Chemical
Science

rsc.li/chemical-science

ISSN 2041-6539

ROYAL SOCIETY EDGE ARTICLE

Katsunori Tanaka et al.

O F CH EMIST RY In vivo metal-catalyzed SeCT therapy

by a proapoptotic peptide

Volume 12

Number 37

7 October 2021
Pages 12223-12502




#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

EDGE ARTICLE

In vivo metal-catalyzed SeCT therapy by
a proapoptotic peptidet

i '.) Check for updates ‘

Cite this: Chem. Sci., 2021, 12, 12266

Peni Ahmadi,}? Kyohei Muguruma,}® Tsung-Che Chang,? Satoru Tamura,®
Kazuki Tsubokura,® Yasuko Egawa,® Takehiro Suzuki,® Naoshi Dohmae,®
Yoichi Nakao® and Katsunori Tanaka & *2°f

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Selective cell tagging (SeCT) therapy is a strategy for labeling a targeted cell with certain chemical moieties
via a catalytic chemical transformation in order to elicit a therapeutic effect. Herein, we report a cancer
therapy based on targeted cell surface tagging with proapoptotic peptides (Ac-GGKLFG-X; X = reactive
group) that induce apoptosis when attached to the cell surface. Using either Au-catalyzed amidation or

Ru-catalyzed alkylation, these proapoptotic peptides showed excellent therapeutic effects both in vitro
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Thas article 15 hcensed under a Creative Commeons Attnibution-NonCommercial 3.0 Unported Licence.

(c<)

rsc.li/chemical-science

Introduction

Cell surface engineering has been widely utilized to prepare cell-
based drugs, referred to as a living drug, to treat a variety of
diseases." Cellular function can be regulated by tagging certain
functional molecules to the cell surface, such as the transport
control of the living drug in vivo.?

Multiple reports have described methods for cell surface
modification, including chemical tagging of protein amines or
thiols,® enzymatic* or metabolic tagging,” hydrophobic inser-
tion,® and genetic techniques.” Most of these approaches were
developed for cell engineering under in vitro or ex vivo condi-
tions for the purpose of preparing living drugs. However, only
a few examples have highlighted direct applications of cell
surface modification in vivo, e.g., genetic modification,® protein-
targeted approaches,” metabolic glycoengineering,' or glycan-
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approach could be used in SeCT for cancer therapy.

targeted metal-catalyzed labeling."*> The main limitation on
this research has been the difficulty of implementing a specific
tagging reaction on targeted cells or organs in vivo.

We previously applied a selective chemical tagging method
for cancer treatment in vivo, referred to as selective cell tagging
(SeCT) therapy (Fig. 1),"* which consists of three components:
a catalyst carrier, a catalyst, and a therapeutic molecule linked

.? Targeting unit
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+
Catalyst-carrier Reaction substrate
complex (peptide)
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« inhibition of cell adhesion
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=

Fig. 1 Schematic illustration of selective cell tagging (SeCT) strategy
using therapeutic peptides. Step 1: selective delivery of catalyst to
target cell by catalyst carrier. Step 2: conjugation of bioactive reaction
substrates to the cell surface. Step 3: attached molecules exert ther-
apeutic effects.
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to the catalyst's substrate. In the first step of SeCT, the
biocompatible catalyst is delivered to the target cell by the
catalyst carrier (Step 1). The catalyst then performs a tagging
reaction on its substrate, thus attaching the therapeutic mole-
cule onto the targeted cell (Step 2). Finally, the attached mole-
cule exerts its therapeutic effects (Step 3). SeCT in vivo does not
utilize genetic or metabolic pathways, and should therefore be
able to exert a therapeutic effect such as disruption of cancer
cell function without damaging surrounding tissues. Very
recently, we succeeded in a kind of cancer therapy in which
a cyclic RGD (cRGD) peptide® or a doxorubicin prodrug is used
to tag targeted cancer cells, thereby treating the cells via the
enhanced function of these therapeutic moieties relative to the
un-tagged form."” In addition, various combinations of the
three components could provide therapeutic effects against
various diseases based on regulation of cellular function by the
SeCT. The combination of components could be changed
according to the targeted cell or therapeutic purpose. Moreover,
the success of the strategy depends on a number of factors such
as the target specificity of the carrier, the biorthogonality of
every component, the efficiency of the catalytic reaction, and the
function of the therapeutic molecule.

