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Nanoarchitectures such as micelles and vesicles that ampholytic alternating peptide
self-asse@ble via electrostatic intera.ctions between the‘ir cha.rged HO__O protein encapsulation
polymeric components have been widely used as material delivery

o
platforms. In this work, ampholytic peptides with a sequence of +O/\>4/\A,€H\)LN OH
S

Normalized G(t)

alternating lysine and glutamic acid residues were designed and

synthesized via chemoenzymatic polymerization. This alternating

sequence was achieved by trypsin-catalyzed polymerization of a NH,
dipeptide monomer. Due to the electrostatic interaction between | \
the anionic and cationic residues, the prepared ampholytic peptides ’
spontaneously formed nanosized assemblies with a size of 100—200 \5;,:';
nm in water. Modification with tetra(ethylene glycol) (TEG) at the A
N-terminus of these ampholytic alternating peptides resulted in the

formation of stable nanosized assemblies, while peptides consisting of random sequences of lysine and glutamic acid formed large
aggregates with deteriorated stability even with TEG modification. Morphological observations using a field-emission scanning
electron microscope and an atomic force microscope revealed that the obtained assemblies were spherical and hollow, indicating the
spontaneous formation of vesicles from the TEG-modified ampholytic alternating peptides. These vesicles were able to encapsulate a
model fluorescent protein within their hollow structures without structural collapse causing loss of fluorescence, demonstrating the
potential of these nanocarriers for use in material delivery systems.
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With a combination of opposite charges, both biomolecules The coexistence of Lys and Glu residues imparts ampholytic
and synthetic molecules exploit electrostatic interactions to properties to proteins/polypeptides. The most important
undergo self-assembly to construct myriad complexes with feature of ampholytic polymeric materials is their resistance
unique sizes and morphologies that result in specific functions. to nonspecific interactions with biomolecules.””'" Recent
In living systems, charged amino acids in proteins/peptides research has revealed that chaperone proteins, whose interior
play critical roles, such as providing scaffolds for proton can resist nonspecific interactions with target proteins, have
transfer in response to pH changes, serving as reaction centers abundant ampholytic combinations of Lys and Glu residues on
in enzymes, and functionalizing and stabilizing higher-order their inner surface.'> Inspired by this finding, researchers have
structures. A reversible ionic bond can form between anionic developed artificial polypeptides containing an alternating
and cationic amino acids, such as lysine (Lys) and glutamic sequence of Lys and Glu for use as antifouling coating
acid (Glu)/aspartic acid (Asp), that contributes to the materials.”~'*

formation of various protein structures/ assemblies.' ™ The Polyion complexes composed of polyanions and polycations
electrostatic interactions between charged amino acid residues have been widely utilized for the assembly of various
have been exploited for the production of various artificial architectures. Nanoassemblies with a micellar or vesicular
assemblies with specific properties. Polypeptides containing morphology have been prepared by mixing polymeric
lysine and glutamic acid residues have been utilized to

assemble fibers, lamellar nanosheets, and micellar particles March 26, 2024 BOLYMERS™®
for applications in various fields.""® For example, de novo- May 8, 2024 i,

designed self-assembling peptides containing Lys and Glu May 9, 2024

residues were assembled into ff-sheet nanofibers, which then May 29, 2024
formed protein-fused supramolecular architectures with bio-
logical functions in living cells.*

© 2024 The Authors. Published b
Ameericl;m %ﬁemlilcaissgcietz https://doi.org/10.1021/acspolymersau.4c00029

W ACS Publications 320 ACS Polym. Au 2024, 4, 320-330


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kousuke+Tsuchiya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seiya+Fujita"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keiji+Numata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acspolymersau.4c00029&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00029?ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00029?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00029?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00029?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00029?fig=agr1&ref=pdf
https://pubs.acs.org/toc/apaccd/4/4?ref=pdf
https://pubs.acs.org/toc/apaccd/4/4?ref=pdf
https://pubs.acs.org/toc/apaccd/4/4?ref=pdf
https://pubs.acs.org/toc/apaccd/4/4?ref=pdf
pubs.acs.org/polymerau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acspolymersau.4c00029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/polymerau?ref=pdf
https://pubs.acs.org/polymerau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Ampholytic peptide

(a) HO__O
ﬁ“ﬁBﬁ“
S

. . ,,' o H O ~.
modified with A1y J\gN \ J\g
oligo(ethylene glycol) Q:q ﬁ:{

NH, NH, NH,
‘ RIS ® e ® o
B ! ]:},ﬁf* {Hﬂ (O e) [eNe)
self ; L% o o
: : H
assembly wSis? AN JK[
? oS Ho Ho ]

[
[
)
)
3
[

+

electrostatic

. interaction
polyion complex
vesicle
(b)
EtO__O EtO__O
o protease H ©
HZN\')LN OEt —— H N\.)LN OEt
: H phosphate buffer P H n
H/ 40°C,2h
RN rNH
HO__O
; o)
LysGlu(OEt)-OEt: R1 = H deprotection H
H N\I)LN OH
—_— i H n
o

Lys(Z)GIu(OEt)-OEt: R1

poly(LysGlu)

Figure 1. Synthesis and self-assembly of a peptide with a LysGlu alternating sequence. (a) Schematic illustration of vesicle formation through the
self-assembly of an oligo(ethylene glycol)-modified ampholytic peptide with a LysGlu alternating sequence. (b) Scheme of the synthesis of
poly(LysGlu) by protease-catalyzed polymerization followed by deprotection of the side groups.

components with equimolar anionic and cationic charges and
have been applied as nanocarriers for material delivery in living
systems.'” In particular, polyion complex vesicles, termed
polyion complexsomes (PICsomes), have been developed as
polymeric carriers, and various biomolecules, such as proteins,
have been incorporated into their internal cavities.””~>* Cargo
materials can retain their functional structures and physio-
logical functions within the cavity of PICsomes. Therefore,
these cargos can exert their intended functions at the specific
sites where they are delivered by the PICsome carriers.
Previously, we reported that a combination of short
oligopeptides with anionic and cationic residues was applied
to form vesicular assemblies.”*~>® This peptide-based PICsome
encapsulating a protein/DNA was successfully used to deliver
cargo protein into plant cells.

