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Accounts of Peptide Science Japan:
Showcasing Japan’s Excellence in Peptide Research

As the President of the Japanese Peptide Society, it is my pleasure to announce the launch
of Accounts of Peptide Science Japan, a publication that represents a significant step forward
in disseminating Japan’s peptide research achievements.

Since 1963, the Japanese Peptide Society has been publishing PEPTIDE CHEMISTRY
(1963-1996) and PEPTIDE SCIENCE (1997-2024), journals dedicated to compiling ab-
stracts from academic presentations at the Peptide (Chemistry) Symposium. In 1990, the
Society introduced PEPTIDE NEWSLETTER JAPAN, which has served as an invaluable
resource for updates and insights within the peptide research community.

Recognizing the evolving trends in academic communication, we have decided to unify
PEPTIDE SCIENCE and PEPTIDE NEWSLETTER JAPAN into a single, dynamic publica-
tion. This new journal, Accounts of Peptide Science Japan, builds upon the strengths of
its predecessors while introducing a significant new feature: English-language Accounts
authored by Japan’s peptide researchers. This addition aims to present the groundbreaking
work of Japanese scientists to a global audience, thereby fostering international collabora-
tion and recognition.

Accounts of Peptide Science Japan will be freely available via J-STAGE, an Open-Access
journal that ensures accessibility to researchers and students worldwide.

We hope that this new academic journal will contribute to the advancement of peptide

science worldwide.
Akira Otaka

President,

The Japanese Peptide Society
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S-protected cysteine sulfoxide, a side product in peptide synthesis,

finds an unprecedented usage:

From peptide stapling and modification to insulin synthesis

Received: May 14, 2025
Accepted: July 4, 2025

Published: October 1, 2025

Akira Otaka

Institute of Biomedical Sciences and Graduate School of Pharmaceutical Sciences,
Tokushima University, Tokushima 770-8505, Japan

S&e-mail: aotaka@tokushima-u.ac.jp

Keywords: S-protected cysteine sulfoxide; sulfenylation of amino acids; disulfide forma-

tion; peptide lipidation; sactipeptide

Abstract

Peptide chain elongation induces the oxidation of amino acid side chains. The most profound oxidative modification occurs
on the sulfide of a methionine residue to give methionine sulfoxide. An S-protected cysteine possessing a sulfide functionality
undergoes the same modification to the corresponding S-protected cysteine sulfoxide. On treating the S-p-methoxybenzyl (MBzl)
cysteine sulfoxide [Cys(MBzl)(O)] under acidic conditions in the presence of a large excess of an electron-rich aromatic com-
pound, the sulfoxide works as an electrophile (i.e., a cysteine umpolung) to participate in an aromatic electrophilic substitution
reaction (SgAr), affording an S-aryl compound, while the S-acetoamidemethyl cysteine sulfoxide [Cys(Acm)(O)] is converted
to the corresponding disulfide by treatment with a thiol nucleophile. Although these two observations were made about 40
years ago, there has been little practical application of the research in peptide chemistry, except in a disulfide-forming reaction
confined to single disulfide-bonding peptides. This is partly due to a lack of information on which of the reaction intermediates
resulting from acid-activated sulfoxides are suitable for use in subsequent reactions, including S-arylation or disulfide formation.
The clue to active application came from the development of sp’(C-H) sulfenylation of the indole of tryptophan (Trp). We found
that treatment of Cys(MBzl)(O) under acidic conditions (e.g., trifluoroacetic acid; TFA) in the presence of guanidine hydrochlo-
ride (Gn-HCI) as a chloride anion source facilitates the formation of S-chlorocysteine, which then selectively reacts with Trp
among the aromatic amino acids to yield 2’-sulfenyl-Trp. Cys(Acm)(O) can also be converted to S-chlorocysteine under TFA
conditions in the presence of Gn-HCI. This conversion additionally occurs under milder acidic conditions in the AcOH system
in the presence of MgCl,, while Cys(MBzl)(O) remains intact. In contrast, the reaction of Cys(Acm)(O) under trimethylsilyl
trifluoromethanesulfonate (TMSOTY) in TFA or hexafluoroisopropanol (HFIP) conditions in the absence of chloride anion
sources may lead to the formation of a silylated dicationic species as a plausible intermediate involved in the SzAr reaction with
tyrosine (Tyr). The S-chlorocysteine preferentially reacts with S-protected Cys residues, including Cys(Acm) and Cys(MBzl),
over Trp to afford the corresponding S-protection-attached sulfenyl sulfonium cations, which are converted to disulfide with
release of the S-protection as a cation. The ease of the cation leaving depends on the acidity of the reaction: the Cys(Acm)-
derived sulfonium cation easily converts to disulfide under mild acidic conditions, while the Cys(MBzl)-derived one requires
strong acidity. The difference in acidity that facilitates the conversion of Cys(Acm)(O) or Cys(MBzl)(O) to the corresponding
S-chlorocysteine led us to discover that use of a Cys(Acm)(O)/Cys(Acm) or Cys(MBzl)(O)/Cys(MBzl) pair with the acidity of
the reaction increasing stepwise allows one-pot/stepwise disulfide bond formation in a regioselective manner. This reaction was
successfully applied to the unprecedented synthesis of insulin including a lipidated analog. Lastly, the synthesis of a model
sactipeptide possessing a sactionine linkage was achieved based on the observation in insulin synthesis that an S-modified
sulfonium cation derived from a Cys(Acm) derivative easily loses the Acm group as the cation under acidic conditions where
no protonation occurs on the amide moiety of the Acm group. In this article, we briefly summarize the chemistry of S-protected
cysteine sulfoxides, emphasizing the sulfenylation of amino acid side chains, including Trp, Tyr, and S-protected cysteine.
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Figure 1. Oxidative modification of S-protected cysteine [Cys(MBzl) (1a) or Cys(Acm) (1b)] during peptide chain assembly and chemical
behavior of the resulting sulfoxides (2a or 2b). Nucleophilic and electrophilic characters are indicated in red and blue, respectively.

Introduction
The peptide chain assembly process, whether in a liquid or
solid phase, is susceptible to several side reactions including
epimerization and termination, as has been well-documented
in literature. Moreover, the sulfide of an S-protected cysteine
residue 1 undergoes oxidation to the corresponding sulfoxide 2,
a process observed in the methionine (Met) side chain. Never-
theless, the formation of the S-protected cysteine sulfoxide 2
has not been widely recognized in the scientific community.
About 40 years ago, Yajima and colleagues’ demonstrated that
an S-protected cysteine sulfoxide 2, such as S-p-methoxybenzyl
cysteine sulfoxide [Cys(MBzl)(O) (2a)], does not regenerate the
parent cysteine upon acidic final deprotection to afford the
desired peptide (Figure 1). The reaction of 2a with hydrogen
fluoride (HF) in the presence of a large excess of anisole or
phenol gives an S-aryl compound in which the acid-activated
sulfoxide works as an electrophilic sulfenylation agent of aro-
matic compounds. Furthermore, S-acetamidomethyl cysteine
sulfoxide [Cys(Acm)(O) (2b)] is converted to the disulfide com-
pound upon reacting with thiol, with the Acm group released
as a cation’. The finding that the a sulfoxide 2 with a releasable
S-substituent such as MBzl or Acm serves as a sulfenylation
reagent of a nucleophilic counterpart led us to evaluate the
potential utility of 2 in disulfide-forming reactions in combina-
tion with an S-protected cysteine 1, based on the mechanism
depicted in Figure 2°.

We reasoned that free cysteine 4, which should be regen-
erated from the protected cysteine under appropriate acidic
conditions, will react with an acid-activated sulfoxide 3 to yield

pt p2
S|:O SI s OH
H*
o] o P2
S-Protected ~ S-protected cation | agig- actlvated
Cys sulfoxide 2 Cys1 sulfoxide 3 Free Cys 4
H* - . _
p! |
S—————=>S  cation §75
o o (o] o
Disulfide Sulfenyl cysteine
sulfonium cation 5

Figure 2. Initially envisioned reaction mechanism of acid-activated
sulfoxide-mediated disulfide formation.

a sulfenyl cysteine sulfonium cation 5, which is then converted
to a disulfide with the release of the P* protection on sulfoxide
2. While the synthesis of a peptide containing a disulfide bond
was successfully achieved, utilizing this sulfoxide-mediated
disulfide formation in the synthesis of a peptide containing
multiple disulfide bonds did not yield any positive outcomes.
However, the reason for this failure did not become clear until
our recent discovery that copper-mediated disulfide formation
proceeds between thiazolidine-4-carbonyl (Thz) and Cys(Acm)
residues (6 and 1b) (Figure 3)*.

The Thz residue 6 as an N,S-protected cysteine derivative’
has served as an N-terminal Cys indispensable for C-to-
N directed sequential native chemical ligation® required for
chemical synthesis of proteins. Typically, treatment with
methoxyamine under mildly acidic conditions (~pH 4-5)
cleaves the thioaminal ring’. However, we found that the Thz
ring is opened by the action of Cu(Il) irrespective of the
presence of ascorbate to yield the N-terminal Cys**’. Moreover,
when Cys(Acm) is present alongside Thz in the absence of
ascorbate, disulfide bonds readily form between the Cys(Acm)
1b and Thz 6 residues®. The detailed reaction mechanism
involving disulfide formation has not been elucidated. We hy-
pothesized that the Cu(II) salt is likely to act as a Lewis acid
to promote Thz ring opening, and the resulting Cys will be
oxidized to the corresponding cysteine sulfenic acid [Cys(OH)
(7)] via the Cys-thiyl radical through the action of Cu(II)**.
Consequently, as an umpolung cysteine, the resulting Cys(OH)

H,NOMe Agm
(pH 4-5) SH s
L Cu(lly /Q_KW ]\(g
‘)}(“ %{; or with HQN H
ascorbate o o

b ©
Cu(ll) without ascorbate

Intermediate —> Acm
ss O\

o S
Acm* ‘/i
N
B
Cystelne sulfenic acid
(Cys(OH) 7) Umpolung cysteine

Figure 3. An umpolung cysteine, resulting from Thz 6 by the action of
a Cu(II) salt in the absence of ascorbate under atmospheric conditions,
might be involved in the formation of a disulfide bond between Thz
and the Cys(Acm) residue.

Thz 6 ‘
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Figure 4. Example of tryptathionine-containing toxin from the death
cap mushroom.

7 might electrophilically attack Cys(Acm) to yield disulfide
with release of the Acm group as a cation. The experimental
finding that such an electrophilic cysteine umpolung 7 would
participate in disulfide formation evoked our interest in acid-
activated S-protected cysteine sulfoxide as an electrophilic
cysteine umpolung.

In addition, the complete chemical synthesis of the
peptidic toxin amanitin, which contains 2’-(S-cysteinyl)trypto-
phan (termed tryptathionine)’, has been recently achieved
(Figure 4)'°. Based on Yajima and co-worker’s' finding that an
S-aryl compound is generated from the reaction of Cys(MBzl)
(O) (2a) in the presence of phenol under acidic conditions,
we reasoned that the reaction of Trp with S-protected cysteine
sulfoxide 2 under appropriate acidic conditions should yield
tryptathionine. Research on S-protected cysteine sulfoxides
resumed with the construction of a tryptathionine moiety in
peptides.

In this article, we describe recent advances in the chemistry
of acid-activated S-protected cysteine sulfoxides, including side
chain sulfenylation that occurs selectively at Trp*'™", Tyr', or
S-protected cysteine' under varying reaction conditions.

sp’(C-H) sulfenylation of the indole of Trp using
acid-activated S-protected cysteine sulfoxide'"
The hypothesis that an acid-activated S-protected cysteine sul-
foxide might act as an sp’(C-H) sulfenylation agent for Trp
prompted us to investigate the feasibility of thioether formation
between Trp and Cys residues in a model substrate peptide
[Ac-Trp-GAL-Cys(MBzl)(O)-R-NH, (8)] using the sulfoxide
system. Initially, the reaction of 8 in 1 M trifluoromethanesul-
fonic acid (TFMSA) in trifluoroacetic acid (TFA)'® unambigu-
ously yielded the desired Cys-Trp-linked peptide 9 containing
tryptathionine. However, significant amounts of 9 + 120-Da
products, related to MBzl cation adducts, were also observed

Reagent

in TFA /Lﬁ
/g( “NH,

by HPLC analysis. We speculated that potential alkylation sites
in the product peptide might be present in the thioether of
tryptathionine and in tryptathionine itself; alternatively, the
guanidine group of arginine might provide a site, although this
seemed less likely. Because a sulfide or aromatic compound as
a cation scavenger slows the progress of sulfenylation, the ad-
dition of guanidine hydrochloride (Gn-HCI) was tried without
much expectation. Surprisingly, however, Gn-HC] markedly
altered the reaction outcomes, such that the reaction of 8 in
1M TFMSA in TFA in the presence of 4 M Gn-HCl proceeded
efficiently to yield 9 as a main product. In addition, the pres-
ence of Gn-HCl facilitated the quantitative sulfenylation of Trp
with Cys(MBzl)(O) under less acidic conditions, such as 1M
methanesulfonic acid (MSA) in TFA. Notably, (Gn), H,SO,
was ineffective in the reaction, and no sulfenylation proceeded.
This observation allowed us to conclude that Gn-HCl has dual
functions as (1) a cation scavenger and (2) a chloride anion
source to yield the S-chlorocysteine intermediate 10, known as
a Trp sulfenylation agent'” (Figure 5). Among the proteogenic
amino acids, the resulting S-chlorocysteine 10 modified Trp
via an aromatic electrophilic substitution (SgAr) reaction in
a highly Trp-selective manner, even in the presence of a Tyr
residue possessing an electron-rich aromatic ring. Kinetically,
the sulfide side chain of a Met residue underwent sulfenylation
more preferentially than a co-existing Trp residue'>'® however,
the resulting sulfenyl Met sulfonium cation 11 either reverted
to S-chlorocysteine and Met, or reacted with Trp to yield the
sulfenyl Trp (Figure 6). The S-chlorocysteine, which results
from the reaction of Cys(MBzl)(O) under acidic conditions
stronger than TFA in the presence of amine hydrochloride
such as Gn-HCl, enabled Trp-selective sulfenylation to occur
not only in an intramolecular manner, but also in an inter-
molecular manner. Consequently, Trp-selective sulfenylation
utilizing acid-activated Cys(MBzl)(O) showed utility in peptide
stapling®, bicyclic peptide synthesis, and peptide lipidation'.

sp’(C-H) sulfenylation of the phenol of Tyr using
acid-activated S-protected cysteine sulfoxide

As mentioned above, use of Cys(MBzl)(O) for the sulfenylation
of sp*(C-H) Trp requires Gn-HCI, which acts as an MBzl cation
scavenger and chloride anion source. Under this reaction con-
dition, sulfenylation occurs only on Trp, and the modification
of Tyr does not proceed. As Tyr-selective sulfenylation probably
requires an S-protection alternative to the MBzl group, we eval-
uated the utility of S-Acm® for S-protection of the S-protected
cysteine sulfoxide. The Acm group was selected because it
exhibits chemical behavior during its removal that differs from

Reagents in TFA Products (conversion %)

1M TFMSA
1M TFMSA—4 M Gn-HCI

9 (30), 9 + 120 Da (53)

9 (> 85), 9 + 120 Da (ND)
1 M MSA-4 M Gn-HCI 9 (> 90), 9 + 120 Da (ND)
1 M TFMSA-2 M (Gn),'H,SO, 8 (> 95)

Peptide 8 (0.5 mM) was treated at 4 °C for 3 h. ND = not detected.