Despite the benefits of SeCT therapy, the components
available for this strategy are currently very limited. In partic-
ular, there is no example of a therapeutic substrate that can kill
the tumor cells simply by covalent attachment to the cell
surface. An ideal therapeutic molecule for SeCT therapy of
cancer would minimize the unwanted side effects toward
untargeted tissues and exert no therapeutic effect before
attachment to the targeted cells. Transition-metal catalysts are
an attractive candidate as a catalyst for application in the SeCT
therapy because they can efficiently catalyze diverse organic
reactions." However, many transition-metal catalysts are diffi-
cult to use in vivo because of their instability in aqueous or
biological environments, and in previous work we have only
succeeded in the in vivo application of gold-catalyzed amide
bond formation using a propargyl ester (PE) compound as
a substrate.'"*?

In this study, we discovered a proapoptotic peptide that
induces apoptosis only when it is covalently attached to the cell
surface. In addition, we developed cell surface modification
chemistry using a Ru catalyst and a benzyl fluoride (BnF)
substrate. This approach yielded a more efficient modification
than the previous Au-catalyzed amide bond formation. The Ru-
catalyst system in combination with the proapoptotic peptide
exerted an outstanding therapeutic effect on tumor growth
inhibition in vivo following only a single administration. Based
on these results, we propose that SeCT therapy represents an
attractive alternative choice for cancer therapy.

Results and discussion

Cyclic RGD-coated human serum albumin [HSA(cRGD)] as
a catalyst carrier

Human serum albumin (HSA) is a potential catalyst carrier
because the hydrophobic pocket of HSA can protect the
susceptible transition metal catalyst from quenchers present in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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body, such as glutathione.'® Furthermore, by coating the HSA
surface with peptide or glycan as a targeting unit, the coated
HSA can effectively target specific cells or organs based on the
interaction between the coated unit and the distinctive proteins
on the target cell surface."®

In this study, cRGD peptide, which recognizes integrin and is
frequently used as a drug delivery system," was used to target
HSA to tumor cells. The cRGD-coated HSA [HSA(cRGD)] was
prepared by mixing HSA and cRGD possessing succinimidyl
ester. Mass analysis revealed that an average of five molecules of
c¢RGD were conjugated onto the surface of HSA. To evaluate the
targeting behavior of HSA(cRGD) in vivo, we intravenously
injected Cy7.5-labeled HSA(cRGD) into mice bearing tumors
derived from SW620 colon cancer cells. The imaging revealed
rapid accumulation of fluorescence in tumors after only 4 h
(Fig. 2b), indicating the excellent targeting ability of HSA(cRGD)
in comparison with antibody'” or other cRGD conjugates.” The
fluorescence was retained after 24 h (Fig. S2t). This accumula-
tion was caused by the dual effects of passive targeting by the
enhanced permeability and retention (EPR) effect'® and active
targeting by the cRGD unit. In addition, the complex of
HSA(cRGD) with Au-Cou catalyst (HSA(cRGD)-Au) can be
prepared via the 7-diethylaminocoumarin (DEAC) ligand, which
binds to the hydrophobic pocket of HSA, as in our previous
experiments''>* (Fig. 2a). When DEAC binds to the pocket, the
fluorescence intensity increases because its surrounding envi-
ronment has become hydrophobic.” Indeed, the fluorescence
intensity of HSA(cRGD)-Au was 7-fold higher than that of the
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Fig. 2 Properties of cRGD-coated HSA [HSA(cRGD)]. (a) Preparation
of HSA(cRGD)-Au. (b) Fluorescence imaging of a mouse bearing
a tumor of SW620 cells treated with Cy7.5-labeled HSA (10 nmol) after
4 or 8 h. (c) The change in fluorescence due to complex formation
between HSA(cRGD) and Au-Cou (ex: 425 nm/em: 465 nm). Data are
presented as means + s.d. n = 3.
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gold catalyst alone (Fig. 2c), indicating that the metal catalyst
complex was successfully prepared for use of HSA(cRGD). The
binding affinity of Au-Cou was determined as 39.2 pM of Ky by
the measurement of fluorescence quenching induced by the
ligand binding" (Fig. S191). The fluorescence quenching was
inhibited by warfarin (ligand for the site I) not by ibuprofen
(ligand for site II), so that Au-Cou mainly binds to site I*
(Fig. S20t). Based on observations regarding cancer targeting
and complex formation with metal catalyst, we chose
HSA(cRGD) as the cancer-targeting carrier for SeCT therapy in
this study.