The synthesis of peptides with functional sequences via
solid-phase peptide synthesis (SPPS), where peptide elonga-
tion occurs via stepwise condensation on solid supports, has
been well established. SPPS allows precise control of complex
peptide sequences, although limitations in terms of peptide
length and large-scale production exist. On the other hand,
peptides with periodic sequences, including alternating
peptides, are more accessible than peptides with complex
sequences via solution-phase peptide synthesis. We and other
groups have developed a chemoenzymatic peptide synthesis
method using repeated aminolysis reactions of amino acid ester
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. 27-31 . .
monomers mediated by proteases. This enzymatic

synthesis of peptides is an environmentally benign process
and offers synthetic benefits in terms of stereo- and
regioselectivity.” This method is applicable to the polymer-
ization of oligopeptide ester monomers, resulting in the
formation of peptides with various periodic sequences. In this
study, we employed this chemoenzymatic approach to
construct alternating peptides consisting of Lys and Glu
residues. The alternating sequence, which was achieved by
utilizing the corresponding dipeptide monomer, enabled the
equimolar incorporation of anionic and cationic residues
within peptide sequences. We successfully synthesized LysGlu
alternating peptides via chemoenzymatic polymerization,
followed by subsequent postmodification with an oligo-
(ethylene glycol) moiety. The resulting oligo(ethylene
glycol)-modified alternating peptide was found to sponta-
neously assemble into vesicular particles via electrostatic
interactions (Figure la).

Chemoenzymatic polymerization of LysGlu dipeptide mono-
mers using proteases was performed to synthesize ampholytic
oligopeptides with a specific alternating sequence. During
chemoenzymatic polymerization, ester derivatives of amino
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acids as monomers undergo continuous protease-catalyzed
aminolysis reactions to afford the corresponding polypeptides.
Oligopeptide esters consisting of two or more amino acids also
polymerize in the presence of proteases, resulting in the
formation of polypeptides with periodic amino acid sequen-
ces.”® ™! The selection of an appropriate protease is a key
factor for controlling the polymerization because the substrate
specificity of the proteases limits the range of valid reactants as
acyl donors and nucleophiles. We selected papain and trypsin,
which are categorized as cysteine proteases and serine
proteases, respectively, as representative enzymes for the
chemoenzymatic polymerization of LysGlu monomers. Papain
exhibits relatively broad substrate specificity, favoring aromatic
amino acid residues. Previously, papain-catalyzed polymer-
ization was conducted for both Lys and Glu ester monomers,
demonstrating the good affinity of papain for these amino
acids.”>™* On the other hand, trypsin has a high affinity for
basic amino acid residues such as lysine and arginine.

Two types of LysGlu monomers were synthesized by
conventional solution-phase synthesis: LysGlu(OEt)-OEt and
Lys(Z)Glu(OEt)-OEt (Scheme SI, Figures S1—4). These
dipeptide esters were applied to papain- or trypsin-catalyzed
polymerization in aqueous buffers at a moderate temperature
(Figure 1b). The results are summarized in Table 1. When the

Table 1. Chemoenzymatic Polymerization of LysGlu
Dipeptide Ester Monomers.”

run monomer enzyme yield® sequence”
1 LysGlu(OEt)-OEt papain 8.2 random
2 LysGlu(OEt)-OEt trypsin 3.8 random
3 Lys(Z)Glu(OEt)-OEt papain 48.6 random
4 Lys(Z)Glu(OEt)-OEt trypsin 91.3 alternating
S Lys(Z)Glu(OEt)-OEt bromelain 572 random

“Polymerization was carried out using LysGlu(OEt)-OEt or Lys(Z)-
Glu(OEt)-OEt HCI salt (0.1 M) and enzyme (50 mg/mL) in
phosphate buffer (1 M, pH 8.0) at 40 °C for 2 h. “The insoluble part
was collected by centrifugation. “Estimated from the 'H NMR and
MALDI-TOF MS spectra.

polymerization of LysGlu(OEt)-OEt was carried out in the
presence of papain or trypsin, a white precipitate gradually
formed after 2 h (Runs 1 and 2). However, the yields of the
precipitates were very low, at 8.2% and 3.8%, respectively. The
obtained polypeptides were characterized by 'H NMR
spectroscopy and MALDI-TOF MS spectrometry. The
MALDI-TOF MS spectra of poly[LysGlu(OEt)] showed
multiple series of peaks that were attributed to polypeptides
with various Lys/Glu compositions (Figure SS). In addition to
the series of polypeptides with an equimolar Lys/Glu
composition, polypeptides with sequences rich in Glu residues
were observed by MALDI-TOF MS analysis (there were up to
4 Lys residues less in this sequence than in the completely
alternating sequence). This result was probably due to the
transamidation®”*” or hydrolysis of the Lys-Glu peptide bond
in both the LysGlu(OEt)-OEt monomer and the generated
poly[LysGlu(OEt)]. The Lys-rich peptides were more water
soluble, resulting in an enrichment of Glu-rich sequences in the
low-yield precipitate. The 'H NMR spectrum of poly[LysGlu-
(OEt)] also provided evidence for the formation of Glu-rich
randomized sequences (Figure S6). The signal attributed to
the methylene protons of the Glu unit at 2.3 ppm was 1.3 times
more intense than that attributed to the methylene protons of
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the Lys unit at 2.9 ppm. Therefore, a highly randomized
sequence structure was obtained via the chemoenzymatic
polymerization of LysGlu(OEt)-OEt.