OMe
ClI~

N \‘
= S<OH N
N H HO
AC\H GAL\N RN, Ac.
o o

SEAr )/ HCI
NHZ
NH ClI

Gn MBzI ~—
A GAL. Ro\H,
H H

Figure 5. Plausible mechanism of the reaction for affording a sulfenyl tryptophan (tryptathionine) residue.
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that of the MBzl group, which becomes more susceptible to
deprotection as the acidity of the reaction increases. Initially,
the attempted reaction of the model Cys(Acm)(O) and Tyr-
containing peptide 12 under TFA conditions without a chloride
anion source gave a mixture of the desired Cys-Tyr-linked 13
and dimer 14 peptides, along with the remaining substrate
(Figure 7a). Gratifyingly, the addition of MSA at a concentra-
tion of 1 M enabled the reaction to yield the desired Cys-Tyr-
linked peptide 13 in quantitative amounts. We reasoned that
dual protonation on the S-Acm oxide moiety under 1 M MSA
conditions is likely to contribute to the favorable reaction out-
come. Under TFA conditions, mono protonation occurs only

(a) Tyr-sulfenylation using Cys(Acm)(

on the sulfoxide, allowing facile removal of the Acm group as a
cation to generate the cysteine sulfenic acid 7 that can function
as a nucleophile and electrophile. The SgAr reaction of the
resulting 7 with Tyr allowed formation of the desired Cys-Tyr-
linked peptide 13. Otherwise, the sulfenic acid 7 self-dimerized
to give dimer peptides 14. Under more acidic conditions con-
taining MSA, by contrast, protonation occurred on both the
sulfoxide and the amide moiety of the Acm group, forming the
dicationic intermediate 15. Thereby, the positive charge on the
Acm group may prevent its release as a cation, and the resulting
dicationic intermediate 15 might participate in the SgAr reac-
tion of the Tyr residue. In summary, we tentatively established
reaction conditions suitable for the sulfoxide-mediated Tyr-
sulfenylation of peptides possessing only Tyr as an aromatic
residue; however, Tyr- or Trp-selective sulfenylation remained
to be achieved.

Tyr- or Trp-selective sp’(C-H) sulfenylation using
acid-activated Cys(Acm)(0)"

Evaluations of the Tyr- and Trp-containing model Cys(Acm)
(O) peptide 16 under various reaction conditions uncovered
a reagent system facilitating the discrimination of Tyr and
Trp residues in sulfenylation (Figure 7b). As described above,
treating the Tyr-containing Cys(Acm)(O) peptide 12 with TFA
resulted in a mixture of Cys-Tyr-linked and dimer peptides,
possibly involving a Cys sulfenic acid intermediate. However,
the presence of Trp changed the reaction outcomes signifi-
cantly. When 16 was reacted with TFA, no Cys-Tyr or dimer
peptides were formed. Instead, a Cys-Trp-linked peptide was
selectively obtained, although the reaction was not fully com-
pleted. The addition of Gn-HCI to the reaction in TFA allowed

OH Acm acidic
condtions ||
Gn-HCI (-) 7?
AC_G‘N GAL NH, ¥ R- Cys NH, R-Cys—NH,
H o 13 Dimer 14
+
CH; oH 0) k(,) o
Acm* s —
. HN" S0 i \ w oy ST %
o weakly acidic ) —L» Cys Cys Cys
Y condtions | H-O-S'+ Cysteine sulfenic acid 7 14
NH (TFA) o A Tyr
ys 0
5=0 CHs N H
CHy, L, Acm*
?N _ » 1. X 07 NH Tyr
H highly acidic HO”™ ~NH k
o] conditions K OH s
12 (MSA in TFA) 25-0-H ‘
| Cys
15 Cys Tyr OH
(b) Tyr or Trp-selective sulfenylation using Cys(Acm)(O) OH OH
X
| HN HN
Kly acidi 7 = S =
OH ¥ candtions. e e |
rp-selective
ACMm HN Gn-HCI (+ or -) Tyr c Trp T Tyr Cys Trp
— X=Cl(10), CH (7) Peptide 17
(or TMS)
Tyr Cys Trp CoH H H
Peptide o. & Acm*| H HN
Peptide = higly acidic = i
Ac-G-Trp-RAL-Cys(Acm)(O)- conditions Tvr-selective
T c y! c T
GAL-Tyr-RG-NH, (16) Gn-HCI (-) r b yr s P
15 Peptide 18

Figure 7. (a) Plausible mechanism of the reaction for affording a sulfe

nyl tyrosine residue. (b) The Trp- or Tyr-selective sulfenylation reaction.
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the Cys-Trp-linked peptide 17 to form in an entirely Trp-selec-
tive manner in almost quantitative conversion. Both reaction
conditions involved a neutral reaction intermediate such as the
cysteine sulfenic acid 7 or S-chlorocysteine 10; therefore, we
concluded that a neutral species for the sp’(C-H) sulfenylation
is likely to contribute to Trp-selective sulfenylation even in the
presence of a Tyr residue.

Regarding sulfenylation of Tyr, the dicationic intermediate
15, envisioned in the reaction under 1 M MSA in TFA condi-
tions, might be responsible for the reaction that affords the
Cys-Tyr linkage. Therefore, we hypothesized that the desired
Tyr-selective sulfenylation might occur if the dicationic inter-
mediate 15 remains stable during the sulfenylation reaction;
consequently, we used a strong acid (TFMSA) or strong
Lewis acidic silylating agent (trimethylsilyl trifluoromethane-
sulfonate; TMSOTT)* to anticipate a long-lasting cationic inter-
mediate. The attempted sulfenylation of peptide 16 proceeded
in a highly Tyr-selective manner to yield the desired Cys-Tyr-
linked peptide 18, although Acm cation adducts also formed.
Lastly, the addition of guanidium trifluoromethanesulfonate
(Gn-HOTY) was found to effectively suppress this alkylation
without affecting residue selectivity. Thus, Trp- or Tyr-selective
sulfenylation using acid-activated Cys(Acm)(O) proceeded in a
highly residue-selective fashion to yield the desired Cys-Trp-
or Cys-Tyr-linked peptides (17 and 18) by selecting the neutral
intermediate such as S-chlorocysteine for Trp sulfenylation or
the dicationic intermediate for Tyr sulfenylation.

Encouraged by our success in residue-selective sulfeny-
lation, we attempted to synthesize a stapled glucagon-like
peptide 1 (GLP-1)* with lipid modification (Figure 8)*. Upon
food intake, secreted GLP-1 stimulates insulin secretion, con-
tributing to efficient use of glucose. Therefore, GLP-1 19 has
been receiving increasing interest not only as a therapeutic
agent for type II diabetes but also as an anti-obesity agent. In
addition, lipidated GLP-1 analogs, represented by Liraglutide
or Semaglutide, occupy a large market share as diabetes drugs,

H-His-Ala-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Val-Ser-Ser-Tyr19-Leu-
Glu-Gly-Xaa23-Ala-Ala-Lys-Glu-Phe-lle-Ala-Trp31-Leu-Val-Lys-
Gly-Arg-Gly-OH (1.0 mM) G| p.1 (7-37, Xaa = GIn) (19)

GLP-1 (7-37, Xaa = Cys(Acm)(O)) (20)

Stapling between Tyr19 and Cys(Acm)(0)23
1M TMSOTf - 0.1 M Gn-HOTf in HFIP

One-pot
Acm operation
_S
21 o o*
NH
o miniPEG-NH 2
14 022(1.2eq)

Lipidation of 21 with 22
Addition of 22 and DA-HCI in HFIP

OH -
S Stapled and lipidated
GLP-1 analog 23

%
S N

—émlanEG}Cys

Figure 8. One-pot/stepwise stapling and lipidation sequence for prepa-
ration of a GLP-1 analog.

and they interact with their receptor through an a-helical
active conformation. Given this context, we synthesized the
stapled and lipidated GLP-1 analog 23 in a one-pot/sequential
manner utilizing the developed residue-selective sulfenylation
reaction. To utilize Tyr19 in GLP-1 (7-37) as a stapling pair in
theiandi + 4 relationship, GIn23 was replaced with Cys(Acm)
(O) as another stapling pair. The reaction of the Cys(Acm)
(O)-substituted peptide 20 in 1 M TMSOT{-0.1 M Gn-HOTf in
hexafluoroisopropanol (HFIP) allowed selective incorporation
of the stapling Cys-Tyr linkage between Tyrl9 and Cys22,
with Trp31 remaining intact. Next, addition of a solution of
the Cys(Acm)(O)-modified lipid 22 and diisopropylamine hy-
drochloride (DA-HCI) as a chloride anion source in HFIP to
the reaction resulted in Trp-selective incorporation of the lipid
moiety through intermolecular Cys-Trp sulfenylation to yield
the desired stapled and lipidated GLP-1 analog 23 in a one-pot/
sequential manner. The resulting 23 was shown to significantly
reduce blood glucose levels in a long-lasting manner.

Trp-sulfenylation under conditions benign to pro-

tein molecules"

Whether using Cys(MBzl)(O) or Cys(Acm)(O), Trp sulfenyla-
tion requires strong acidic conditions (e.g., TFA) and a chloride
anion source. In modifying proteins, it is important to use reac-
tion conditions that are benign to a wide variety of proteins to
prevent their denaturation. Comparison of S-Acm with S-MBzl
suggested that the resulting Acm-derived hydroxyl sulfonium
cation 24b, upon protonation of the sulfoxide, might be more
susceptible in weak acid to become S-chlorocysteine 10 in
the presence of a chloride anion source; therefore, we evalu-
ated Cys(Acm)(O) as the Trp-sulfenylation agent under mildly
acidic conditions. We employed nonaqueous AcOH as a solvent
in the presence of metal chloride as a Lewis acid because water
decomposes the S-chlorocysteine, which is indispensable for
Trp sulfenylation. Among various metal chlorides, magnesium
chloride (MgCl,) was found to be the best additive: intermol-
ecular sulfenylation of a model Trp peptide with a Cys(Acm)
(O) peptide under AcOH conditions in the presence of 30
mM MgCl, at 25 °C for 15 h went to completion, yielding
the desired Trp sulfenyl peptide. In addition, the inclusion of
0.1% TFA in the AcOH mixture resulted in a faster reaction,

Table 1. Conversion of S-protected cysteine sulfoxide to S-chlorocys-
teine 10

g
- Reagent A
; __system _ E\N g\
H O
2a(P= MBzI 24a (P = MBzl)
2b (P = Acm) 24b (P = Acm)
Acid R P
cidit eagent system _—
Y § Y Acm MBzl
30 mM MgCl,, 0.1% TFA in AcOH
30mM MgCl,, 0.1% TFA in 2% .
Low BMPy-OTf/AcOH 10 intact
30mM MgCl,, 0.1% TFA in 1%
H,0/BMPy-OTf
High Ar.nlne-HCI in TFA (or + strong 10 10
acid)
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completing within 5 hours. Moreover, the addition of an ionic
liquid (BMPy-OT{, 2%) significantly enhanced the solubility
of slightly soluble peptides in AcOH, leading to synthesis
of the corresponding sulfenyl peptides. Furthermore, reaction
in the ionic liquid system* containing 30 mM MgCl,, 1-
5% H,0, and 0.05-0.1% TFA allowed Trp sulfenylation of the
antibody trastuzumab while retaining the affinity of the mod-
ified protein, although the reaction remained incomplete. As
mentioned above, Cys(Acm)(O) can be converted under mildly
acidic conditions (e.g., 0.1% TFA in AcOH) in the presence of
MgCl, to S-chlorocysteine 10, which then reacts with Trp. In
contrast, the Cys(MBzl)-derived hydroxyl sulfonium cation 24a
under AcOH conditions cannot release the MBzl cation due
to the low acidity of the reaction and fails to become S-chloro-
cysteine.

Hence, we reasoned that Cys(Acm)(O) and Cys(MBzl)(O)
were converted stepwise in this order to the corresponding S-
chlorocysteine, which is responsible for the sulfenylation of
Trp, with the acidity of the reaction increasing. This rationale
encouraged us to develop a linker molecule that would allow
the one-pot/sequential heterodimerization of Trp-containing
peptides. The developed linker 25, possessing Cys(Acm)(O)
and Cys(MBzl)(O) at its termini, enabled the connection of
Trp-containing MAX and MYC as DNA-binding peptide pep-
tides in a one-pot/sequential fashion, with the acidity increas-
ing during the reaction.

Aclm

MI|32I
U
Ac—Cys~nnanCys—NH, 25

Trp-tagged MYC peptide
30 mM MgCl,-0.1% TFA in 2% BMPy-OTf/AcOH

MI|32I (lll

]
Ac—Cys v Cys —NH,

l J Trp-tagged MYC peptide
- ~ -~
Ml?zl .
0=s s—
N
]

Ac—Cys i Cys—NH,

Trp-tagged MAX peptide in
2 M MSA-4 M Gn-HCl in TFA

\ N
Ac—Cys v Cys —NH,

Trp-tagged MAX peptide l Trp-tagged MYC peptide

V. 7.7} AN
N N
N ‘ ‘ N

Ac—Cys i Cys —NH,

Figure 9. One-pot/stepwise dimerization of Trp-containing peptides
using S-protected cysteine sulfoxide.

