Mekhedov, S. L.,
Macrae, R. K., Koonin, E. V., and Zhang, F. (2021) Mammalian retrovirus-like
protein PEG10 packages its own mRNA and can be pseudotyped for mRNA
delivery. Science 373, 882-889.

Kaczmarczyk, S. J., Sitaraman, K., Young, H. A., Hughes, S. H., and Chatterjee,
D. K. (2011) Protein delivery using engineered virus-like particles. Proc Natl
Acad Sci U S 4 108, 16998-7003.

Abbing, A., Blaschke, U. K., Grein, S., Kretschmar, M., Stark, C. M., Thies, M.
J., Walter, J., Weigand, M., Woith, D. C., Hess, J., and Reiser, C. O. (2004)
Efficient intracellular delivery of a protein and a low molecular weight substance
via recombinant polyomavirus-like particles. J Biol Chem 279, 27410-21.
Dashti, N. H., Abidin, R. S., and Sainsbury, F. (2018) Programmable in vitro
coencapsidation of guest proteins for intracellular delivery by virus-like particles.
ACS Nano 12,4615-4623.

Richard, J. P., Melikov, K., Vives, E., Ramos, C., Verbeure, B., Gait, M. J.,
Chernomordik, L. V., and Lebleu, B. (2003) Cell-penetrating peptides. A
reevaluation of the mechanism of cellular uptake. J Biol Chem 278, 585-90.
Noble, J. E., De Santis, E., Ravi, J., Lamarre, B., Castelletto, V., Mantell, J., Ray,
S., and Ryadnov, M. G. (2016) A De novo virus-like topology for synthetic virions.
J Am Chem Soc 138, 12202-10.

Sun, W., Ji, W., Hall, J. M., Hu, Q., Wang, C., Beisel, C. L., and Gu, Z. (2015)
Self-assembled DNA nanoclews for the efficient delivery of CRISPR-Cas9 for
genome editing. Angew Chem Int Ed Engl 54, 12029-33.

Burns, J. R., Lamarre, B., Pyne, A. L. B., Noble, J. E., and Ryadnov, M. G. (2018)
DNA origami inside-out viruses. ACS Synth Biol 7, 767-773.

39



(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

Ljas, H., Hakaste, 1., Shen, B., Kostiainen, M. A., and Linko, V. (2019)
Reconfigurable DNA origami nanocapsule for pH-controlled encapsulation and
display of cargo. ACS Nano 13, 5959-5967.

El-Sayed, A., Futaki, S., and Harashima, H. (2009) Delivery of macromolecules
using arginine-rich cell-penetrating peptides: ways to overcome endosomal
entrapment. AAPS J 11, 13-22.

Akishiba, M., Takeuchi, T., Kawaguchi, Y., Sakamoto, K., Yu, H. H., Nakase, L.,
Takatani-Nakase, T., Madani, F., Graslund, A., and Futaki, S. (2017) Cytosolic
antibody delivery by lipid-sensitive endosomolytic peptide. Nat Chem 9, 751-761.
Jewett, J. C., and Bertozzi, C. R. (2010) Cu-free click cycloaddition reactions in
chemical biology. Chem Soc Rev 39, 1272-9.

Hall, J. E., Vodyanoy, I., Balasubramanian, T. M., and Marshall, G. R. (1984)
Alamethicin. A rich model for channel behavior. Biophys J 45, 233-47.

Thomas, F. A., Visco, 1., Petrasek, Z., Heinemann, F., and Schwille, P. (2015)
Diffusion coefficients and dissociation constants of enhanced green fluorescent
protein binding to free standing membranes. Data Brief 5, 537-41.

Kosuge, M., Takeuchi, T., Nakase, 1., Jones, A. T., and Futaki, S. (2008) Cellular
internalization and distribution of arginine-rich peptides as a function of
extracellular peptide concentration, serum, and plasma membrane associated
proteoglycans. Bioconjug Chem 19, 656-64.

Tilinnemann, G., Martin, R. M., Haupt, S., Patsch, C., Edenhofer, F., and Cardoso,
M. C. (2006) Cargo-dependent mode of uptake and bioavailability of TAT-
containing proteins and peptides in living cells. FASEB J 20, 1775-84.

Panikar, S. S., Banu, N., Haramati, J., Del Toro-Arreola, S., Riera Leal, A., and
Salas, P. (2021) Nanobodies as efficient drug-carriers: progress and trends in
chemotherapy. J Control Release 334, 389-412.

Riedl, J., Crevenna, A. H., Kessenbrock, K., Yu, J. H., Neukirchen, D., Bista, M.,
Bradke, F., Jenne, D., Holak, T. A., Werb, Z., Sixt, M., and Wedlich-Soldner, R.
(2008) Lifeact: a versatile marker to visualize F-actin. Nat Methods 5, 605-7.
Nakase, 1., Tadokoro, A., Kawabata, N., Takeuchi, T., Katoh, H., Hiramoto, K.,
Negishi, M., Nomizu, M., Sugiura, Y., and Futaki, S. (2007) Interaction of
arginine-rich peptides with membrane-associated proteoglycans is crucial for
induction of actin organization and macropinocytosis. Biochemistry 46, 492-501.
Arafiles, J. V. V., Hirose, H., Hirai, Y., Kuriyama, M., Sakyiamah, M. M., Nomura,
W., Sonomura, K., Imanishi, M., Otaka, A., Tamamura, H., and Futaki, S. (2021)

Discovery of a macropinocytosis-inducing peptide potentiated by medium-

40



mediated intramolecular disulfide formation. Angew Chem Int Ed Engl 60, 11928-
11936.

41



Table of Contents Graphic

Artificial nanocage decorated Attaining a marked
with the amphiphilic cationic cytosolic protein delivery
lytic peptide (HAad)

42