Chemoenzymatic polymerization of the Lys(Z)Glu(OEt)-
OEt monomer was also performed using different proteases
(Runs 3—S5). A benzyloxycarbonyl (Z) substituent on the side
chain of the Lys residue increased the hydrophobicity of the
polypeptide. For the protease-catalyzed polymerization of
Lys(Z)Glu(OEt)-OEt, the yield of the precipitate was
drastically increased, especially for the trypsin-catalyzed
polymerization. The papain-catalyzed polymerization afforded
the precipitate in 48.6% yield, whereas the yield of the
precipitate reached 91.3% for trypsin-catalyzed polymerization.

The MALDI-TOF MS spectra of the polypeptides differed
depending on the protease used. The spectrum of the
polypeptide synthesized using papain showed a major series
of peaks attributed to poly[Lys(Z)Glu(OEt)] with an
equimolar Lys/Glu composition, accompanied by the peaks
attributed to poly[Lys(Z)Glu(OEt)] with extra Glu addition
or deletion (Figure 2a). The insertion or deletion of Glu
residues was attributed to the scrambling of the sequence
during papain-catalyzed polymerization via transamidation. In
contrast, the spectrum of the polypeptide synthesized via
trypsin-catalyzed polymerization showed only a series of peaks
attributed to poly[Lys(Z)Glu(OEt)] with an equimolar Lys/
Glu composition (Figure 2b). These results indicated that
trypsin can appropriately recognize the LysGlu monomer
sequence in its catalytic pocket. We also attempted to use
bromelain, a cysteine protease in the same enzymatic category
as papain, for the polymerization of Lys(Z)Glu(OEt)-OEt
(Run S in Table 1). The polypeptide was obtained as a
precipitate in good yield (57.2%), but the MALDI-TOF MS
spectrum of the polypeptide also showed a series of peaks
attributed to the scrambled sequences. In the substrate pocket
of papain and bromelain, the amide bonds of the LysGlu
monomers/units tended to react with the catalytic center,
competing with the activation of the terminal ester group and
thus resulting in sequence scrambling by transamidation.

The '"H NMR spectra of the polypeptides obtained via
papain- and trypsin-catalyzed polymerizations showed similar
signals (Figure 2¢,d). Slight differences in the spectra were
observed, such as broadening of the methylene peak of the Glu
unit at 2.3 ppm in the spectrum of the polypeptide obtained by
papain-catalyzed polymerization, highlighting the difference in
the randomness of the sequence. By comparing the signals at
2.3 and 2.9 ppm, the Lys/Glu compositions of the
polypeptides were estimated to be 0.99 and 0.97 for papain-
and trypsin-catalyzed polymerizations, respectively. Both
polypeptides had equimolar Lys/Glu compositions even
though the sequence was randomized after papain-catalyzed
polymerization.

The two types of poly[Lys(Z)Glu(OEt)] with alternating or
randomized sequences were deprotected by treatment with
hydrobromic acid followed by hydrolysis with sodium
hydroxide, affording polyLysGlu with unprotected side groups
(Scheme S2). The chemical structure was confirmed by 'H
NMR spectroscopy, where the signals of the ethyl ester and Z
groups completely disappeared (Figure 2e). Hereafter, the
polypeptides with alternating and randomized LysGlu
sequences are denoted as polyKE™ and polyKE™", respectively.

The secondary structures of polyKE™ and polyKE™ were
investigated by circular dichroism (CD) spectroscopy (Figure
3). The CD spectrum of polyKE™ polymerized using trypsin

https://doi.org/10.1021/acspolymersau.4c00029
ACS Polym. Au 2024, 4, 320-330


https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00029/suppl_file/lg4c00029_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00029/suppl_file/lg4c00029_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00029/suppl_file/lg4c00029_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00029/suppl_file/lg4c00029_si_001.pdf
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.4c00029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(a)

(LysGlu), + Na*

(LysGlu), + Glu + Na*

(LysGlu), - Glu + Na*

(b)

(LysGlu), + Na*
calcd. 1745.85

(LysGlu), + Na*

@ 1746.12

® calcd. 1326.65
(LysGlu), + Na (LysGlu), + Na*
(LysGlu), + Glu + Na* calcd. 2165.06
® 9
. [lo]
(LysGlu), - Glu + Na* 'é
0
A (LysGlu), + Na* A2 8
A ® (] ©
L 4 N
A A ™Y
N | 1
r T T 1 r T T 1
1000 1500 2000 2500 1000 1500 2000 2500
miz miz
@ alternating, OEt C-terminal @ scrambled, OEt C-terminal
A alternating, OH C-terminal A scrambled, OH C-terminal
(C) scrambled
T T
8 6 a
0.
~
(d) alternating b
n
(e)  poly(LysGlu) (polykEs)
OH
n

ppm

Figure 2. MALDI-TOF MS spectra of poly[Lys(Z)Glu(OEt)] obtained by (a) papain-catalyzed and (b) trypsin-catalyzed polymerization. 'H
NMR spectra of poly[Lys(Z)Glu(OEt)] obtained by (c) papain-catalyzed and (d) trypsin-catalyzed polymerizations in DMSO-dg. (e) The 'H