Application of S-protected cysteine sulfoxides to
the synthesis of disulfide-bonding peptides includ-
ing insulin®

As shown in Figure 6, S-chlorocysteine 10 preferentially reacts
with Met over Trp to reversibly afford the sulfenyl Met sulfo-
nium cation 11. However, the resulting 11 cannot release the
methyl group as a cation and so fails to become a disulfide
product. In other words, a cation-releasable sulfide, including
an S-protected cysteine derivative, might be involved in the
disulfide bond that forms upon reaction with S-chlorocysteine
(Figure 10a). Therefore, we implemented an unprecedented
one-pot/sequential disulfide-forming strategy to challenge in-
sulin synthesis**?*. This approach is based on two key experi-
mental findings in the Trp-sulfenylation evaluation: (1) under
low acidic conditions (e.g., 0.1% TFA in AcOH) in the presence
of MgCl,, Cys(Acm)(O) can be transformed to S-chlorocysteine
10, while Cys(MBzl)(O) remains unaffected (Table 1); and (2)
the conversion of Cys(MBzl)(O) to 10 occurs under high acidic
conditions (e.g., TFA-Gn-HCI). To advance these promising
results to insulin synthesis, we evaluated potential S-protected
cysteine pairs that might react with Cys(Acm)(O) or Cys(MBzl)
(0) to afford the disulfide selectively under each S-chlorocys-
teine-forming condition. Gratifyingly, we found that two pairs,
Cys(Acm)(0)/Cys(Acm) and Cys(MBzl)(O)/Cys(MBzl), met
our demands (Figure 10b). Under low acidic conditions (AcOH
in the presence of MgCl,), the S-chlorocysteine 10 resulting
from Cys(Acm)(O), but not from Cys(MBzl)(O), reacted with
Cys(Acm) or Cys(MBzl) to give the corresponding sulfenyl
sulfonium cations (11’a and 11’b). Among these cations, the
Cys(Acm)-derived cation 11’a converted to a disulfide with re-
lease of the S-Acm group; however, this was not the case for the
Cys(MBzl)-derived cation 11’b because the MBzl group does
not leave as the cation under weakly acidic AcOH conditions.
Instead, 11’b either reverted to the starting S-chlorocysteine 10
and S-MBzl species, or it progressed to the sulfonium cation
11’a through a reaction with Cys(Acm). Consequently, only
the Cys(Acm)(0)/Cys(Acm) pair forms disulfide under low
acidic conditions, while the reaction of Cys(MBzl)(O) with
Cys(MBzl) in TFA in the presence of Gn-HCl gives a disulfide.
This was successfully applied to unprecedented synthesis of
insulin and its lipidated analog. In the synthesis of the Trp-
lipidated insulin analog 26 shown in Figure 11, the difference
in chemical behavior between the Cys(Acm)/Cys(Acm)(O) and
Cys(MBzl)/Cys(MBzl)(O) pairs relevant to disulfide formation
allowed for a one-pot/stepwise interchain disulfide formation
connecting the oxidized A chain 27 and the B chain 28. A step-
wise increase in acidity of the reaction resulted in regioselective
disulfide formation between the Cys(Acm)(O) and Cys(Acm)
residues, giving two disulfide-containing peptides 29. This was
followed by the formation of the Trp-incorporated insulin
analog 30 through disulfide formation between Cys(MBzl)(O)
and Cys(MBzl). Rather than reacting with the Trp residue
incorporated in the B chain, the S-chlorocysteine 10 is prefer-
entially involved in the stepwise disulfide formation by reacting
with the S-protected cysteine as sulfide. Next, the addition of
the Cys(Acm)(O)-decorated fatty acid unit 22 to the disulfide-
forming reaction mixture allowed the fatty acid to be installed
on the non-modified Trp residue by S-chlorocysteine-mediated
indole sulfenylation. Consequently, the lipidated insulin*’ ana-
log 26 was obtained in 16% isolated yield, calculated from the
oxidized A chain 27, in a one-pot/stepwise disulfide-bonding
and lipidation sequence. A key feature of our insulin synthesis
is that the single oxidation step for providing the oxidized A
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chain 27 possessing one disulfide bond and two sulfoxide units
contributes to the stepwise formation of three disulfide bonds,
a process that has conventionally required three independent
oxidation steps such as a dipyridyl disulfide or iodine-mediated
oxidative protocol. The oxidation state garnered in the sulfox-
ide moiety step wisely participates in disulfide formation after
conversion to the S-chlorocysteine. Another indispensable fea-
ture in the success of insulin synthesis is that modification of
the sulfur atom of the S-Acm group by a thiophilic agent results
in facile removal of S-Acm even under mild conditions. This
feature led us to attempt a-carbon modification by a sulfur
atom as described in the next section.

Oxidation of a peptide a-carbon by a sulfur atom®?

Although unrelated to the use of S-protected cysteine sulfox-
ides, we will briefly describe the synthesis of a-carbon oxidized
peptides with a sulfur atom. This reaction scheme drew from

the experimental insights gained during insulin synthesis.
Peptides containing a sulfur (Cys)-to-a-carbon (another amino
acid) thioether cross-linkage (sactionine linkage), named sac-
tipeptides, belong to the family of ribosomally synthesized and
post-translationally modified peptides (RiPPs), and have been
receiving significant attention in recent years®*,

One insight was that modifying the S-Acm group with
a thiophilic agent facilitates removal of this group under
mildly acidic conditions, leading to success in insulin synthe-
sis (Figures 10 and 11, Table 1). Another insight came from
the observation that an N-terminal glycyl hydroxamic acid
(GlyHA 31) can be converted to a 2-oxo-glyoxylyl moiety 32 by
a Lossen rearrangement-mediated intramolecular redox reac-
tion (Figure 12a). We found that regioselective O-acylation of
the N-terminal GlyHA residue, followed by Lossen rearrange-
ment, allowed conversion of GlyHA to the isocyanate unit 33,
which finally resulted in the aldehyde 32 through successively

(a) The releaseability of the S-protecting group (P) affects disulfide formation.

: §N T

! “\ |

S

Gty

under conditions
that P is releasable
as cation

Sy

H

Sulfenyl Cys sulfonlum
cation 11"

under conditions that P
is unreleasable as cation

S-Chlorocysteine reacts with S-protected cysteine (Cys(P)) to form the sulfonium
cation 11'. The release of P as a cation leads to disulfide formation; however, if P
is not released, the reaction reverts to the starting substrates.

(b) The reason for the selective formation of disulfides between Cys(Acm)(O) and Cys(Acm) occurs under low acidic conditions

in the presence of Cys(MBzl)(O) and Cys(MBzl).

Acm* ...
cl:l ACJm A(fm 1‘ sS——sS i Formation of S-chlorocysteine
s + S s S+ C)I/s 1 C;,S 3 i under low acidic conditions !

Cys 1 Cys 3 Cys1 Cys3 ' Acm cl i
Acm 11'a MBzI Selective formation ! S:}:O N S:

i ! of Cys 1-Cys 3 ! :

S + Cys1 Cys 1 |

S f | disulfide - Y ;

Cys 3 Cys4 l !

C!I MII?;zI MII?:zI : MIBZI C|| !
S $ = $ $t X c3|/31 C)I/s4 $=0 X %
Cys 1 Cys 4 Cys1 Cys4 MBzl cation is i+ Cys2 Cys2
11'b unreleasable T

Figure 10. (a) Disulfide bond formation between S-protected cysteine and S-chlorocysteine, and (b) the reason for selective disulfide formation
between Cys(Acm)(O) and Cys(Acm) under low acidic conditions in the presence of Cys(MBzl)(O) and Cys(MBzl).

SI Oxidized A chain 27

[
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S
H-GIVEQ-C;Ifs-Cy‘s-TSI-CJS-SLYQLENY-Cyls-N-OH Step 3
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s s
[ |
H-GIVEQ-Cys—C;irs-TSI-Cys-SLYQLENY-Cys—N-OH
Step 1 /S O=SMBzI| Step 2
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Figure 11. Synthesis of a Trp-lipidated insulin analog. Step 1: weakly acidic conditions, 30 mM MgCl,, 5% BMPy-OTf, and 0.4 M LiCl in 0.1%
TFA/AcOH, 37 °C for 7 h. Step 2: TFA, 4 M Gn-HCI, highly acidic conditions. Step 3: TFA/AcOH (1:1) 37 °C for 2 h 100 mM anisole, followed by
addition of the reaction mixture to Cys(Acm)(O)-modified fatty acid 23 at 25 °C for 1 h.
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occurring hydrolysis via an aminal structure possessing o-
amino glycine (Gly(NH,) 34). The sequence of reactions also
occurred at an internal GlyHA residue within the peptide
sequence, yielding a peptide containing 34. Conversion of 34
to an a-sulfenyl glycine (Gly(SR) 35) is possible by a sequence
of reactions consisting of NaNO,-mediated oxidation of 34
and subsequent nucleophilic attack of a thiol to the resulting
iminium ion or its equivalent 36. However, formation of the
sactionine linkage by intramolecular nucleophilic attack of
thiols is impossible because the free Cys residue that coexists
with Gly(NH,) in molecule 37 is affected by oxidative modifi-
cation during the NaNO,-mediated conversion of Gly(NH,)
to the acyl iminium equivalent. This limitation was solved
by subjecting the Cys(Acm)-substituted analog 38 for the
free Cys residue. S-Alkylation of the S-Acm moiety with the
acyl iminium equivalents 36 under TFA-Gn-HCI conditions
resulted in the facile and efficient formation of the sactionine
linkage with release of the Acm group from the transiently
formed S-Acm-derived alkylated sulfonium cation 39. The
reaction sequence, consisting of the Lossen rearrangement-
mediated intramolecular redox reaction and the following
S-alkylation of Cys(Acm) with the acyl iminium equivalent,
facilitated synthesis of the model sactipeptide 40 using a late-
stage sactionine linkage-forming strategy.

Conclusion

S-Protected cysteine sulfoxides, initially recognized as a side
product in peptide synthesis, have found significant appeal in
peptide and protein chemistry. Cys(MBzl)(O) is converted to
the corresponding S-chlorocysteine in the presence of a chlo-
ride anion source under acidic conditions, facilitating release of

Selective
(@) O._LNH-OH| O-acylation c*©
of GlyHA N
g
@] rearrangement H 33 @]

Glycyl hydroxamic
acid (GIlyHA (31))

(b) 0. NH-OH NH2
N
H 34

3

NaNO,

(0]

the MBzl group as the cation. The resulting S-chlorocysteine se-
lectively reacts with Trp to afford the tryptathionine unit even
in the presence of Tyr. In contrast, Cys(Acm)(O) under acidic
conditions becomes S-chlorocysteine or a dicationic interme-
diate, depending on the reaction conditions. On the one hand,
treatment under acidic conditions in the presence of a chloride
anion source results in the formation of S-chlorocysteine. On
the other hand, under highly acidic conditions that enable
protonation or silylation of the amide of the S-Acm group, a
dicationic intermediate is formed that selectively reacts with
Tyr to yield the sulfenyl Tyr. It is also worth noting that weakly
acidic conditions in the presence of MgCl,, which does not
affect Cys(MBzl)(O), allow for the conversion of Cys(Acm)
(O) to the corresponding S-chlorocysteine. This difference in
reactivity between Cys(Acm)(O) and Cys(MBzl)(O) has led to
the development of a linker that enables the one-pot/stepwise
linking of two Trp-containing peptides. The fact that the S-
chlorocysteine reacts with S-protected cysteine to yield a disul-
fide with release of the S-protection and that regioselective
disulfide formation can be performed by selecting appropriate
conditions for the Cys(Acm)(0)/Cys(Acm) and Cys(MBzl)(0)/
Cys(MBzl) pairs with successful application to the synthesis
of insulin is notable. The combination of the unique chemical
character of the S-Acm group, which is susceptible to release
upon S-alkylation, and the Lossen rearrangement-mediated
intramolecular redox reaction of GlyHA is paving the way for
unprecedented synthetic access to sactipeptides.
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Abstract

Microtubules are nanotubular cytoskeleton structures composed of tubulin proteins that are essential for mechanical support,
molecular transport, cell division, and various other cellular functions. The motility of microtubules coupled with motor proteins
such as kinesin and dynein enables the construction of microtubule-based, motile nanomaterials. Modulation of microtubule
structures and functions is crucial for advancing our understanding of microtubule biophysics, cell manipulation strategies, and
nanotechnological applications. In nature, the properties of microtubules such as their size, dynamics, and superstructures are
modulated by the binding of diverse groups of proteins. In addition to the well-studied microtubule-associated proteins (MAPs)
that bind to the outside of microtubules, microtubule inner proteins (MIPs) that bind to the inside of microtubules and act as
modulators have recently been discovered. Thus, the inside of microtubules is an intriguing space for modulating microtubules
by introducing nanomaterials. However, unlike conjugation of molecules to the outside of microtubules, methods of introducing
exogenous molecules to the inside of microtubules are not well established. We developed a Tau-derived peptide (TP) that binds
to the inside of microtubules as a means of functionalizing microtubules. In this account, we summarize our approaches for
TP-based modulation of microtubules for encapsulation of nanomaterials, cell manipulation, and construction of microtubule
superstructures. First, TP was designed, and the binding property with microtubules was analyzed. In addition, cyclic TPs were
developed for enhanced binding to microtubules and stabilization of microtubules. Second, photocontrol of microtubule struc-
tures was achieved by conjugating TP with photoresponsive molecules. The system was applied to cause light-induced cell death.
Third, the TP-based methods were used for constructing metal nanoparticle-encapsulating microtubules, creating new types
of nanomaterials such as magnetotactic microtubules. Fourth, structural changes were induced in microtubules by TP-based
encapsulation of proteins. Fifth, various microtubule superstructures were constructed by displaying TP on the outer surface of
microtubules. This TP-based technology opens up new research possibilities via modulating microtubules to understand their
properties and their applications in biological and nanotechnological fields.
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Introduction

Microtubules are tubular cytoskeleton structures with a 15nm
inner diameter that are important for mechanical support, mol-
ecular transport by motor proteins, and cell division (Figure
1a)"%. Microtubule dynamics, the formation (polymerization)
and dissociation (depolymerization) of microtubules, are reg-
ulated by the binding of GTP to tubulin proteins and the
hydrolysis of GTP”. Motor proteins such as kinesin and dynein
use the energy from ATP hydrolysis to walk along micro-
tubules and transport molecules. Microtubules are able to form
various structures with different diameters, lengths, stability,
and superstructures®. Compared with the typical single hollow
tubular structures (singlet microtubules), microtubule super-
structures are complicated multiple tubular structures such
as doublets, branches, and asters (Figure 1b)>>'°. Doublet mi-
crotubules, a famous superstructure consisting of a complete
singlet microtubule (A-tubule) and an incomplete microtubule
(B-tubule) tethered to the A-tubule, contribute to the mechan-
ical strength and motility of flagella and cilia>'’.

Owing to their diverse structures and functions, micro-
tubules are targeted in various research fields". For example,
microtubule-targeted drugs have been developed to manip-
ulate cellular functions, mainly by disturbing microtubule
dynamics™. One of the best-known microtubule-targeted
drugs is taxol (paclitaxcel), which shows anti-cancer activity
by binding to the inner pocket of microtubules and stabilizing
their structures. Recently, photocontrol of intracellular micro-
tubules by microtubule-targeted drugs with photoresponsive
molecules has been reported>®. Another large research field
is the use of microtubules as components for nanomaterials.
Microtubules show ATP-driven, unidirectional motility on a
substrate coated with kinesin motors (Figure 1c). This unique
motile property of microtubules is used for constructing
dynamic nanomaterials such as active matter and molecular
robots™?.

The structures and characteristics of microtubules, such as
length, diameter, rigidity, dynamics, velocity, and superstruc-
ture, are controlled in nature by the binding of various proteins.
For instance, microtubule-associated proteins (MAPs) are a
well-known group of microtubule-binding proteins that bind
to the outside of microtubules and modify their properties®
%, Recently, a group of proteins that bind to the inside of
microtubules has been identified and named as microtubule
inner proteins (MIPs)*'**"*. Although the functions of MIPs
remain to be elucidated, they are expected to contribute to the
stability and strength of microtubules and the formation of
doublet microtubules. Engineering microtubules by chemical
approaches is important not only for their applications in bio-
logical and nanotechnological fields but also for understanding
their biophysical properties in nature. Chemical modification
of lysine residues located on the outer surface of microtubules
is widely used for conjugation of molecules such as fluorescent
dyes; however, the inside of microtubules has been overlooked
for a long time. As shown by MIPs, the inside of microtubules
could be a novel space for modulating microtubules, possibly
enabling encapsulation of nanomaterials such as proteins and
metal nanoparticles. For this purpose, molecular units that
bind to the inside of microtubules are required.