Proapoptotic peptide with gold-catalyzed amide bond
formation

Several studies have reported proapoptotic peptides,** but the
ideal substrate for SeCT therapy would only exert cytotoxicity
when it is covalently attached to the cell surface. However, no
such substrate has ever been reported. During our different
project, we attempted in situ preparation of a bioactive cyclic
peptide, such as a cyclin inhibitor,”” by gold-catalyzed amide
bond formation using peptides possessing propargyl ester (PE)
at the C-terminus (see ESI for more details; Fig. S1T). The
cyclization reaction did not proceed, but we unexpectedly
identified peptide 1 (Ac-GGKLFG-PE), which exerted cytotoxicity
against SW620 cells in the presence of HSA(cRGD)-Au (20 pM)
(Fig. 3a and b), from our peptide library. Because peptide 1 and
HSA(cRGD)-Au were not cytotoxic on their own, and combina-
tion with PE compound and Au can cause tagging on the
cellular surface (Fig. S47), the observed cytotoxicity is based on
the synergistic effect of covalent attachment of peptide 1 to the
cell surface. In addition, other peptides with similar sequences,
e.g., peptide 2 (Ac-GYKLFG-PE) generated by the Gly2Tyr
substitution in peptide 1, had no cytotoxicity regardless of the
presence or absence of the catalyst (Fig. 3b and S17). Therefore,
the cells were killed not only by covalent tagging of the cell
surface, but also by a sequence-specific property of peptide 1.
Next, we evaluated the cell death pathway induced by peptide
1, in particular caspase activity, which is important for induc-
tion of apoptosis. A cell-based assay revealed that caspase
activity was activated by peptide 1 in the presence of
HSA(cRGD)-Au (Fig. 3c¢). In addition, cell viability was recovered
by addition of caspase inhibitor Z-VAD-FMK (0.70 =+ 0.04) to co-
treatment with peptide 1 and HSA(cRGD)-Au (0.23 =+ 0.02)
(Fig. S37). In addition, we examined DNA damage using a DNA
ladder assay (Fig. 3d). The combination of peptide 1 and
HSA(cRGD)-Au promoted DNA fragmentation, indicating DNA
damage (Fig. 3d, lane 3), whereas the lane with peptide 1 alone
(Fig. 3d, lane 2) showed slightly DNA fragmentation, which was
caused by DMSO including in medium.”® These results sug-
gested that the apoptosis induced by peptide 1 and HSA(cRGD)-
Au was responsible for cell death. Interestingly, the synergistic
cytotoxicity was not observed in three other cell lines, HeLa S3
(cervical cancer), A549 (lung cancer) and MCF-10A (non-
tumorigenic mammary epithelial cells), even under the same
evaluation conditions (Fig. S61). The distinctive features of
SW620 cells, which were established from metastatic cancer*
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might contribute to the cytotoxic function of peptide 1.
Although the detailed cytotoxic mechanism of peptide 1
remains unclear, we succeeded in obtaining a proapoptotic
peptide that is toxic only when covalently attached to the tar-
geted cell surface. Accordingly, this peptide would be suitable
for cancer SeCT therapy.

Based on these results, we applied the combination of pro-
apoptotic peptide 1 and HSA(cRGD)-Au to in vivo cancer therapy
of mice bearing tumors of xenografted SW620 cells. The indi-
cated compounds [Saline, HSA(cRGD)-Au, peptide 1, or combi-
nation of peptide 1 and HSA(cRGD)-Au] were intravenously
administered every day for 10 consecutive days. Co-treatment
with peptide 1 and HSA(cRGD)-Au significantly inhibited
tumor growth (Fig. 3e, yellow), whereas treatment with peptide
1 or HSA(cRGD)-Au alone exerted only mild inhibition (Fig. 3e,
gray and orange, respectively). These differences were clearer in
the survival data; co-treated mice lived ~13 days longer than
mice in the other groups (Fig. 3f). The body weight of all groups
remained stable during treatment, indicating that our
compounds had no serious side effects (Fig. 3g). These findings
demonstrate that the combination of peptide 1 and HSA(cRGD)-
Au is applicable in vivo and could be used in a SeCT strategy for
cancer therapy.