NMR spectrum of polyLysGlu (polyKE™) in D,O.

showed almost the same profiles at different pH values from 3
to 10 (Figure 3a). The analysis of secondary structures using a
reference data set (DichroWeb) revealed that polyKE
predominantly adopted a disordered structure with a slight
propensity for a helical conformation (Table S1). In contrast,
the CD profiles of polyKE™ showed lower molar ellipticity
than those of polyKE™. The CD profiles were almost the same
regardless of pH, and the secondary structures tended to be -
strands and turns, as determined from computational analysis
(Table S2). This difference was attributed to the inherent
randomness of the amino acid sequence. Generally, charged
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polypeptides such as poly(L-lysine) exhibit structural changes
depending on pH.***” The pH independence of the polyKE™"
spectrum was due to the ampholytic nature of the equimolar
alternating LysGlu sequence.

Ampbholytic polypeptides containing Lys and Glu residues
have been found to form various self-assembled architectures
via electrostatic interactions.”™® We performed dynamic light
scattering (DLS) analysis to evaluate the self-assembling ability
of polyKE™, The hydrodynamic diameter was estimated by
DLS and used to represent the size of the polyKE™ assembly.
Once polyKE™ was dissolved in Milli-Q water and vortexed for
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Figure 3. CD spectra of (a) polyKE™ and (b) polyKE™" at various pH
values ranging from 3 to 10.

S s, the peptide spontaneously formed nanosized particles with
a size of approximately 100—200 nm (Table S3). This
assembly was also formed in both acidic and alkaline solutions,
with a slight decrease in the size in the acidic solution. The
polyKE™ assembly gradually became larger and aggregated
into an insoluble precipitate after a long incubation period of 3
days (Fiigure S7), indicating the poor long-term stability of the
polyKE™" assembly.

To stabilize the polyKE™ assembly, the peptide was
modified at the N-terminus with tetra(ethylene glycol)
(TEG) (Figure 4a). A TEG carboxylic acid derivative was
condensed with poly[Lys(Z)Glu(OEt)], followed by depro-
tection of the Z and ethyl ester groups, to obtain the TEG-
modified peptide TEG-b-polyKE™. The chemical structure of
TEG-b-polyKE™ was confirmed by MALDI-TOF MS spec-
trometry and 'H NMR spectroscopy (Figures S8—10). The
CD profile of the resulting peptide was similar to that of
polyKE™ (Figure S11). The secondary structure of TEG-b-
polyKE™ was predominantly unordered regardless of pH
(Table S4).

TEG-b-polyKE™ formed a nanosized assembly with a size of
100—200 nm in Milli-Q water, and the size of the assembly
remained almost constant for 24 h (Figure 4b). No aggregates
or precipitates were observed after prolonged incubation for
more than 1 week, indicating that modification with the TEG
moiety significantly increased the stability of the polyKE"-
based assembly.

The morphology of the TEG-b-polyKE™ assembly was
investigated by field emission scanning electron microscopy
(FE-SEM). The assembly was deposited on a silicon substrate
and then subjected to FE-SEM, and the results are shown in
Figure 4c. The FE-SEM image showed that the TEG-b-
polyKE™ assembly had a homogeneous spherical morphology
and a size ranging from 200 to 300 nm, which was larger than
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that measured by DLS. The slight increase in size was assumed
to be due to flattening of the structure caused by the drying
process. To determine whether the assembly adopted a
micellar or vesicular morphology, we also performed FE-
SEM of a cross section of the TEG-b-polyKE™ assembly. The
assembly was embedded in epoxy resin and cut into thin slices
with a microtome. The cross-sectional FE-SEM image revealed
a hollow interior within a spherical structure approximately
100 nm in diameter (Figure 4d), indicating the formation of
vesicles from TEG-b-polyKE™. Such a hollow structure has
been observed for other previously reported vesicular
assemblies by cross-sectional microscopic SEM or TEM
observations.”*72%3*

To investigate the effect of the alternating LysGlu sequence
on assembly, TEG-modified polyKE™ (TEG-b-polyKE™") was
also synthesized (Scheme S3). Because no notable structure
was observed via FE-SEM of TEG-b-polyKE™, the assembly
morphology of the peptides with alternating or random
sequences was observed by atomic force microscopy (AFM).
The AFM image of TEG-b-polyKE exhibited spherical
structures, and the size of the assemblies ranged from 100 to
200 nm (Figure 4e). In contrast, the AFM image of TEG-b-
polyKE™ showed large unordered aggregates as well as a
spherical assembly with a broader size distribution (Figure 4f).
The height profiles of the assemblies of TEG-b-polyKE™ and
TEG-b-polyKE™ were examined via AFM (Figures S12 and
S13). The height of the TEG-b-polyKE™ assembly ranged
from 4 to 5 nm. The two extended chains of TEG-b-polyKE™
with an interdigitated assembly of peptide moieties were
approximately 5.9 nm in length (Figure S14), whereas the
interdigitated peptide moiety was estimated to be 2.3 nm in
length. The sample was dried on a mica substrate for AFM
observation, which probably caused the spherical assembly to
collapse and the flexible TEG chains to shrink. Therefore, if the
TEG-b-polyKE™ assembly formed a vesicular structure, the
height of the observed assembly would be the sum of two
interdigitated peptide layers, namely, 4.6 nm. This estimated
value is in good agreement with the heights observed in the
AFM images, confirming the formation of polyion complex
vesicles assembled from TEG-b-polyKE™ through electrostatic
interactions between the peptide side chains. The height of the
TEG-b-polyKE™ assembly was lower, ranging from 0.5 to 1.5
nm (Figure S13), which indicated that TEG-b-polyKE™ could
not form a rigid interdigitated structure due to the randomness
of the peptide sequence.