Peptides are unique molecular tools with powerful molec-
ular recognition capabilities based on optimization of their
sequences of natural and non-natural amino acids by rational
design, screening methods, and in silico methods*. On the
basis of the microtubule-binding protein Tau, we designed a

peptide to bind to the inside of microtubules and modulate
them. This new concept of peptide-based modulation of mi-
crotubules from the inside is described in our reviews and
books®**~!. Here, we summarize the latest developments in the
Tau-derived peptide (TP) derivatives, the TP-based encapsula-
tion of metal nanoparticles and proteins inside microtubules,
and the construction of microtubule superstructures by dis-
playing TP.

Design of Tau-derived peptides binding to the in-
side of microtubules

We constructed a Tau-derived peptide (TP) that binds to
a pocket inside microtubules known as the ‘taxol-binding
pocket’ (Figure 2)*. Tau is an intrinsically disordered protein
that binds to microtubules through various binding modes. It
was reported that preincubation of Tau with tubulin and sub-
sequent polymerization leads to binding of the Tau repeat se-
quences (R1-R4) to the taxol-binding pocket of microtubules™.
Another study revealed that certain regions of Tau, the R1-
interrepeat (267-284) and R2-interrepeat (298-315), adopt a
hairpin conformation upon binding to microtubules™. On
the basis of these reports, we developed four peptides consist-
ing of the Rl-interrepeat or R2-interrepeat with a cysteine
residue linked at the N- or C-terminal via a glycine residue
(Figure 2). All tetramethylrhodamine (TMR)-labeled peptides
bind to tubulin with different K, (3.4-40.0 uM). For the prepa-
ration of microtubules in the subsequent experiments, GTP
was used to analyze the effects of the TP constructs on micro-
tubule formation and stability. In contrast, a slowly hydrolyz-
able GTP analog, guanosine-5’-[(a,f3)-methyleno]triphosphate
(GMPCPP), was used for the analysis of the binding of the
TP constructs and the structures of microtubules, because GM-
PCPP is commonly used to form stable microtubules. Among
the designed four peptides, the peptide that we refer to as TP
(CGGGKKHVPGGGSVQIVYKPVDL) was labeled with TMR
and observed to be bound to the taxol-binding pocket following
preincubation with tubulin and subsequent polymerization
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Figure 1. (a) Structures of microtubules. (b) Examples of microtubule
superstructures. (c) ATP-driven motility of microtubules on a kinesin-
coated substrate.
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Figure 2. Design of Tau-derived peptide (TP) from the sequence (298-
315) of binding repeats (R1-R4) in Tau.
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by GMPCPP to form microtubules. When TP was instead
incubated with preformed microtubules, the main binding site
was changed to the outside of microtubules. The other three
peptides mainly bind to the outside of microtubules even
when incubated with tubulin prior to polymerization. Thus, we
concluded that TP is useful as a binding unit to the inside of
microtubules when incubated with tubulin before polymeriza-
tion. TP is highly amenable to conjugation of small molecules,
metal nanoparticles, and proteins by sequence modification,
chemical modification, and genetic engineering. TP was used
to introduce various nanomaterials into microtubules as illus-
trated in this report and our previous reviews and books®**,

The affinity of TMR-labeled TP to tubulin is moderate (K4
= 6.0uM)%, and therefore we developed Tau-derived cyclic
peptides (TCPs) to enhance the binding affinity to tubulin
and stabilize the microtubules®. We designed TMR-labeled
TCPs with different numbers of glycine linkers (TCPn-TMR,
n = 1, 3). TCPn-TMR was synthesized by reacting the N-ter-
minal chloroacetyl moiety and a C-terminal cysteine residue,
deprotection of the S-acetamidomethyl group, and subsequent
labeling of the deprotected cysteine residue with TMR (Figure
3a). The binding affinity of TCP3-TMR (Ky = 0.97 uM) was
higher than that of TMR-labeled TP (Ky = 6.0 uM), whereas
the affinity of TCP1-TMR (Ky = 7.2 uM) was lower than that
of TMR-labeled TP. A turbidity assay showed that TCP3-TMR
enhanced the formation of microtubules compared with TCP1-
TMR and TMR-labeled TP, reflecting the high binding affinity
of TCP3-TMR to tubulin. Because microtubules prepared with
GTP are typically unstable in vitro due to the hydrolysis of GTP
to GDP, GTP-microtubules were used to evaluate the stabiliza-
tion effect of the cyclic peptides on microtubules. Confocal
laser scanning microscopy (CLSM) images showed that the
pretreatment of tubulin with TCP1-TMR or TCP3-TMR and
subsequent polymerization using GTP resulted in the forma-
tion of microtubules similar to treatment with taxol, indicating
the stabilization of microtubules (Figure 3b). Thus, the cyclic
peptides, especially TCP3-TMR, bound to tubulin with strong
affinity and showed stabilization of microtubules in a similar
manner to taxol.

Photocontrol of microtubule structures by TP de-
rivatives

Control of microtubule structures by external stimuli, espe-
cially by light, enables modulation of active matter properties
and manipulation of cellular functions®?**, For example,
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Figure 3. (a) Synthesis of tetramethylrhodamine (TMR)-labeled cyclic
TPs (TCPn-TMR) (n = 1, 3). (b) Confocal laser scanning microscopy
(CLSM) images of GTP-microtubules preincubated with TCP1-TMR,
TCP3-TMR, or Taxol and without any additive. Reproduced and mod-
ified from ref. 55 with permission from Springer Nature.

development of photochromic molecules mimicking micro-
tubule-binding drugs and conjugation of photoresponsive
molecules to microtubule-binding drugs has enabled photo-
control of intracellular microtubule structures”'®. Another
approach is the conjugation of azobenzene-bearing DNA to the
outside of microtubules for the photocontrol of microtubule
assembly/disassembly and cargo pickup/release by a light-in-
duced change in the DNA moiety’s hybridization®”*®, Peptides
conjugated with photoresponsive molecules have great poten-
tial to modulate biological functions®. We have developed TPs
with photoresponsive molecules to photocontrol microtubule
structures®®'. We first focused on the photoaffinity labeling
agent diazirine (DA), which generates a carbene upon ultra-
violet (UV) light (365nm) irradiation by forming a covalent
bond with a nearby residue in the target protein. TP conju-
gated with DA at the N-terminus (DA-TP) was designed for
light-induced stabilization of microtubules by formation of
a covalent bond to microtubules upon UV light irradiation
(Figure 4a)*. TMR-labeled DA-TP (DA-TP-TMR) bound to the
taxol-binding pocket of microtubules and formed a covalent
bond to microtubules upon UV light irradiation. Incorpora-
tion of DA-TP into microtubules and subsequent UV light
irradiation led to the formation of longer and more rigid
GTP-microtubules compared with no UV light irradiation,
indicating that there was light-induced stabilization of micro-
tubules by the covalent bond formation (Figure 4b). Because
the binding of TP to intracellular microtubules was previously

(a) . Diazirine
Fol’
¥ n“CGGGKKHVPGGGSVQIWKPVDL.
T
TP ”
.)
R ® o light
Fgc —P J\Qg *' R e
@ Covalent bond ’ L
Tubulin C @ formation Stabilization
® of microtubules
(b) DA-TPUVon DA-TP UVoff Taxol None

(c) DA-TP-TMR/
Tubulin Tracker/
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DA-TP-TMR Tubulin Tracker

Before UV light
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UV light
irradiation with
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Figure 4. (a) UV light (365 nm)-induced stabilization of microtubules
by diazirine-conjugated TP (DA-TP). (b) CLSM images of GTP-
microtubules preincubated with DA-TP with and without UV light
irradiation, with Taxol, and without any additive. (c) CLSM images of
HepG2 cells upon introduction of TMR-labeled DA-TP (DA-TP-TMR)
(top) and after UV light irradiation (5 min) and further incubation for
15h (bottom). Intracellular microtubules were stained with Tubulin
Tracker Deep Red, and cell nuclei were stained with Hoechst 33342.
Reproduced and modified from ref. 60 with permission from Royal
Society of Chemistry.
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shown®, we applied this system for light-induced stabilization
of intracellular microtubules. DA-TP-TMR was incorporated
into intracellular microtubules in HepG2 cells by depolymer-
izing the existing microtubules, introducing DA-TP-TMR, and
incubating during microtubule assembly (Figure 4c). UV light
irradiation and further incubation led to abnormally shaped
cellswith nuclear defects (Figure 4c). Cell viability analysis also
showed that treatment with DA-TP-TMR and subsequent UV
light irradiation induced significant cell death. These results
demonstrated that UV light-induced stabilization of intracellu-
lar microtubules by DA-TP-TMR can be used to inhibit normal
cell growth.

The DA-based photoaffinity labeling system is irreversible.
For the reversible control of microtubule structures by light,
we next developed a photochromic spiropyran (SP)-conjugated
TP (Figure 5a)®". SP converts to merocyanine (MC) upon UV
light irradiation, and MC returns to SP upon visible light irra-
diation. Because of the different properties of SP (nonionic and
hydrophobic, smaller dipole moment) and MC (zwitterionic
and hydrophilic, larger dipole moment) and the reversible con-
version by light irradiation, the SP/MC system can be used for
various photoswitching applications™®. We synthesized four
TMR-labeled, SP-conjugated TPs that have SP conjugated to
cysteine residues at different positions in TP. Among them, the
peptide conjugated with SP at the N-terminus (TMR-1-TP-SP)
stabilized GTP-microtubules, whereas the same peptide in the
MC form (TMR-1-TP-MC) showed no stabilization effect. The
distinct effects of TMR-1-TP-SP and TMR-1-TP-MC were used
for the reversible photocontrol of the formation and dissocia-
tion of microtubules. UV light (365 nm) irradiation of TMR-1-
TP-SP-stabilized GTP-microtubules to induce the conversion
of TMR-1-TP-SP to TMR-1-TP-MC led to the dissociation of
microtubules, and subsequent visible light (505 nm) irradiation
to induce the conversion of TMR-1-TP-MC to TMR-1-TP-SP led
to the reformation of microtubules (Figure 5b). Interestingly,
the light-induced formation and dissociation of microtubules
was a reversible and repeatable process. The on-demand struc-
tural change of microtubules by light could have applications
in the manipulation of cell fate and spatiotemporal control of
active matter.

Encapsulation/growth of metal nanoparticles in-
side microtubules

The inner diameter of microtubules (typically 15nm) is suit-
able for encapsulating nanomaterials, and the incorporation
of nano-sized materials could be used for the modulation of
microtubule structures and functions. We introduced gold*>*,
cobalt-platinum (CoPt)®, and silver nanoparticles® into micro-
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tubules using TP. First, we encapsulated gold nanoparticles
(AuNPs) inside microtubules using TP-conjugated AuNPs (TP-
AuNPs) prepared by a simple reaction between cysteine in
TP and gold*®. Preincubation of TP-AuNPs with tubulin and
subsequent polymerization resulted in the encapsulation of
TP-AuNPs in microtubules as observed by transmission elec-
tron microscopy (TEM)*. Later, we investigated the effects of
particle size (5 or 10 nm), TP density (1, 10, 50 equivalents),
and surface functional groups (citrate-capped, hydroxy group,
amino group) of TP-AuNPs on microtubules*. The rigidity of
microtubules was enhanced by increasing the density of TP
on the AuNPs. Among TP-AuNPs, citrate-capped TP-AuNP
(10nm) with 50 equivalents of TP efficiently enhanced the
rigidity and stability of microtubules, whereas the TP-AuNPs
with hydroxy and amino groups showed no significant effects.
Thus, the TP density and surface properties of TP-AuNPs affect
microtubules.

Next, we used TP to introduce ferromagnetic CoPt
nanoparticles into microtubules and construct magnetotactic
microtubules®. The combination of the inherent motility of
microtubules and the magnetic alignment of CoPt nanoparti-
cles make it possible to construct magnetotactic microtubules
that align and move in accordance with a magnetic field.
Natural magnetotactic bacteria possess magnetic nanoparticles
called ‘magnetosomes’ that they use to align to and move
along the geomagnetic field”. We mimicked this natural sys-
tem with a peptide consisting of CoPt-binding peptide, CBP
(HYPTLPLGSSTY)®, and TP (CBP-TP) to introduce ferromag-
netic CoPt nanoparticles into microtubules. CBP-TP was incor-
porated into microtubules and incubated with metal sources
(Co(CH3C00),) and (NH,),PtCl,) and a reductant (NaBH,)
to form CoPt nanoparticles inside microtubules (Figure 6a).
Linear-chain assembly of CoPt nanoparticles was observed by
TEM, indicating the in situ nucleation and growth of CoPt
nanoparticles inside microtubules. The microtubules with
CoPt nanoparticles showed remarkable alignment along the
direction of a weak magnetic field (0.37T) (Figure 6b). By
contrast, such magnetic alighment was not observed when
CoPt nanoparticles without TP were formed in microtubules or
accumulated on the outer surface of microtubules. Thus, the
linear-chain assembly of CoPt nanoparticles in microtubules
leads them to behave like ferromagnetic nanowires, which is
important for the alignment in response to magnetic fields.
A motility assay showed that the CoPt nanoparticle-encapsu-
lating microtubules had increased velocity (0.40 um s~!) com-
pared with normal microtubules (0.34 ums~!), whereas the
velocity was decreased when CoPt nanoparticles were accumu-
lated on the outer surface (0.28 ums™'). Thus, the formation

MR-1-TP-SP MR-1-TP-SP

365 nm 365 nm 365 nm
505 nm 505 nm

TMR-1-TP-MC TMR-1-TP-MC TMR-1-TP-MC

i

Figure 5. (a) Light-induced, reversible structural changes of microtubules via TMR-labeled spiropyran (SP)-conjugated TP (TMR-1-TP-SP) and
TMR-labeled merocyanine (MC)-conjugated TP (TMR-1-TP-MC). (b) CLSM images of GTP-microtubules incorporating TMR-1-TP-SP and upon
repeated irradiation with UV light (365 nm) and visible light (505 nm) at 37 °C for 2 min. Reproduced and modified from ref. 61 with permission

from John Wiley and Sons.
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Figure 6. (a) Formation of magnetic CoPt nanoparticles inside micro-
tubules in situ. (b) Alignment of CoPt NP-encapsulating microtubules
with a magnetic field generated by a neodymium magnet. Reproduced
and modified from ref. 65 with permission from American Chemical
Society.

of CoPt nanoparticles inside microtubules using CBP-TP is
a useful method for constructing magnetotactic microtubules
with significant magnetic alignment and increased velocity.