Ruthenium catalyzed alkylation of cell surface using the
benzyl fluoride substrate

Although the proapoptotic peptide and Au-catalyzed system
yielded good results in cancer therapy, there were still weak-
nesses; namely, the compounds were individually slightly toxic
to tumors without synergy, and daily dosing was necessary (see
the in vivo data with single dose injection, Fig S77). Additionally,
the sole example of the SeCT therapy that has succeeded in vivo
to date was carried out using our previous Au/PE chemistry.'>*
Therefore, to improve the therapeutic efficacy in vivo via SeCT
therapy, development of a new catalytic system is still in high
demand. Hence, we focused on the biocompatible ruthenium
catalyst Rul, which can catalyze a deprotection reaction of
allyloxycarbonyl (Alloc) group® and (2 + 2 + 2) cycloaddition to
construct the benzene ring.>® The catalytic deprotection of Rul
has been utilized for fluorescence imaging®*” and a prodrug
strategy®>*® in cell-based experiments, but to date no study has
described Rul-catalyzed protein or cell tagging reactions or
their in vivo applications.

We envisioned and developed a reactive substrate that can be
activated by Alloc deprotection, p-Alloc-protected aminobenzyl
fluoride (BnF), for protein or cell modification (Fig. 4a). In this
system, the reactive quinone methide imine is generated by
deprotection of the Alloc group in a reaction catalyzed by Rul
following 1,6-elimination. The intermediate is expected to react
with adjacent nucleophilic structures such as thiol, alcohol, and
amino groups in biomolecules.? While there are many kinds of
catalysts for Alloc deprotection,® Rul that have been applied to
cellular experiments should be suitable for this tagging
system.>>>®

The tagging of HSA protein was performed using the
synthesized substrate TAMRA-BnF and the Rul catalyst. In the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cell surface modification with proapoptotic peptide 1 with propargyl ester attached at the C-terminus by Au-catalyzed amide bond
formation (Au/PE). (a) Cell surface modification with proapoptotic peptide 1 and HSA(CRGD)-Au. (b) Cytotoxicity of peptide 1 or peptide 2 (600
pM) with or without HSA(cRGD)-Au (20 uM) in SW620 cells (n = 3, mean =+ SE). (c) Caspase activities (n = 3, mean =+ SE) in the presence of caspase
inhibitor (Z-VAD-FMK). (d) Electrophoresis image of DNA fragmentation in cells treated with peptide 1 cells with or without HSA(cRGD)-Au.
Effects of tumor therapy on (e) tumor volume, (f) survival probability, and (g) body weight changes of SW620-xenografted mice subjected to the

following treatments: saline (n = 4, blue), HSA(CRGD)-Au (35.0 mg kg™, n = 7, orange), peptide 1 (4.0 mg kg™*

,n =7, gray), and co-treatment of

peptide 1 and HSA (CRGD)-Au (4.0 mg kgt and 35.0 mg kg%, n = 7, yellow). Blue arrows under the horizontal axis indicate the day of treatment
with compounds. Data are shown as means + SE. n.s.: not significant, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.

SDS-PAGE analysis, the fluorescence band of TAMRA was
detected at the same spot as the HSA band, indicating that the
Rul-catalyzed protein tagging was successful (Fig. 4b, lane 6).
Furthermore, the fluorescence band was clearer when we used
Rul/TAMRA-BnF than when we used Aul/TAMRA-PE (Fig. 4b,
lane 4 vs. 6, and Fig. S81). In the other words, the protein
tagging efficiency of Ru/BnF was superior to that of Au/PE. The
tagging reaction of HSA with Au/PE was less effective than the
cell surface tagging results (Fig. S41) due to the different envi-
ronments between the protein and cell surface. Then, the