The stability of the TEG-b-polyKE™" assembly was
investigated by DLS (Figure S15). The hydrodynamic
diameter of the TEG-b-polyKE™" assembly estimated by DLS
showed a bimodal profile even after a short incubation of 30
min, with one broadened peak with a maximum at
approximately 400 nm and another peak at more than several
micrometers. The DLS profile became multimodal after a long
incubation of up to 24 h. Combined with the AFM
observations, these results indicate that TEG-b-polyKE™
formed unstable assemblies with a large size distribution.

The self-assembly of TEG-b-polyKE™ in various aqueous
solutions was investigated by DLS (Figure 4g). The TEG-b-
polyKE™ assemblies were also stable in phosphate buffer
solutions, even at a high concentration of 100 mM, and the
average hydrodynamic diameter ranged from 121 to 204 nm. A
HEPES buffer solution, the organic component that contains
amine and sulfonic acid moieties, allowed the formation of
stable assemblies with slightly larger hydrodynamic diameters
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Figure 4. TEG modification of polyKE™ for the formation of stable assemblies. (a) Scheme of the synthesis of TEG-b-polyKE™ by condensation
with TEG-carboxylic acid and polyKE™ followed by deprotection. (b) DLS profiles of TEG-b-polyKE™ in Milli-Q water for 24 h. (c) FE-SEM
image of TEG-b-polyKE™ deposited on a silicon wafer. (d) Cross-sectional FE-SEM image of a TEG-b-polyKE™-embedded resin. The inset shows
a magnified image of a representative assembly. (e, f) AFM topological images of TEG-b-polyKE™ (e) and TEG-b-polyKE™ (f) deposited on a
mica substrate. All scale bars represent 500 nm. (g) The hydrodynamic diameters of the TEG-b-polyKE™ assembly estimated by DLS
measurements in various buffer solutions. The error bars represent the standard deviation (n = 3). HEPES: 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid; MS: Murashige and Skoog culture medium containing 0.25 or 0.5 mM sucrose.

of 237—269 nm at concentrations greater than 1 mM. The
hydrodynamic diameter in the HEPES buffer tended to
increase with increasing buffer concentration. This result
indicated that the electrostatic interaction between TEG-b-
polyKE™* and the HEPES molecules affected the size of the
assembly. We also used Murashige and Skoog (MS) medium, a
typical basal medium for plant culture, for DLS measurements
because we had previously applied some peptide-based polyion
complex vesicles to nanocarriers for material delivery in plant
cells.”*"*° The TEG-b-polyKE™ assemblies were stable in this
MS medium with 0.25 mM and 0.5 mM sucrose, with average
hydrodynamic diameters ranging from 133 to 183 nm.
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Finally, the ability of TEG-b-polyKE™ to encapsulate
functional proteins within its hollow region was investigated.
As a model protein, the yellow fluorescent protein Citrine®
was selected for encapsulation in the TEG-b-polyKE™ vesicle
(Figure 5a). Mixing aqueous solutions of TEG-b-polyKE™ and
Citrine resulted in the formation of an assembly with a
multimodal size distribution (Figure S16). Therefore, Citrine
was encapsulated according to a previously reported liposome
formation protocol.*” The solution of Citrine was poured into
the membrane of TEG-b-polyKE™* deposited at the bottom of
a glass vial to encapsulate Citrine. After 3 h of dialysis to
remove free Citrine, the resulting solution showed a unimodal
size distribution with an average hydrodynamic diameter of
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Schematic illustration of the encapsulation of a model fluorescent
protein (Citrine) in a TEG-b-polyKE™ vesicle. (b) Normalized
autocorrelation fitting curves obtained by FCS for Citrine (orange)
and the Citrine-encapsulated TEG-b-polyKE™ vesicle (blue).

140 nm (Figure S16). The size of the assembly was maintained
for an additional 24 h of incubation at 25 °C, indicating that no
undesired aggregation of TEG-b-polyKE™ and Citrine
occurred.