This same method of in situ formation of metal nanopar-
ticles inside microtubules was applied to generate silver
nanoparticles (AgNPs) and nanowire-like structures inside
microtubules®. A peptide consisting of silver-binding peptide,
AG4 (NPSSLFRYLPSD)®, and TP (AG4-TP) was introduced
into microtubules. Then, AG4-TP was incubated with AgNO;
and NaBH, to form AgNPs inside microtubules (Figure 7a).
The incubation step with AgNO; and NaBH, was repeated to
grow AgNPs. The density of AgNPs increased with increased
concentrations of AgNO; and NaBH,, and the formation of
nanowire-like structures was observed by TEM (Figure 7b),
showing the concentration dependent formation of AgNPs
and growth of nanowire-like structures in microtubules. When
metal nanoparticles were grown on the outside of microtubules
by general methods, the formation of aggregates was frequently
observed. Our TP-based method to grow nanoparticles inside
of microtubules is useful to form uniform metal nanoparticles
without aggregation.

Structural change of microtubules by encapsula-
tion of proteins

In nature, MIPs with various shapes and sizes bind to the in-
side of microtubules to modulate the structures and functions
of microtubules*'**"**. By mimicking MIPs, we encapsulated
GFP” and tetrameric Azami-Green (AG)”' inside microtubules
with our TP-based approach. First, TP-conjugated GFP (TP-
GFP) was prepared using a split GFP system with the truncated
N-terminal region of superfolder GFP and a peptide consisting
of the C-terminal fragment and TP™. The binding of TP-GFP
to microtubules was achieved by preincubation with TMR-
labeled tubulin (TMR-tubulin) and subsequent polymerization
(Figure 8a). The binding site was confirmed to be the inside
of microtubules by a competitive binding assay using fluores-
cently-labeled anti-GFP and anti-tubulin antibodies. There
was no binding of GFP alone to microtubules, indicating
that the TP moiety of TP-GFP was important for the binding
to microtubules. The TP-GFP-encapsulating microtubules had
increased contour length (1.7-fold), persistence length (an
indicator of microtubule rigidity, 4.0-fold), and velocity (1.2-
fold), showing that the encapsulation can cause structural
changes in microtubules (Figure 8b). A turbidity assay showed
enhanced tubulin polymerization by TP-GFP similar to taxol.
The peptide moiety without the GFP scaffold showed a moder-
ate effect on tubulin polymerization, indicating the importance
of both the TP and GFP moieties of TP-GFP for induction of
structural changes and stabilization of microtubules. Further
experiments showed the binding of genetically-fused TP-GFP
to plant microtubules in Arabidopsis thaliana™. Thus, the en-
capsulation of TP-fused proteins in microtubules can be used
for modulation of intracellular microtubules.

Next, we constructed a tetrameric fluorescent protein,
AG”, fused with TP at the C-terminus (TP-AG) (Figure 9a)”".
TP-AG possesses four TPs in the tetrameric form and is
approximately four-fold larger than TP-GFP. The binding site
of TP-AG can be changed to the inside of microtubules by
preincubation with tubulin and subsequent polymerization or
to the outside of microtubules by incubation with preformed
microtubules. This was confirmed by digestion of the C-termi-
nal tail, located on the outside of microtubules, and binding
of an anti-AG antibody. A turbidity assay showed that TP-
AG dramatically induced tubulin polymerization compared
with taxol and TP-GFP (Figure 9b). Because AG alone and a
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Figure 7. (a) Formation of silver nanoparticles and nanowire-like structures inside microtubules in situ and (b) TEM images with different
concentrations of AgNO; and NaBH,. Black arrows indicate representative AgNPs in microtubules, and yellow arrows indicate representative
nanowire-like structures in microtubules. Reproduced and modified from ref. 66 with permission from Oxford University Press.
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Figure 8. (a) Encapsulation of TP-conjugated GFP (TP-GFP) in micro-
tubules and CLSM images. (b) Comparison of properties of TP-GFP-
encapsulated microtubules and normal microtubules. Reproduced and
modified from ref. 70 with permission from Royal Society of Chemistry.

monomeric version of AG fused with TP showed no enhance-
ment of tubulin polymerization, the TP moiety and tetrameric
structure of TP-AG are important for the enhanced polymer-
ization. The stabilization of GTP-microtubules by TP-AG was
also confirmed by CLSM (Figure 9c) and SDS-PAGE analysis.
TP-GFP and TP-AG serve as examples that the introduction of
exogenous proteins to the inside of microtubules alters their
structure and especially their stability. Similar to the different
MIPs, the stronger stabilization by TP-AG compared with TP-
GFP indicates that the effects on microtubules depend on the
encapsulated protein.

Formation of microtubule superstructures by dis-
playing TP on the outside of microtubules
Microtubule superstructures such as doublets, branches, and
asters possess unique functions compared with the general
singlet microtubules. For example, cilia and flagella possess
complex microtubule superstructures containing doublets and
branches to provide high mechanical strength and motility>".
It has been suggested that the formation of doublet micro-
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Figure 9. (a) TP-fused Azami-Green (TP-AG). (b) Turbidity change
due to tubulin polymerization. (c) CLSM images of GTP-microtubules
preincubated with TP-AG, AG, or Taxol and without any additive.
Reproduced and modified from ref. 71 with permission from AAAS.

tubules is induced by binding of specific MIPs to microtubules
to fix and stabilize B-tubules. This natural mechanism inspired
us to form microtubule superstructures artificially by binding
TP-AG to the outside of microtubules”. TP-AG bound to the
outside of microtubules recruits free tubulin via exposed TP
moieties, inducing the formation of doublets and branched
structures (Figure 10a). Treatment with TP-AG induced the
formation of various microtubule superstructures, such as
doublets, multiplets, and branches, as observed by TEM and
cryo-TEM. The percentage of superstructures was higher when
TP-AG was bound to the outside than when it was bound to the
inside, indicating the importance of free tubulin recruitment
to the outside by TP-AG for the generation of microtubule
superstructures. The growth of the branched microtubules
was observed by time-lapse imaging using total internal reflec-
tion fluorescence microscopy. Furthermore, other microtubule
superstructures such as motile, aster-like structures (Figure
10b) and extremely long microtubules were formed dependent
on the complexation conditions of TP-AG and microtubules.
These conditions include the number of equivalents of TP-
AG, the usage of GTP or GMPCPP for forming microtubules,
and the incubation with TP-AG before or after microtubule
polymerization. This is the first example of a single exogenous
protein generating various types of microtubule superstruc-
tures.

(b)

s ]
Temporal-color code (s) 600

Figure 10. (a) Formation of microtubule superstructures by binding of TP-AG and TEM images of doublet and branched microtubules induced
by TP-AG. (b) Motile asters of TP-AG-incorporated microtubules on a kinesin-coated substrate using a temporal-color code. Reproduced and

modified from ref. 71 with permission from AAAS.
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On the basis of the successful generation of microtubule
superstructures by TP-AG, we next designed the TP-fused, pho-
toswitchable protein Dronpa (TP-Dronpa) for photocontrol of
the formation and dissociation of microtubule superstructures
(Figure 11a)™. Tetrameric Dronpa exhibits green fluorescence
and is converted to the monomeric state when irradiated with
approximately 500 nm light, whereas the monomeric Dronpa
exhibits no fluorescence and is converted to the tetrameric state
when irradiated with approximately 400 nm light”. Tetrameric
TP-Dronpa induced the formation of bundles, doublets, and
motile asters of microtubules as observed by CLSM and TEM,
whereas the microtubules bound with monomeric TP-Dronpa
remained dispersed. Irradiation at 505 nm of accumulated mi-
crotubules with tetrameric TP-Dronpa induced dispersion of
microtubules, while irradiation at 405 nm of dispersed micro-
tubules with monomeric TP-Dronpa induced accumulation of
microtubules (Figure 11b). These light-responsive behaviors
were used to create light-induced “swarming” movement of
microtubules. Irradiation at 405 nm of monomeric TP-Dronpa-
bound dispersed microtubules with random movement on a
kinesin-coated substrate induced associated movement of mi-
crotubules by converting monomeric TP-Dronpa to tetrameric
TP-Dronpa and cross-linking microtubules. This photocontrol
of formation/dissociation of microtubule superstructures by
TP-Dronpa is useful for nanotechnological applications of mi-
crotubule superstructures.

The above examples of microtubule superstructure genera-
tion by TP-fused proteins are based on mimicking the functions
of MIPs. Here the question arises whether protein scaffolds are
essential for the generation of microtubule superstructures. To
answer this question, we developed a peptide-based method for
the construction of microtubule superstructures by displaying
TP on microtubules. KA7 peptide (KAKAKAKAKAKAKA)
was used to bind to the C-terminal tails of tubulin that are
located on the outside of microtubules’™. A KA7-connected
TP (KA7-TP) was designed to bind the KA7 moiety to the
outside of microtubules and recruit free tubulin at the TP
moiety to generate microtubule superstructures (Figure 12a)”.
Three KA7-TPs with flexible (GGGS and (GGGS);) and rigid
((EAAAK),) linkers were designed. All TMR-labeled KA7-TP
showed binding to microtubules and their main binding site
was the outer surface of microtubules as confirmed by diges-
tion analysis of the C-terminal tails of tubulin. When KA7-
TP-bound, TMR-labeled microtubules were incubated with
Alexa Fluor 488-1abeled tubulin (AF-tubulin) prior to polymer-
ization, efficient co-localization of the TMR- and AF-labeled
microtubules was observed (Figure 12b), indicating the forma-
tion of microtubule superstructures by growth of AF-labeled
microtubules on TMR-labeled microtubules. KA7 and TP alone
showed low co-localization, indicating the importance of the
linkage of KA7 and TP. TEM observation showed the formation
of bundles and doublets of microtubules induced by the KA7-
TP with a (GGGS); linker. Peeled structures and sheet-like
structures were also observed, presumably due to detachment
of layers of microtubules because the connecting B-tubules of
doublet microtubules are not as stable as A-tubules. Thus, the
peptide-based approach is useful for studying the formation/
dissociation mechanisms of microtubule superstructures. It is
important to note that the simple peptide-based approach of
displaying TP on microtubules is sufficient to induce the for-
mation of doublet microtubules.

Conclusion

Microtubules are important not only as modulators of cell
functions but also as intriguing components for constructing
nanomaterials such as active matter. Despite the attention
given to microtubules in a wide range of areas, methods to
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Figure 11. (a) Photocontrol of microtubule superstructures by
TPfused, photoresponsive protein Dronpa (TP-Dronpa). (b) Light-
induced conversion of tetrameric/monomeric TP-Dronpa to change
accumulation/dispersion of microtubules. Reproduced and modified
from ref. 74 with permission from American Chemical Society.
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Figure 12. (a) Peptide-based display of the TP moiety on the outside of
microtubules for the formation of microtubule superstructures and (b)
CLSM images. Reproduced and modified from ref. 77 with permission
from Royal Society of Chemistry.
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modulate the structures and functions of microtubules are
in their infancy. This is especially so for the inside of micro-
tubules, which have not received much attention to date. The
discovery of various proteins inside of microtubules shone a
light on the possibility of modulating microtubules from the
inside. This account summarizes the development of our TP-
based technology for modulating microtubules. TP is a useful
peptide to introduce various molecules and nanomaterials in-
side microtubules. Importantly, the structures and properties
of microtubules (e.g., length, rigidity, stability, and velocity)
were changed depending on the encapsulated nanomaterials.
Thus, we demonstrated proof-of-concept for artificial modula-
tion of microtubules from the inside similar to MIPs in nature.
In addition, binding of TP to intracellular microtubules to
induce structural changes could have applications for cell
manipulation. TP is useful not only for the encapsulation of
nanomaterials but also for the recruitment of free tubulin on
the outer surface of microtubules to generate microtubule su-
perstructures. As shown in this report, TP-fused tetrameric pro-
teins induced the generation of microtubule superstructures
such as doublets, branches, bundles, and asters. In the latest
research, the peptide-based display of TP on the outer surface
of microtubules was shown to be sufficient for the formation
of microtubule superstructures. The artificial construction of
microtubule superstructures in vitro could be important for
understanding the formation mechanisms of natural micro-
tubule superstructures and for nanotechnological applications.
Furthermore, the photocontrol of microtubule structures was
achieved by conjugating TP with photoresponsive molecules
and proteins. Recently, other approaches were developed for in-
troducing molecules inside of microtubules, such as the genetic
modification of tubulin’” and the use of antibody fragments®.
The modulation of microtubules, especially by targeting their
inside, is a recently-emerged research field, and there is much
potential for providing insight into the biological functions of
microtubules and for various applications in biological and
nanotechnological fields.
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Abstract

This study describes two functional peptides analyzing oligomer formation of membrane proteins, and sensing extracellular
vesicles (EVs) with highly curved membranes.

Many membrane proteins are responsible for signaling and ion transport, which are necessary for maintaining biological
functions. The study of membrane protein oligomerization is crucial for developing new medical drugs. However, existing
destructive methodologies are not suitable for precisely determining oligomeric states. In this study, a coiled-coil tag-probe
labeling method was combined with spectral imaging to establish a new methodology based on fluorescent / Forster resonance
energy transfer (FRET) for stoichiometric analysis of the oligomeric states of membrane proteins in living cells (in-cell
FRET methodology). After validating the method for mono-, di-, and tetrameric standard membrane proteins, it was used to
investigate full-length M2 proton-selective channels of the influenza A virus. We revealed that the full-length M2 proteins
formed proton-conducting dimers at neutral pH and they were converted to tetramers at acidic pH, indicating that the minimal
functional unit is a dimer. On the other hand, typical class-A G-protein-coupled receptors (GPCRs), which are a key class of
drug targets for treating various diseases, do not form constitutive homo-oligomers, and it is not necessary for their receptor
functions. Conversely, the epidermal growth factor receptor (EGFR), which is involved in the pathogenesis and progression of
cancers, exhibits dynamic ligand-induced dimerization followed by autophosphorylation. These results demonstrate that our
in-cell FRET methodology is a powerful tool for stoichiometrically analyzing the oligomeric states of membrane proteins in
biomembranes.

EVs carry various biologically informative components, including signaling molecules, transcriptional proteins, lipids, and
nucleic acids. EVs have shown great promise as pharmaco-targeting vesicles and have attracted the attention of researchers
in various fields because of their importance as diagnostic and prognostic markers. However, the detection, isolation, and
purification of EVs from cell-cultured media and bodily fluids remain challenging. We developed curvature-sensing peptides for
the sensitive detection of EVs in cultured media and achieved rapid screening and identification of genes involved in bacterial
EV production. The flexible structure of curvature-sensing peptides was revealed to be an important for binding to the lipid
packing defects of curved membranes. Moreover, we successfully developed a novel methodology, an EV catch-and-release
isolation system (EV-CaRiS) using a net-charge invertible curvature-sensing peptide (NIC). The NIC was designed to capture
and release EVs reversibly in a pH-dependent manner. It allowed us to achieve reproducible EV isolation from three human cell
lines and single-particle imaging of EVs containing the ubiquitous exosome markers CD63 and CD81. The EV-CaRiS is a simple
and convenient method for EV isolation.

Stoichiometric analysis Sensing analysis
(coiled-coil labeling peptide) (curvature-sensing peptide)
FRET 5
N ﬁ:ﬁ/@
Membrane ® w4, Membrane
[ ) protein A \ g curvature
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Table 1. Functional peptides

Net charge®
Category Type Name Sequence®@ pH pH pH
6.0 7.3 9.0
Tag E3 EIAALEK-ETAALEK-EIAALEK-OH -29 -3.0 -31
Coiled-coil KIAALKE-KIAALKE-KIAALKE-KI
labeling peptide - : T
g Probe K4 AALKE-NH, +4.1 +4.0 +3.8
FAAV GAGLLKXLNKBTDBLSKX-GSGSK-NH, +2.0 +2.0 +1.9
Unstapled EV-sensor
nFAAV5 DKBLLKXLNKBTDBLSKX-GSGSK-NH, +2.0 +2.0 +1.9
Curvature- StFAAV3 GAZLLKZLNKBTDBLSKX-GSGSK-NH, ~ 420 +2.0 +1.9
sensing peptide  Stapled EV-sensor
stFAAV9  GAGLLKXLNKBZDBLZKX-GSGSK-NH, +2.0 +2.0 +1.9
pH-dependent EV-capture NIC4 EZBLLZXLNZBTEBLSZX-GSGSC-NH, +0.7 -1.8 -20

a) The single letters of Z, X, and B indicate (S)-2-(4-pentenyl)alanine, norleucine, and 2-aminoisobutyric acid, respectively.
Norleucine was used instead of methionine to prevent the oxidation. The C-termini of all peptides were amidated except for
E3-tag. b) The charge of the N-terminus was not included the calculation of the peptide net charge.

Introduction

The first topic is the stoichiometric analysis of the oligomeric
states of membrane proteins using a coiled-coil labeling
peptide pair. The oligomeric state of membrane proteins is
important for understanding their functions and for develop-
ing medical drugs because oligomer formation is proposed to
allow faster signaling, specific crosstalk, or specific responses’.
Analysis of the oligomerization of membrane proteins has
traditionally relied on destructive methods, such as western
blotting after cell lysis**, or on non-destructive methods that in-
volve fusing fluorescent or luminescent proteins of similar size
to the target protein and measuring resonance energy transfer
(FRET or BRET) in the cell**. However, conventional methods
can cause conformational and functional perturbations in the
membrane proteins. Fluorescent and luminescent fusion pro-
teins sometimes have limitations in the stoichiometric analysis
of membrane protein oligomerization because of difficulties
in (i) distinguishing the noise signal of intracellular immature
proteins from the true signal of membrane surface proteins, (ii)
controlling the expression ratios of the FRET or BRET donor
and acceptor, and (iii) avoiding the effects of steric hindrance
from the fusion protein on the oligomerization and function of
the target membrane protein.

To overcome these issues, we developed a novel in-cell
FRET methodology’ to precisely analyze the oligomeric state of
membrane proteins based on FRET among proteins labeled us-
ing the coiled-coil tag-probe method® (Figure 1). This method
utilizes the tight interactions between heterodimeric coiled-
coil peptides, E3 tags and K4 probes (Table 1). It has the
following advantages over conventional methods: (i) cell-sur-
face-specific labeling because of the membrane-impermeable
K4 probe binding to the E3 tag genetically introduced into
the extracellular N-terminus of the target membrane proteins
(Figure 1); (ii) precise control of the donor/acceptor labeling
ratio of the target membrane protein by changing the ratio
of donor and acceptor K4 probes; and (iii) minimal perturba-
tion of membrane proteins because of the small size of the
tag-probe peptides (approximately 5-6 kDa)’. Moreover, the
K4 probe could rapidly label approximately 90% of the E3-
tagged proteins within 1 min®. Commercially available Alexa
Fluor 568 and 647 dyes were used as the FRET donor and
acceptor, respectively, because this pair has a relatively long
Forster distance of 82 A, which is the distance between the

donor and acceptor that yields 50% FRET efficiency. This en-
ables highly sensitive detection of the oligomerization of large
membrane proteins, such as GPCRs (e.g., the $2-adrenergic
receptor [3,AR], which forms dimers with the size of approx-
imately 80 A)°, and EGFR. We previously demonstrated that
this in-cell FRET methodology enables stoichiometric analysis
of the oligomeric state of membrane proteins in living cells
using monomeric, dimeric, and tetrameric standard membrane
proteins’. The observed apparent FRET efficiency (E,y,) for
the standard membrane proteins overlapped perfectly with
each theoretical curve. After validating the accuracy of the

Electrostatic interaction

Electrostatic interaction

E3tag (EIAALEK), 7ﬁ K4 probe (KIAALKE),
(Genetical Modification) (Chemical Synthesis)
_Fluorescent

e Dye ? §
%? K4 probe < FRET
& Donorm Acceptor

Figure 1. Schematic diagrams of the coiled-coil labeling method utiliz-
ing strong and specific interactions between the E3-tag and K4-probe,
and the FRET phenomenon for stoichiometric analysis of oligomeric
states of membrane proteins. The E3-tag is genetically introduced into
the N-terminus of the target membrane protein, and the K4-probe,
labeled with fluorescent dyes, binds to the E3-tagged protein within 1
min. If the membrane proteins form an oligomer, FRET occurs from
the donor to the acceptor dye.
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methodology, we applied it to the M2 proton channel of the
influenza A virus, class-A GPCRs, and EGFR to investigate
the relation between their oligomeric states and functions.
Consequently, we found that membrane proteins in the native
environments of living cells exhibited different behaviors than
those of conventional models: (I) M2 exhibits a pH-dependent
dimer-tetramer equilibrium state, and the minimal functional
unit is the M2 dimer" (II) typical class-A GPCRs do not form
constitutive homo-oligomers, and homo-oligomerization is not
necessary for their receptor functions”" and (III) EGFR exists
as monomers but shows EGF-stimulation-induced dimeriza-
tion followed by autophosphorylation'?.

The second topic is the sensing analysis of the membrane
curvature of EVs using curvature-sensing peptides. EVs are
biogenic lipidic nanoparticles secreted by both bacterial and
mammalian cells and are known to be involved in cell-cell
communication™'. EVs from bacteria (bEVs) and small EVs
from mammalian cells (SEVs or exosomes) have diameters of
approximately 30-200 nm. EVs carry signaling molecules and
biological information related to diverse diseases' therefore,
they show great promise as sources of diagnostic and prog-
nostic markers and as pharmaceutical targets''’. However,
the existing methods can still improve in terms of EV detec-
tion, isolation, and purification. It would be straightforward
to measure the abundance of EVs in the presence of contam-
inants without purification; however, methods for detecting
EVs directly in cultured media without isolating them are
extremely limited. Antibody-based methods targeting specific
protein markers on EVs could address this issue'>*** however,
they depend on the expression levels of antigens on EVs and
cannot be used to detect EVs that lack these antigens because of
gene modification or mutagenesis. Only a few potential protein
markers are currently known in some EVs*. Moreover, since
EVs constitute a heterogeneous population, the absence of
housekeeping proteins complicates their detection. Although
EV purification could provide a solution, high throughput and
operational simplicity are required to process multiple sam-
ples simultaneously. For example, ultracentrifugation (UC) is
a widely used strategy for isolating EVs from cell-cultured
media by stepwise separation of vesicles according to their sed-
imentation coefficients. However, EVs isolated by UC exhibit
relatively low purity because of the low selectivity and contam-
ination with high-molecular-weight complexes'*. Moreover,
UC methods typically require 4-6 h or more for EV isolation,
and the number of samples that can be handled simultaneously
is limited, making it difficult to achieve high throughput and
operational simplicity**.

Therefore, to overcome these issues, we focused on highly
curved membranes, which are common structures found in
all EVs, and attempted to develop curvature-sensing peptides
and applied them for the detection, isolation, and purification
of EVs. (I) First, we screened the amphipathic helix region
of the Bin/amphiphysin/Rvs (BAR)-domain family of proteins
responsible for sensing membrane curvature”. The amino acid
sequence of the peptide derived from sorting nexin 1 (SNX1),
a BAR protein, was optimized based on a structure-activity
correlation study to create a basal curvature-sensing peptide,
FAAV (named after SNX1 with four mutations: F8L, A11B,
A14B, and V15L; B = 2-aminoisobutyric acid [Aib])*® (Table 1).
FAAV has been demonstrated to successfully detect bEVs in
cultured media without purification using the FRET method®.
(I1) a-Helix formation of the peptides was found to contribute
to binding to the membrane surface of lipid vesicles®®. A

newly designed curvature-sensing peptide, N-terminus-substi-
tuted FAAV (nFAAV5) (Table 1), achieved higher sensitivity to
bEVs than that of FAAV®'. The random-a-helix transition of
nFAAVS upon binding to curved membranes was revealed to
be an important factor for comprehensively binding to bEVs
irrespective of the surface polysaccharides®. nFAAVS5 has been
successfully applied for the high-throughput screening of bEVs
and identification of genes involved in bEV production®. (III)
Furthermore, a net-charge invertible curvature-sensing pep-
tide (NIC4) (Table 1), designed based on nFAAV5, allowed us to
develop an EV catch-and-release isolation system (EV-CaRiS)
that can reversibly capture and release EVs in a pH-dependent
manner*, The EV-CaRiS achieved reproducible sEV isolation
from three human cell lines and single-particle sEV imaging.
This system is simple and convenient for isolating SEVs.

Stoichiometric analysis (I): M2 dimeric proton
channel as a minimum functional unit

Contrary to the conventional model of M2 forming a stable
tetramer, we found that M2 is in a pH-dependent dimer—
tetramer equilibrium and forms a tetramer at acidic pH but
exists as a dimer at neutral pH'’ (Figure 2A). Additionally, we
found that the M2 dimer is the minimum proton-conducting
unit and forms a complex with cholesterol in biomembranes,
which is essential for its channel activity™.

M2 is a single-membrane-spanning protein with 97 amino
acid residues that forms a pH-dependent proton-selective
channel in influenza A viruses® (Figure 2A). The M2 protein
exhibits multiple functions essential for the virus infection
process: (i) acidification of the virus interior (Figure 2A) in
the endosome of host cells to promote the dissociation of viral
nucleoproteins from the M1 matrix protein® (ii) prevention of
premature conformational changes of biosynthesized hemag-
glutinin in host cells before virus budding® and (iii) support
of virus budding and scission from host cell membranes by in-
ducing membrane-curvature formation®. In the conventional
model, the M2 protein is widely considered to form a tetrameric
proton channel, supported by X-ray crystallography, ultraviolet
resonance Raman spectroscopy, and NMR studies using frag-
ment M2 peptides, including the transmembrane region in
artificial environments®*, because the transmembrane region
of the M2 protein functions as the core driving four-helix
bundle formation for conducting protons. The antiviral drug
amantadine hydrochloride (Am) binds to this transmembrane
region. However, the native structure of the full-length M2
protein in biological membranes has not yet been elucidated.

We analyzed the oligomeric state of the full-length M2
protein [A/Udorn/72 virus (H3N2)] in the plasma membrane
of living cells using in-cell FRET methodology and revealed
their functional relevance'. E3-tagged M2 (E3-M2) was labeled
with K4 probes at various FRET donor/acceptor ratios, and the
E.,p, values at pH 4.9 perfectly overlapped with the tetrameric
theoretical curves, indicating that E3-M2 forms a tetramer at
acidic pH. Surprisingly, the E,,, values at pH 7.3 overlapped
with the dimeric theoretical curves, indicating that E3-M2
forms a dimer at neutral pH (Figure 2A). When the E,,, values
were plotted as a function of pH, it was revealed that E3-M2
existed as a dimer at pH > 5.5, whereas it forms a tetramer at
pH 4.9. To confirm that M2 is in the dimer-tetramer equilib-
rium, the extracellular buffer was exchanged from pH 4.9 to 6.0
and lowered again to pH 4.9; E3-M2 exhibited interconversion
between dimer and tetramer depending on external pH. We
found that the driving force of M2 tetramerization arises from
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the cation-r interaction between His37 and Trp41 residues in
the transmembrane region (Figure 2A) because the H37A and
W41A variants lost their tetramer formation ability even at pH
4.9. It is plausible that the His37 residue of one M2 protein
forms a cation-m interaction with the Trp41 residue of a neigh-
boring M2 protein, thereby stabilizing the tetrameric structure
at acidic pH (Figure 2A). Although M2 has two Cys residues

Influenza virus A

| TetrameratpH 4.9 |

| Dimer at pH 6.0 |

cation-mr
-+ E interaction
SR ®

B O Ligand
l stimulation

Trpa1

+
His37

fouNl

g
i\,

Endocytosis via
clathrin-coated pits

Monomer Dimer

Figure 2. Schematic diagrams of (A) the pH-dependent dimer-
tetramer equilibrium for the M2 channel of influenza A virus, (B)
monomer as the functional unit transducing signals followed by recep-
tor crowding in the endosome for four class-A GPCRs, and (C) ligand-
induced monomer-dimer transition for EGFR in biomembranes. (A)
Based on the Henderson-Hasselbalch equation, approximately 82% of
His residues are protonated at pH 4.9; thus, three of four His residues
(>75%) are interacting with Trp residues.

at the extracellular N-terminus, FRET analysis using Ala-
substituted and N-terminus-truncated variants revealed that
disulfide bonds are not involved in M2 tetramerization. FRET
analysis using the C-terminus-truncated variant revealed that
the amphipathic helix at the intracellular C-terminus of M2
is essential for M2 dimerization. Therefore, the amphipathic
helix in the C-terminal region and His37 and Trp41 residues in
the transmembrane region are responsible for M2 dimerization
and tetramerization, respectively. In the presence of Am, M2
tetramerization was completely inhibited at pH 4.9, indicating
that Am binds to the M2 dimer and prevents tetramer forma-
tion.

To elucidate the functional relevance of the oligomeric
state, we measured the channel activity of the M2 monomer,
dimer, and tetramer using a commercially available pH indi-
cator dye, SNARF-4F". If the M2 channel conducts protons
inside cells, the SNARF-4F loaded into cells responds it and ex-
hibits a pH-dependent emission spectral shift; thus, measure-
ment of the SNARF-4F spectrum allows quantitative analysis
of M2 channel activity. The extracellular buffer was changed
from neutral to acidic pH; intracellular emission spectra were
temporally acquired. The y value (s - protein™") was used as

an indicator of the channel activity normalized by the surface
expression level of M2 proteins, which was determined by
immunostaining. Consequently, E3-untagged and tagged M2
proteins exhibited similar levels of channel activity at pH 6.0
and 4.9, indicating that E3-tagging does not influence M2
function, and both the dimer and tetramer exhibit channel ac-
tivity. Conversely, the M2 monomer (the C-terminus-truncated
variant) did not show any activity, clearly demonstrating that
the dimeric proton channel is the minimum functional unit of
M2 proteins. We found that the removal of cholesterol from
biomembranes remarkably affected dimeric channel activity
but not M2 tetramerization. Alanine-scanning experiments re-
vealed that the Ile35 residue in the transmembrane region lost
its channel activity in a manner similar to cholesterol removal.
It could be considered that the M2 dimeric channel forms a
complex with cholesterol via the Ile35 residue for its channel
activity. In the presence of Am, M2 channel activity was com-
pletely inhibited. Taken together with the FRET results, these
findings demonstrate that Am binds to the M2 dimer and
prevents both tetramer formation and channel activity. The
present methodology, based on protein structural information,
provides a new approach for elucidating the mechanisms of
adamantane-based drugs and developing novel drugs with dif-
ferent modes of action.