The resulting assembly of TEG-b-polyKE™ and Citrine was
analyzed by fluorescence correlation spectroscopy (FCS) to
confirm the encapsulation of Citrine within the hollow region
of the TEG-b-polyKE™ vesicles. The autocorrelation function
G(t) obtained from the FCS measurements of a Citrine
solution was fitted using a model of the unimodal fluctuation
mode with the kinetics of the transition to a triplet state
(Figures S17 and $18).*" The normalized fitting curves for
Citrine with and without TEG-b-polyKE™ are shown in Figure
Sb. The diffusion coefficient (D) of Citrine was estimated to be
108 pm s from the diffusion time (7) obtained from the G(t)
fitting curve for Citrine. The hydrodynamic diameter
calculated from D for Citrine was 1.97 nm. In contrast, the
G(t) fitting curve for Citrine in the presence of TEG-b-
polyKE™ showed a remarkable increase in 7, resulting in a
smaller D value of 0.899 um s~', indicating that the diffusion
rate of the fluorescent molecule dramatically decreased due to
the size increase caused by encapsulation in the TEG-b-
polyKE™ vesicles.”* The hydrodynamic diameter of Citrine-
containing TEG-b-polyKE*" was calculated to be 238 nm based
on the D value, which was slightly greater than that obtained
by DLS, probably due to the broad size distribution in the DLS
profile (PDI = 0.43). The fluorescence spectrum obtained
during the FCS measurements of Citrine was the same in the
absence or presence of TEG-b-polyKE™. Citrine has been
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reported to exhibit spectral changes in response to structural
deformation by external stimuli.*”~** The abovementioned
result indicated that undesired interactions and aggregation of
Citrine, which would cause structural deformation or
denaturation, did not occur in the presence of TEG-b-
polyKEa“. Therefore, Citrine presumably remained intact
within the TEG-b-polyKE™ vesicle without any structural
deformation.

The remarkable increase in the diffusion time in the FCS
analysis clearly indicated the encapsulation of Citrine within
the hollow region of the vesicular assembly. In addition, the
detection of fluorescence from Citrine in the presence of TEG-
b-polyKE™ verified that no denaturation of Citrine occurred
and that the intact structure of Citrine was maintained even in
the TEG-b-polyKE™ vesicles. In a control experiment, after
mixing the preformed TEG-b-polyKE* solutions with the
Citrine solution followed by dialysis (3 h), we could not detect
fluorescence from Citrine in the FCS analysis. This result
indicated that Citrine was not encapsulated in the TEG-b-
polyKE™ vesicles after vesicle formation. Citrine has a negative
charge on its surface and possibly interacts with positively
charged peptides to form a protein/peptide micellar complex
*7%5 However, the dialysis process
almost completely eliminated free Citrine from the solution;
therefore, no formation of Citrine/peptide complexes was
observed in the presence of TEG-b-polyKE™. In contrast,
fluorescence from Citrine was detected with a dramatic
increase in diffusion time for the sample obtained via the
liposome formation protocol. These results collectively
indicate that the TEG-b-polyKE™ vesicles could encapsulate
functional proteins within their hollow space without damaging
the structure of the proteins.

via electrostatic interactions.

We successfully synthesized ampholytic polypeptides contain-
ing an alternating sequence of Lys and Glu residues via
chemoenzymatic polymerization. The trypsin-catalyzed poly-
merization of the Lys(Z)Glu(OEt)-OEt monomer resulted in
an alternating sequence without randomization by side
reactions such as transamidation. The deprotected peptide
with tetra(ethylene glycol) modification, TEG-b-polyKE™, was
found to spontaneously form vesicular assemblies with a size of
approximately 100—200 nm. The formation of spherical
assemblies with a hollow structure was confirmed by FE-
SEM and AFM observations. Compared with the sequence of
TEG-b-polyKE™, the alternating sequence of Lys and Glu is
highly important for the stability of assemblies with relatively
small sizes and size distributions. The FCS measurement
indicated that the TEG-b-polyKE™" vesicle assumedly encapsu-
lated the yellow fluorescent model protein Citrine without
disrupting its functional structure, demonstrating the potential
of the vesicle as a nanocarrier for material delivery. The
peptide bonds of TEG-b-polyKE™ are labile to proteolytic
degradation, which will allow for proteolysis-triggered release
in material delivery applications. The spontaneous generation
of vesicle architecture by ampholytic TEG-b-polyKE** under-
scores the significance of this facile process with promising
implications for future applications, including material delivery
systems and nanoreactors.
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Papain (EC No. 3.4.22.2) was purchased from Wako Pure Chemical
Industries Ltd. (Osaka, Japan) and was used as received. The activity
was approximately 0.5 U g~', where one unit hydrolyzes 1 mmol of N-
benzoyl-pL-arginine p-nitroanilide per minute at pH 7.5 and 25 °C.
Trypsin (EC No. 3.4.21.4) was purchased from Sigma—Aldrich (St.
Louis, USA). The activity was 1000—2000 U mg™' based on the N-
benzoyl-L-arginine ethyl ester hydrochloride (BAEE) test. Amino acid
derivatives and 1-(3-(dimethylamino)propyl)-3-ethylacarbodiimide
(EDC) HCI salt were purchased from Watanabe Chemical Industries
Ltd. (Hiroshima, Japan) and were used as received. The other
chemicals were purchased from Tokyo Chemical Industry Co. Ltd.
(Tokyo, Japan) and were used as received without purification unless
otherwise noted. Carboxylated tetra(ethylene glycol) with a methoxy
terminal group (TEG-COOH) was synthesized according to a
previously reported procedure with slight modifications (Scheme
$4).% The yellow fluorescent protein Citrine was synthesized by a
dialysis-mode cell-free protein synthesis method according to a
previous study.> The stock solution of Citrine in 10 mM Tris buffer
(pH 8.0) was diluted 100-fold with Milli-Q water prior to
encapsulation experiments.