Stoichiometric analysis (II): class-A GPCR
oligomerization not required for their functional
activities

We revealed that class-A GPCRs do not constitutively form
homo-oligomers and that the monomers transduce second
messenger signals upon agonist stimulation. Some receptors
show high FRET signals, but this is due to receptor concentra-
tion in the endosome after stimulation™"! (Figure 2B).

GPCRs have six classes (A-F) and are seven membrane-
spanning proteins coupled with heterotrimeric G-proteins for
signal transduction. Class-A forms the largest group, account-
ing for 85% of GPCRs*. Most class-A GPCRs have 310-470
amino acid residues, consisting of a relatively short N-terminus
and long C-terminal tail®. These proteins may represent some
of the most important target proteins for medical drug discov-
ery. Two decades ago, more than 30% of marketed clinical drugs
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were active against this protein family*. While many drugs
targeting GPCRs have been developed for different indica-
tions, including cardiovascular, metabolic, neurodegenerative,
psychiatric, and oncological diseases, only limited exploration
of structure-based drug design has been possible owing to
the restricted structural information on GPCRs. Advances in
scientific technology have made it possible to obtain the X-ray
crystal structure of f,AR*, which is one of the typical class-
A GPCRs; this breakthrough could accelerate the acquisition
of structural information on GPCRs and facilitate the drug
discovery process. However, the complicated signal transduc-
tion mechanism is regulated not only by the conformational
change of a single receptor but also by dynamic oligomeriza-
tion between receptors in the biomembrane. Because existing
approaches have several limitations in precisely determining
the oligomeric states of membrane proteins in the native
environments of living cells, the acquisition of structural infor-
mation remains challenging. For example, inconsistent results
with BRET have been reported for the oligomeric state of 3,AR,
resulting in marked controversy regarding whether oligomer-
ization of 3,AR is required for signaling in living cells, as
discussed previously’.

Therefore, we extended our in-cell FRET methodology to
stoichiometric analysis of four class-A GPCRs: ($,AR, C-X-
C chemokine receptor (CXCR4), dopamine receptor D2 short
isotype (D2R), and prostaglandin E receptor subtype 1 (EP1R).
To confirm that E3-tagging does not deteriorate receptor func-
tions, we prepared E3-tagged and untagged GPCRs to measure
cyclic AMP responses for f,AR and Ca?* responses for CXCR4,
D2R, and EP1R upon agonist treatment. The E3-f,AR exhib-
ited dose-response sigmoidal curves upon agonist stimulation
and similar ECs, values to those in a previous report®. E3-
CXCR4, E3-D2R, and E3-EP1R showed rapid Ca®** responses
as downstream signaling immediately following stimulation
by their respective agonists, with response timing identical to
that of the untagged GPCRs. These results demonstrated that
E3-tagging does not affect receptor signaling. Subsequently,
we measured FRET signals. These four E3-GPCRs displayed
E.,, values corresponding to the monomeric standard protein,
with and without antagonist stimulation, indicating that they
existed as monomers under these conditions. Conversely, E3-
B,AR, E3-CXCR4, and E3-EP1R showed a slight increase in
E.pp values upon agonist stimulation. To confirm whether the
increase in the E,,, values for these three receptors was related
to receptor signal transduction, we measured the time-courses
of cyclic AMP / Ca®* responses and E,y, values upon stimula-
tion with each agonist. Consequently, increases in cyclic AMP /
Ca?* responses were observed before those in the E,y, values,
and increases in the E,,, values occurred at the same time
as receptor internalization, indicating that these GPCRs trans-
duce signaling as monomers and that the increases in the E,p,
values are due to receptor crowding in the endosomes and are
unrelated to signaling (Figure 2B). The removal of cholesterol
did not influence the E,,, values, presumably indicating that
the increase in E., values did not result from receptor cluster-
ing driven by a raft-like domain (Figure 2B). We conclude
that oligomerization is not essential for receptor activation, at
least for these four typical class-A GPCRs. Although consider-
able debates on class-A GPCR oligomerization are exemplified
nowhere better than in §,AR, the difference in these conclu-
sions could be due to methodological precision.

Stoichiometric analysis (III): EGFR monomer-
dimer transition triggered by ligand stimulation
We found that the majority of EGFRs exist as monomers
without ligand stimulation and that approximately 10% of the
population forms an inactive dimer (predimer), whereas over
60% of EGFR is converted to active dimers preceding autophos-
phorylation upon ligand stimulation, with the remainder per-
sisting as monomers' (Figure 2C).

EGFR is a single-membrane-spanning glycoprotein with
1,186 amino acid residues”, consisting of a large extracellu-
lar ligand-binding domain, transmembrane domain, tyrosine
kinase domain, and tyrosine-containing C-terminal tail. EGFR
ligands, including EGF and transforming growth factor-a,
promote receptor activation®’, followed by cell differentiation,
proliferation, and other physiological activities*. EGFR is over-
expressed in certain cancer tissues, making it an important
target for anticancer therapy®. Although its X-ray crystallo-
graphic structure has been determined®, dynamic structural
information on EGFRs in cell membranes is limited. The actual
behavior upon ligand stimulation is more complex than that
described by the conventional model, in which a simple tran-
sition from unliganded inactive monomers to liganded active
dimers occurs. The relevance of EGFR oligomerization and
activation remains controversial owing to a lack of quantitative
analytical methods™.

In this study, we used our in-cell FRET methodology to
examine the relation between the oligomeric states of EGFRs
and their autophosphorylation levels to elucidate the activa-
tion mechanism. Before FRET measurements, we confirmed
that the E3-tagging and K4-labeling do not affect EGFR func-
tions. EGF-induced autophosphorylation of E3-tagged EGFR
in the absence of K4 probes was detected in a ligand concen-
tration-dependent manner by western and dot blotting. Similar
autophosphorylation levels were observed in EGF-stimulated
E3-EGFR cells in the absence and presence of K4 probes.
FRET analysis revealed that, in the absence of EGF, the E,,
value for E3-EGFR was similar to or slightly higher than that
for the monomeric standard protein, indicating that approxi-
mately 10% of E3-EGFR exists as an inactive dimer. In the
presence of EGF, the E,,, value for E3-EGFR was intermedi-
ate between those of the monomeric and dimeric standard
proteins. To precisely estimate the monomer-to-dimer ratio, we
used another FRET pair (tetramethylrhodamine and Cy5) with
a relatively short Forster distance of 53 A® and re-analyzed
the FRET signals. Approximately 66% of E3-EGFRs formed
dimers, and the remaining receptors still existed as monomers,
even in the presence of EGF at a sufficient concentration. Time-
course experiments revealed that EGFR dimerization preceded
autophosphorylation. Upon EGF stimulation, the FRET signal
immediately increased and reached a plateau level within 20s;
conversely, autophosphorylation exhibited a relatively slow re-
sponse and required 90 s to reach a plateau. Interestingly, EGFR
dimerization (ECsy: 1nM) and autophosphorylation (ECsy:
8 nM) showed different sensitivities to EGF concentration. In
conclusion, we propose a model in which EGF stimulation
promotes EGFR dimerization and that single-EGF-occupied
dimers may have low autophosphorylation activity, whereas
double-EGF-occupied dimers have high autophosphorylation
activity (Figure 2C). We excluded the involvement of functional
modulators of EGFR, such as cholesterol and ganglioside GM3,
in EGFR dimerization because the E,,, values did not vary
for E3-EGFR upon compactin (cholesterol depletion) and neu-
raminidase (GM3 degradation) treatments.
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EV-sensing analysis (I): prototypic EV-sensor devel-
opment and function assay

We created an initial curvature-sensing peptide, FAAV, as a
prototype for EV sensors® (Table 1). FAAV selectively bound
to bEVS, even in the presence of bacterial cells” (Figure 3A).
We successfully developed a bEV detection method in cultured
media by utilizing the FRET phenomenon in combination with
FAAV-NBD and a membrane stain, FM4-64%,

To create EV-sensing peptides, we focused on the well-
studied BAR domain family, which functions as curvature-rec-
ognizing proteins. It was reported that 70 or more types of BAR
proteins have been identified in various subcellular organelles
and individually have characteristic amphipathic a-helix struc-
tures involved in the recognition of different curvatures®.
Therefore, peptides derived from the amphipathic regions of
BAR domain proteins have the potential to be superior mem-
brane curvature sensors. Peptide-based curvature sensors are
suitable for various biological research applications because
they are small, easy to modify, and amenable to largescale
production. We selected various amino acid sequences from
the candidate peptides®, which were derived from the amphi-
pathic regions of each phylogenetic group of the BAR domain
family. The side chains of the C-terminal lysine of the candi-
date peptides were labeled with 4-fluoro-7-nitrobenzofurazan
(NBD), a hydrophobic environment-sensitive dye. The increase
in the fluorescence intensity of the NBD dye was used as
an indicator to evaluate the binding of the peptide to curved
membranes. To investigate the curvature-sensing ability of the
peptides, we prepared two types of liposomes with the same
lipid composition but different diameters (50 and 120 nm)
and examined whether they could distinguish between these
slightly different particle sizes. The peptide derived from SNX1
was found to have high curvature-sensing ability among the 11
candidates at the initial screening. Moreover, the SNX1 peptide
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showed high a-helicity in the presence of liposomes, indicating
that a highly a-helix-forming peptide could have strong bind-
ing ability to curved membranes. Hence, we performed a struc-
ture-activity correlation study by introducing mutations into
the amino acid sequence of SNX1 and clearly demonstrated
that improvement in a-helix formation is closely correlated
with increased vesicle binding. Based on this correlation study,
we created an initial curvature-sensing peptide, FAAV-NBD*
(SNX1 with four mutations: F8L, A11B, A14B, and V15L; B =
Aib) (Table 1), which is expected to be a promising EV sensor
prototype.

To demonstrate the applicability of FAAV in detecting
bEVs, Shewanella vesiculosa HM13 was selected as a model of
biogenic secretory vesicles”. The HM13 strain is a gram-neg-
ative bacterium useful for studying bEVs because it produces
large amounts of bEVs compared with those of other bacterial
strains®. bEVs range in diameter from 30 to 100 nm and contain
a single major cargo protein, P49. We showed that FAAV-NBD
selectively binds to bEVs without separation from bEV-secre-
tory cells, whereas it does not respond to bacterial cells, even
at a 12-fold higher lipid content than that of bEVs®. This is
because FAAV-NBD preferentially binds to curved membranes
with rich lipid-packing defects, such as those of bEVs, but
not to flat membranes with few defects, such as bacterial cells
(Figure 3A). Furthermore, FAAV-NBD could fully detect bEVs
within 5 min of peptide addition to the cultured media, and
the presence of the cargo protein P49 had no effect on bEV
binding by FAAV-NBD. This peptide has protease resistance
against trypsin and proteinase K in the presence of bEVs for
at least 1h, owing to the introduction of the non-standard
amino acid, Aib into the FAAV sequence, enabling FAAV-NBD
to be used for long-term monitoring of changes in bEV levels.
The amount of secreted bEVs varied from 45 to 70 uM in lipid
concentration when bacterial cells were cultured in a 96-well
plate. In the presence of bacterial cells, although FAAV-NBD
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Figure 3. Schematic diagrams of (A) the curvature-sensing peptide selectively binding to bEVs but not to bEV-secretory cells; (B) the molecular
mechanism by which the curvature-sensing peptide approaches the membrane surface of bEVs covered by hydrophilic polysaccharides; and (C)
a simple and rapid screening system for bEVs in cultured media using the curvature-sensing peptide.
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alone was able to response to the changes in the bEV amount,
there was required to achieve the bEV detection with high
sensitivity. Therefore, we adapted the FRET phenomenon to
further improve sensitivity, using FAAV-NBD and FM4-64 as
FRET donor and acceptor, respectively. Because FM4-64 stain-
ing is proportional to the bEV amount, it was assumed that the
FRET signal would be highly sensitive to changes in the bEV
amount due to the synergistic effect of FAAV-NBD and FM4-
64. The FRET signal increased remarkably in proportion to
small changes in the bEV amount. This study demonstrated the
potential applicability of FAAV for bEV detection in cultured
media using the FRET method without a bEV purification
step®.

EV-sensing analysis (II): simple and rapid screen-
ing system of EVs in cultured media

We designed the N-terminus-substituted peptide FAAV
(nFAAV5-NBD) (Table 1), which has superior binding affinity
for bEVs and detects changes in EV amount with a five-
fold higher sensitivity than that of FAAV-NBD, even in the
presence of bEV-secretory cells. This is because nFAAVS5 forms
a more stable a-helix structure than FAAV upon binding to
vesicles®. Although the surfaces of bEVs are covered with poly-
saccharides, nFAAV5-NBD can easily approach the membrane
surface. We found that the random coil-to-a-helix transition
of nFAAVS5 upon vesicle binding is an important factor for
highly efficient detection of bEVs without being affected by
polysaccharides® (Figure 3B). Using this nFAAV5-NBD, we
achieved simple and rapid screening of bEVs from over 10,000
strains with random transposon mutations and identified
genes involved in the hyper- and hypo-vesiculation production
of bEVs™® (Figure 3C).

Developing a simple and rapid detection system for bEVs in
cultured media, including EV-secretory cells, is important for
the comprehensive analysis of bEVs. The purpose of this study
was to develop a quick, practical, and easy-to-use approach for
detecting bEVs using an EV-sensing peptide in cultured media.
To achieve this goal, it was necessary to design a novel curva-
ture-sensing peptide with higher sensitivity than that of FAAV.
a-Helix formation of the peptides was found to contribute to
binding to the curved membrane of lipid nanovesicles®™*. We
focused on the Gly-Ala-Gly sequence at the N-terminus of
FAAV (Table 1), which presumably does not contribute to a-
helix formation. The nFAAVS5, with an a-helix-inducing amino
acid sequence, Asp-Lys-Aib, was newly designed (Table 1). Asp
at the N-terminus has been reported to induce a-helix forma-
tion in peptides via end-capping effects™, whereby the side
chains can form hydrogen bonds with the free NH group at
the N-terminus and contribute to a-helix stabilization. Lys was
used in the nFAAVS5 sequence to maintain the same net charge
as that of FAAV (+2) (Table 1). Aib, with its restricted side
chain, contributed to facilitating a-helix formation®. Similar
to FAAV-NBD, nFAAV5-NBD selectively binds to bEVs but not
to bacterial cells*. In the presence of bacterial cells, nNFAAV5-
NBD exhibited a 15.2-fold higher relative fluorescence inten-
sity when the EV amount was increased 16-fold, which was
a five-fold higher sensitivity than that of FAAV-NBD, demon-
strating that nFAAV5-NBD enables highly sensitive detection
of bEVs in cultured media.