To a 200 mL flask equipped with a stir bar and an additional funnel
were added Boc-L-Lys(Boc)—OH (5.00 g, 14.4 mmol), .-Glu(OEt)-
OEt HCl salt (3.46 g, 14.4 mmol), 1-hydroxybenzotriazole (HOBt)
monohydrate (2.21 g, 14.4 mmol), and chloroform (25 mL) under
nitrogen. Triethylamine (2.0 mL, 144 mmol) was added to the
mixture at 0 °C. Then, a solution of EDC HCI salt (2.76 g, 14.4
mmol) in chloroform was added dropwise at 0 °C, and the mixture
was stirred at 25 °C for 24 h. After the reaction, the solution was
washed with 5% NaHCOj; aqueous solution three times and saturated
brine. The organic layer was dried with MgSO, and concentrated by
means of a rotary evaporator. After drying under vacuum, a white
solid was obtained. The yield was 7.46 g (97%).

To a solution of Boc-Lys(Boc)Glu(OEt)-OEt (7.46 g, 14.0 mmol) in
dichloromethane (20 mL), trifluoroacetic acid (TFA, 20 mL) was
added in a 100 mL flask equipped with a stir bar, and the mixture was
stirred at 25 °C for 6 h. After the reaction, the solvent was removed by
means of a rotary evaporator. Dioxane/HCl (4 M, 8 mL) was added
to the resulting viscous liquid, and the solution was poured into excess
diethyl ether. The precipitate was filtered, washed with diethyl ether,
and dried under vacuum to afford a white solid. The yield was 5.5 g
(98%).

The title compound was synthesized in a manner similar to that
applied for Boc-Lys(Boc)Glu(OEt)-OEt from Boc-L-Lys(Z)—OH
(5.00 g, 13.1 mmol) and L-Glu(OEt)-OEt HCI salt (3.14 g, 13.1
mmol). The yield was 6.94 g (94%).

The title compound was synthesized in a manner similar to that
applied for LysGlu(OEt)-OEt from Boc-Lys(Z)Glu(OEt)-OEt (6.90
g, 12.2 mmol). A white solid was obtained. The yield was 6.0 g (98%).

Chemoenzymatic polymerization of two types of LysGlu monomers
was carried out using papain or trypsin as the enzyme catalyst. As a
representative procedure, the trypsin-catalyzed polymerization of the
Lys(Z)Glu(OEt)-OEt monomer was as follows. Lys(Z)Glu(OEt)-
OEt HCl salt (0.502 g, 1.0 mmol) was dissolved in 1 M phosphate
buffer (pH 8.0, 2 mL) in a 25 mL glass tube, and the solution was
stirred at 40 °C. A solution of trypsin (0.200 g) in phosphate buffer (1
mL) was added in one portion to this solution, and the mixture was
stirred at 40 °C and 800 rpm for 2 h. The final concentrations of the
dipeptide monomer and enzyme were 0.1 M and 50 mg mL7’,
respectively. After cooling to 25 °C, the precipitate was collected by
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centrifugation at 9000 rpm for 15 min. The collected pellet was
washed with Milli-Q water twice and lyophilized to afford
poly[Lys(Z)Glu(OEt)] as a white solid. The yield was 0.383 g
(91.3%).

Poly[Lys(Z)Glu(OEt)] (0.273 g) was dissolved in an HBr solution in
acetic acid (5.1 M, § mL), and the mixture was stirred at 25 °C for 2
h. Then, the solution was poured into excess diethyl ether, and the
precipitate was filtered, washed with diethyl ether, and dried under
vacuum. The solid was then dissolved in an aqueous NaOH solution
(5 M, 4 mL), and the mixture was stirred at 25 °C for 12 h. The
solution was then neutralized with 6 M HCI and dialyzed against
Milli-Q water at 25 °C for 6 h using a CE tube (Spectra/Por CE,
MWCO: 100—500 Da). After dialysis, the solution was lyophilized to
afford the deprotected polyLysGlu (polyKE™) as a white powder. The
yield was 0.153 g (91%).

To a solution of poly[Lys(Z)Glu(OEt)] (0.851 g, 0.494 mmol) and
TEG-COOH (0.248 g, 0.988 mmol) in dehydrated dimethylforma-
mide (6 mL) was added EDC HCI salt (0.189 g, 0.988 mmol). The
mixture was stirred at 25 °C for 24 h. After the reaction, the solution
was poured into excess water. The precipitate was collected by
centrifugation (9000 rpm, 15 min), washed with water twice, and
lyophilized to afford the TEG-conjugated peptide TEG-b-poly[Lys-
(Z)Glu(OEt)] as a white powder. Deprotection of TEG-b-poly[Lys-
(Z)Glu(OEt)] was carried out by the same procedure used for
poly[Lys(Z)Glu(OEt)] as described above to afford TEG-b-
polyLysGlu (TEG-b-polyKE™). The yield was 0.762 g.

The IR spectra of the bulk samples were recorded on an IRPrestige-21
Fourier transform IR spectrophotometer (Shimadzu Corporation,
Kyoto, Japan) with a MIRacle A single-reflection attenuated total
reflectance (ATR) unit using a Ge prism. The '"H NMR spectra were
recorded on a JNM-EX270 FT NMR system (JEOL Ltd., Tokyo,
Japan) at 25 °C at 270 MHz. Chloroform-d, deuterated dimethyl
sulfoxide (DMSO-ds), or deuterium oxide was used as the solvent,
and tetramethylsilane (TMS) served as an internal standard. Matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometric analysis was conducted using an ultrafleXtreme
MALDI-TOF spectrophotometer (Bruker Daltonics, Billerica, MA)
operating in reflection mode at an accelerating voltage of 15 kV. The
sample was dissolved in water/acetonitrile (0.8 mg mL™") containing
0.1% TFA mixed with a solution of a-cyano-4-hydroxycinnamic acid
(CHCA) in water/acetonitrile (10 mg mL™") and deposited on an
MTP 384 ground steel BC target plate.