Subsequently, we adapted stapling to the sequence of
FAAV by restricting its structure through intramolecular cross-
linking, which afforded high a-helicity to the peptides, under
the assumption that a-helix formation is important for the

peptide to bind to vesicles. Stapling is one of the most promis-
ing and frequently employed strategies for improving peptide
binding affinity for target molecules. Whereas nFAAVS5 exhib-
ited a random coil structure in the absence of liposomes, the
representative stapled FAAV peptides (stFAAV3 and stFAAV9)
listed in Table 1 showed high a-helicity®, meaning that
stFAAV3 and stFAAV9 adopt a-helical structures in solution.
Although the surfaces of bEVs are covered with two types
of polysaccharides®™?, liposomes have a smooth surface. Con-
trary to our expectation, the stapled peptides with rigid o-
helical structures showed lower binding affinities for bEVs
than for liposomes. Conversely, the unstapled peptides (FAAV
and nFAAV5) with flexible structures showed similar binding
affinities for bEVs and liposomes regardless of surface condi-
tions. In the bEV binding assay, the stapled peptides required
30 min to reach a plateau, whereas the unstapled peptides
completely bound to bEVs within 5 min after addition. These
results suggested that increased structural rigidity due to sta-
pling makes it difficult for peptides to approach the membrane
surface of bEVs covered with polysaccharide chains (Figure
3B). To prove this hypothesis, we defined a flexibility indicator
as the ratio of a-helix contents of the peptides at 222 nm with
and without liposomes. For example, flexibility indicators were
arranged in the order of nFAAVS5, stFAAV3, and stFAAV9Y, as
shown in Table 2, indicating that the most flexible peptide was
nFAAVS. Conversely, stFAAV9 showed less conformational
change than nFAAVS5 before and after liposome binding. To
elucidate the binding mechanism, we estimated the number
of peptides bound to the membrane surface per particle
(Npepiice/ DEV) according to a previous study”’, based on FRET
between the FRET donor BODIPY FL-labeled 1,2-dilauroyl-
sn-glycero-3-phosphorylethanolamine and acceptor Texas Red
(TXR)-labeled curvature-sensing peptides. We found that the
Niepiiae/ DEV values calculated based on the FRET method cor-
related with the flexibility indicators (Table 2), demonstrating
that the peptide with a flexible structure easily approaches
the membrane surface of bEVs, even when covered with poly-
saccharide chains. Collectively, these results indicate that the
structural flexibility of curvature-sensing peptides is a govern-
ing factor in their comprehensive binding to vesicles under
different surface conditions™.

Finally, we demonstrated the utility of this novel EV
screening method using nFAAV5-NBD to identify genes related
to bEV production® (Figure 3C). The molecular mechanisms
underlying bEV biogenesis have not been fully elucidated.
Here, we extended nFAAV5-NBD to screen for bEVs secreted
by Shewanella vesiculosa HM13>. More than 10,000 strains
with random transposon mutations were prepared. If a gene
inserted via random transposon mutagenesis is involved in
bEV production, the strain should show differential bEV pro-
ductivity. The strain can be readily identified by measuring
NBD fluorescence intensity, which reflects bEV productivity in
the cultured medium. The genes involved in bEV production

Table 2. Relationship between flexibility indicators and the number of
the peptides accumulated on the bEVS (Npepiiae/DEV)

Peptide Flexibility indicator Npeptide/ DEV
nFAAVS5-TXR 5.1 1308
stFAAV3-TXR 1.8 1005
stFAAV9-TXR 0.9 900

The C-terminal lysine of EV-sensors was labeled with TXR.
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can be predicted by identifying the transposon insertion sites
of the strain using inverse and single-primer PCR methods.
We identified 16 and six genes related to hyper- and hypo-vesic-
ulation transposon mutants, respectively”. Although further
research is required to investigate how these genes are involved
in bEV production at the molecular level, model screening
using nFAAV5-NBD was successfully performed.

EV-sensing analysis (IIT): EV-CaRiS

We established a novel method for isolating SEVs, named EV-
CaRiS (Figure 4A), which achieved reversible capture and
release of SEVs in a pH-dependent manner using NIC4* (Table
1). EV-CaRiS allowed us to reproducibly isolate sEVs from
three human cell lines within 1.5 h and visualize the catch-and-
release of sEVs using single-particle imaging with anti-sEV
biomarker antibodies on glass (Figure 4B). This system was
demonstrated to be a simple and convenient method for isolat-
ing SEVs.

The subtypes of EVs released from mammalian cells can
be classified as follows: exosomes with a relatively small and
homogeneous diameter of 50 to 200 nm (also known as sEVs);
microvesicles with a larger and heterogeneous size of 150 to
1,500 nm; other vesicle types, including apoptotic bodies with
diameters of 100 to 2,000 nm released by cells undergoing
apoptosis; blood-derived vesicles with diameters of 130 to 500
nm released upon platelet activation; and autophagosomes™*.,
SsEVs commonly exhibit high membrane curvature; however,
the expression levels of biomarkers vary depending on the
cell line and culture conditions. Novel sEV isolation methods
are rapidly evolving owing to the efforts of various research
groups. Nonetheless, achieving a balance between versatility
and simplicity remains challenging because of the high cost
and complexity of equipment used. Although UC methods are
widely employed for sEV isolation, no gold standard has yet
been developed that enables researchers to reproducibly isolate
EVs by a simple method, in a short time, using standard labo-
ratory equipment.

The concept of this research was to develop a novel sEV iso-
lation method that combines versatility and simplicity in a way
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not previously demonstrated. To achieve this goal, we proposed
a new methodology, EV-CaRiS, using the net-charge invertible
curvature-sensing peptide, NIC4*. NIC4 was designed based
on the sequence of nFAAV5 to enable pH-dependent control of
sEV capture and release. NIC4 has a net positive charge (+0.7)
at weakly acidic pH, allowing it to bind negatively charged
sEVs through electrostatic interactions, whereas it converts to a
net negative charge (-2.0) at weakly basic pH, enabling disso-
ciation from sEVs via electrostatic repulsion (Table 1) (Figure
4A). Similar to nFAAVS5, NIC4 recognizes vesicles by binding
to lipid-packing defects on highly curved membranes through
hydrophobic interactions, regardless of biomarker expression
levels. We coupled NIC4 onto agarose resins and used a batch
method to isolate SEVs. sEVs are lipid nanoparticles with nega-
tively charged lipids and highly curved membranes. To evalu-
ate the properties of EV-CaRiS, a model liposome mimicking
sEVs was prepared. This system captured 80% of the liposomes
at pH 6 and released 70% of the captured liposomes when the
buffer was replaced at pH 9. No liposomal membrane destruc-
tion was observed. Liposomes with a diameter of 200 nm or
less, corresponding to the size of SEVs, were recovered. EV-
CaRiS recovered both liposomes with and without negatively
charged lipids. This is because NIC4 adopts an amphiphilic
structure, and both electrostatic and hydrophobic interactions
act as binding forces between NIC4 and the liposomes. Subse-
quently, we used EV-CaRiS to isolate sEVs from the cultured
media of three human cell lines. EV-CaRiS achieved three-fold
higher sEV isolation, in terms of particle number, with high
purity, in one-third of the time required for conventional UC
methods. The isolated EVs exhibited intrinsic immunomodula-
tory and anticancer activities against macrophages and cancer
cells, respectively. This system showed high reproducibility,
and the same NIC-coupled resin was used repeatedly for EV
isolation at least five times*. Single-particle analysis of the
catch-and-release of sEVs was visualized by labeling stereotyp-
ical exosome marker proteins, CD63 and CD81, with antibodies
using total internal reflection fluorescence microscopy (Figure
4B). The fluorescent bright spots of Alexa 647-conjugated anti-

EV catch-and-release isolation system
(EV-CaRiS)

Weakly basic pH

Figure 4. Schematic diagrams of (A) EV-CaRiS for sEV isolation and (B) for single-particle imaging, using a net-charge invertible curvature-
sensing peptide. (A) sEVs in media are captured by NIC4 immobilized on a resin at weakly acidic pH, whereas larger EVs are washed out. The
sEVs are then released from NIC4 at weakly basic pH. (B) The biomarkers CD63 and CD81 on sEVs are colocalized with NIC4 on glass.

Acc. Pept. Sci. Jpn., Vol. 36, No. 1(2025) | 29



I Account

bodies recognizing CD63 or CD81 colocalized with those of
tetramethylrhodamine (TMR)-conjugated NIC4 immobilized
on glass at pH 6, but not at pH 9 (Figure 4B). Upon treatment
with Triton X-100 at pH 6, the fluorescent bright spots of Alexa
647-conjugated antibodies disappeared from the NIC4 spots,
demonstrating that NIC4 captured biogenetic lipid nanoparti-
cles secreted from living cells™.

Overall, these results indicate that EV-CaRiS using NIC4 is
a promising system for the isolation and single-particle obser-
vation of sEVs. The greatest advantage of this method is that
anyone can easily isolate and purify SEVs at any time using only
reagents and materials available in general laboratories, with-
out the need for specialized equipment, including an ultracen-
trifuge. This methodology can be applied to the construction
of a high-throughput sEV isolation system using a purification
column and an efficient analysis system for SEV content using
a microwell array chip in future work. We envision expanding
this research to analyze bEVs derived from microorganisms
and viral particles.

Conclusion

In the present study, we used two types of functional peptides
for biomembrane research. The coiled-coil labeling of the
E3-K4 peptide pair was combined with the FRET method
to achieve stoichiometric analysis of the oligomeric states of
membrane proteins in living cells. Using in-cell FRET method-
ology, we revealed the pH-dependent dimer-tetramer equilib-
rium for the M2 channel of influenza A viruses, monomer
as a functional core transducing signals followed by receptor
crowding in the endosome for four class-A GPCRs, and
ligand-induced monomer-dimer transition for EGFR in the
biomembrane. The in-cell FRET methodology holds potential
for developing novel medical drugs based on structural infor-
mation of membrane proteins. The curvature-sensing peptides
enabled high-throughput screening of bEVs in cultured media
without purification from EV-secretory cells and identification
of genes involved in the hyper- and hypo-vesiculation of bEVs.
This simple and rapid screening system for bEVs can also be
applied to other bacterial species. EV-CaRiS, using a net-charge
invertible curvature-sensing peptide, was demonstrated to be
a simple and convenient sEV isolation system and useful for
single-particle imaging of SEVs. EV-CaRiS offers potential for
developing a high-throughput sEV isolation system and an
efficient analysis platform for sEV content.
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It is our great pleasure to announce that the 62nd Japanese
Peptide Symposium will be held from October 21 to 23, 2025, at
the Fukuoka International Congress Center in Fukuoka City.
We, the organizers Yuji Ito (Professor, Kagoshima University),
Takeru Nose (Professor, Kyushu University), and Ayami Mat-
sushima (Professor, Kyushu University), warmly welcome your
participation.

Fukuoka City has historically flourished as a hub for trade
and logistics. As the largest city in Kyushu, it is renowned for
its modern urban planning, advanced transportation networks,
vibrant energy, and year-round popularity as a tourist destina-
tion. Visitors can enjoy exceptional cuisine featuring fresh
seafood from the Genkai Sea, complemented by high-quality
local ingredients, and experience the unique dining culture at
numerous evening food stalls.

The symposium will take place at the Fukuoka Interna-
tional Congress Center, located near the Bayside Place Hakata
Wharf in Sekijo-machi, Hakata-ku, Fukuoka. Many of you
may already be familiar with this venue, often used alongside
the adjacent Fukuoka International Center for large-scale aca-
demic conferences. The nearest railway station, JR Hakata, is
accessible by subway from Fukuoka Airport in just 5 minutes
and is directly connected to the Shinkansen network. From
Hakata station, the venue can be reached within 10 minutes
by taxi or approximately within 25 minutes by subway or bus
(details at https://www.marinemesse.or.jp/eng/congress/faq/).

The main hall on the 3rd floor of the Congress Center
(capacity: 1,000 people) will host the symposium, while poster
presentations and exhibition booths will be set up in the multi-
purpose hall on the 2nd floor. Up to 26 exhibition booths are
planned, and luncheon seminars will also be held. The recep-

tion is scheduled for the evening of Tuesday, October 22, at the
Palace Room of the adjacent Fukuoka Sun Palace Hotel.

We are delighted to welcome five distinguished interna-
tional speakers: Professor Mohammed Akhter Hossain (Uni-
versity of Melbourne, Australia), Associate Professor Christian
W. Gruber (Medical University of Vienna, Austria), Professor
Paolo Rovero (University of Florence, Italy), Professor Anna
Maria Papini (University of Florence, Italy), and Professor Ines
Neundorf (University of Cologne, Germany). These experts
are highly active in their fields, and their talks promise to be
exceptionally insightful. We encourage active interaction, as
the speakers will participate throughout the entire symposium.

Additionally, from the Korean Peptide Society (KPS), we
will welcome Professor Jiwon Seo (Gwangju Institute of
Science and Technology) and Professor Yongju Kim (Korea
University). Furthermore, we look forward to the Japanese
Peptide Society Award lecture by Professor Yoshio Hayashi
(Tokyo University of Pharmacy and Life Sciences), titled “Inno-
vative drug discovery and chemical modification technologies
based on peptide chemistry.” We also have lectures by recipi-
ents of Young Investigator Award, Assistant Professor Kohei
Sato (Shizuoka University) and Associate Professor Kohei
Tsuji (Institute of Science Tokyo). The conference will include
33 oral presentations by young researchers, 27 oral presenta-
tions encompassing general, invited, and award lectures, and
approximately 169 poster presentations.

Following the symposium, a public forum entitled “Wel-
come to the World of Peptides! - Molecules Changing the
Future and Shaping Careers” will be held on Saturday, October
25, from 13:30 to 16:30 at Centennial Hall Kyushu Univer-
sity School of Medicine, (Maidashi Campus, 3-1-1 Maidashi,
Higashi-ku, Fukuoka). Organized by the Japanese Peptide So-
ciety, this forum aims at general audiences and high school
students, featuring talks by President Akira Otaka (Tokushima
University), Professor Rui Kamada (Nagasaki University),
Professor Ayami Matsushima (Kyushu University), and Dr.
Hiroyuki Okada (Daiichi Sankyo Co., Ltd.). We encourage your
participation if your schedule allows.

We sincerely thank all committee members who supported
the preparation and management of this symposium. Special
thanks to Assistant Professor Keitaro Suyama (Kyushu Univer-
sity) for venue arrangements, and Professor Masakazu Tanaka
(Nagasaki University), Professor Rui Kamada (Nagasaki Uni-
versity) and Professor Fumika Yakushiji (Nagasaki University)
for program preparation and reviewer coordination. We also
deeply appreciate the extensive administrative support pro-
vided by Ms. Reiko Miyajima and Mr. Kazunori Morikawa
from the Peptide Society Secretariat, who handled various tasks
including website creation and abstract submissions. We also
extend our gratitude to all reviewers involved in evaluating
presentations.

Finally, we would like to express profound appreciation
to numerous companies and foundations that supported this
symposium through exhibitions, sponsorships, donations, and
advertisements. This event is co-hosted by the Chemical Soci-
ety of Japan, the Pharmaceutical Society of Japan, the Japanese
Biochemical Society, and the Protein Science Society of Japan,
and supported by the Japanese Society for Chemical Biology,
the Japan Society for Bioscience, Biotechnology, and Agro-
chemistry, the Society of Synthetic Organic Chemistry, and the
Antibody Society of Japan. Once again, our heartfelt thanks.
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