CD spectra of the peptide samples were recorded on a JASCO J-820
spectropolarimeter. A quartz cuvette with a 0.1 cm path length was
used for the measurements. The peptides were dissolved in Milli-Q
water at 0.5 mM. The CD spectroscopic data were analyzed by means
of DichroWeb, an online server for protein secondary structure
analyses, using the CONTIN-LL algorithm*” with reference data set 7
to estimate the contents of the secondary structures.**

An aqueous solution of TEG-b-polyKE™ (250 uM) was dropped on a
silicon wafer and dried in vacuo. The sample on the wafer was
subjected to FE-SEM observation by a GeminiSEM 300 (Carl Zeiss,
Oberkochen, Germany) with an acceleration voltage of 1 kV. The
sliced sample for observation of the cross section was prepared as
follows.>® TEG-b-polyKE™ was dissolved in Milli-Q water (250 4M),
and 200 uL of the solution was slowly mixed with melted agarose gel
(200 uM) at 30 °C. After cooling to 25 °C, the fixed gel was cut into
small pieces (approximately 1 X 1 mm?). The gel sample was
dehydrated by gradual solvent substitution with methanol to
propylene oxide to Epon 812 (TAAB Laboratories Equipment Ltd.,
Berkshire, UK). The agarose gel was finally embedded in an epoxy
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resin by curing the Epon 812-swollen gel at 60 °C for 48 h. The
solidified sample was cut into a thin 100 nm thick slice by an
ultramicrotome ATUMtome (RMC-Boechele, AZ) and used for
cross-sectional FE-SEM observation.

The size of the assemblies formed from TEG-b-polyKE™ was
evaluated by DLS using a Zetasizer Nano ZS instrument (Malvern
Instruments Ltd., Worcestershire, UK). After TEG-b-polyKE™ was
dissolved in Milli-Q water, the solution was vortexed for S s, filtered
through a membrane filter (45 ym), and incubated at 25 °C for the
indicated times. The solution was placed in a plastic cell (DTS1070)
and subjected to DLS measurements using a 633 nm He—Ne laser at
25 °C with a backscatter detection angle of 173° to estimate the
hydrodynamic diameter and zeta potential. The z-averaged mean size
was calculated as the hydrodynamic diameter by analyzing the
obtained autocorrelation function by cumulant method with a single
exponential analysis using ISO13321 for normalization. The multi-
modal size distribution was analyzed by non-negative linear least-
squares (NNLS) method. The measurements were replicated three
times, and the data were averaged to determine the standard
deviation. Phosphate buffer (0.25—100 mM, pH 7.4), 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer
(0.25—2.5 mM, pH 7.4), and Murashige and Skoog (MS) medium
(0.25—0.5 mM sucrose, pH 5.7) were also used for DLS
measurements of the TEG-b-polyKE** assemblies. The MS medium
was prepared from half-strength MS Basal Medium powder (Sigma-
Aldrich, Missouri, USA), and the concentration of sucrose was
adjusted to 0.25 or 0.5 mM.

The morphology of the assemblies formed from TEG-b-polyKE™ and
TEG-b-polyKE™ was investigated by AFM. The peptides were
dissolved in Milli-Q water (1 mg mL™"), and the solution was
incubated at 25 °C for 1 h. An aliquot (10 L) of the solution was
deposited on a mica substrate and dried under vacuum. The sample
was then subjected to AFM observation using an AFMS300E (Hitachi
High-Tech Science Corporation, Tokyo, Japan) in dynamic force
mode with SI-DF3 cantilevers (force constant: 1.6 N m™', resonance
frequency: 26 kHz). Topological images of the assemblies were
obtained at 25 °C by AFM observation of the TEG-b-polyKE™ and
TEG-b-polyKE™ samples.

FCS measurements of a Citrine aqueous solution with and without
the TEG-b-polyKE™ vesicle were performed. The Citrine-containing
TEG-b-polyKE™ sample was prepared according to the liposome
formation plrotocol.40 Prior to the encapsulation of Citrine, TEG-b-
polyKE™ was dissolved in chloroform/methanol and placed in a 10
mL vial. After the solvent was completely evaporated, the aqueous
solution of Citrine (27 ug mL™") was poured into the peptide-coated
vial and vortexed for 10 s. The sample was incubated at 25 °C for 5
min and then dialyzed against Milli-Q water for 3 h using a CE tube
(MWCO: 100 kDa) to remove free Citrine. The resulting solution
sample was then used for FCS measurements using an LSM880
confocal laser microscope (Carl Zeiss) with a 488 nm laser at 25 °C.
The autocorrelation function G(t) curves obtained by means of ZEN
2.3 SP1 operating software (Carl Zeiss) were subjected to fitting by a
model function including singlet—triplet kinetics using the following
equation:41

1 — F+ Fet/7
1-F

14+ X Eya _tyie
G(t)_l+N(l+T) (1+k21) [

where N is the number of fluorescent molecules, ¢ is the correlation
time, 7 is the diffusion time of the component, k is a structural
constant, F is the average fraction of fluorescent species present in the
triplet state, and 7y is the characteristic triplet correlation time. The
diffusion coefficient D was calculated from 7 using rhodamine 6G as a
standard. The hydrodynamic diameter R was estimated from D using
the Stokes—Einstein equation:
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where kg is the Boltzmann constant, T is the measuring temperature,
and 7 is the viscosity of the solvent.
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