© 2021 The Author(s). Published by the Royal Society of Chemistry

TAMRA-tagging HSA by Ru/BnF was analyzed by MS-MS analysis
after enzymatic digestion (Fig. S9-S11%). The peptide fragment
with the tagged form depicted in Fig. 4d (molecular weight
change: 574.2580) was detected, and four amino acids were
determined as the main tagged sites: Ser65, Cys75, Thr76, and
Thr239; these residues are colored red in the crystal structure of
HSA (Fig. 4c, PDB: 1A06 (ref. 31)). The quinone methide
structure can react with many kinds of nucleophilic amino
acids,** but the modification sites we detected were hydroxyl
and thiol groups. These results suggested that deprotection of

Chem. Sci., 2021, 12, 12266-12273 | 12269
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(a) Cell surface modification reaction by Rul-catalyzed alkylation using benzyl fluoride substrate (Ru/BnF). (b) Model reaction of Ru/BnF

with HSA analyzed by SDS-PAGE: protein ladder (lane 1), HSA (lane 2), after reaction of Aul/TAMRA-PE (lanes 3—4) or Rul/TAMRA-BnF (lanes 5—
6). (c) The modified amino acids on HSA-TAMRA (lane 6 in b), as determined by the MS/MS analysis. The ribbon diagram of HSA (PDB: 1A06) and
tagged amino acids are colored in green and red, respectively. (d) Plausible modified structure of amino acids.

Alloc, leading to quinone methide imine formation, proceeded
smoothly in our catalytic tagging system. In addition, the key
unit of substrate, the benzyl fluoride structure, was stable
against the major nucleophile glutathione (Fig. S12t). There-
fore, the developed Ru-catalyzed protein modification reaction
could be used for an in vivo reaction such as SeCT therapy.

For the in vivo experiment, the complex HSA(cRGD)-Ru was
prepared by mixing the HSA(cRGD) and Ru-Cou to generate the
targeting system for the catalyst (Fig. 5a). As with HSA(cRGD)-
Au, the increased fluorescence of DEAC indicated complex
formation between HSA(cRGD) and Ru-Cou (Fig. 5b and S137).
The Ru-Cou binding was determined as site I with a K4 value of
19.6 puM (Fig. S19-S237), which is stronger than Au-Cou.

The catalytic activity of Rul and HSA(cRGD)-Ru was evalu-
ated in 2% acetone-ds in water condition using an Alloc-
protected 7-amino-4-methylcoumarin (Cou-Alloc) as the reac-
tion substrate; this compound became fluorescent after
removal of the Alloc group (Fig. S14t). Interestingly, we found
that the catalytic activity of Rul almost disappeared within 2 h
under our evaluation conditions (Fig. 5c). Furthermore, the
catalytic activity of Ru1 significantly decreased by preincubation
in H,O for 30 min even in the absence of glutathione
(Fig. S15b¥). The instability of Rul indicates that the catalyst
itself would not tolerate in vivo circulation, so it cannot be used
in an in vivo experiment. On the contrary, the complex
HSA(cRGD)-Ru was still active after incubating with glutathione
or PBS (Fig. 5¢ and S15ct), because the bound Ru catalyst was
protected by the hydrophobic pocket. In addition, the activity of
HSA(cRGD)-Ru was surprisingly increased in the presence of
glutathione. The series of Ru catalysts have both activation*

12270 | Chem. Sci., 2021, 12, 12266-12273

and deactivation effects®® by thiol compounds. Our results
suggest that HSA not only protects the bound Ru catalyst, but
also the catalytic process of the HSA(cRGD)-Ru complex is
activated by glutathione, presumably by scavenging ally moiety.
The HSA(cRGD)-Ru acts as a catalyst against the model
substrate 12 with following kinetic values; Ky = 11.5 mM, k¢qe =
0.605 min~", k../Ky = 0.0522 mM ™! min~?, turn over number
(TON) = 7.4 (Fig. S24%). Taken together, the Ru complex,
HSA(cRGD)-Ru, is a more suitable catalyst for in vivo application
than the naked Rul catalyst.

Biological evaluation of HSA(cRGD)-Ru and proapoptotic
peptide 3

Cytotoxicity against SW620 cells was evaluated using
HSA(cRGD)-Ru and proapoptotic peptide 3 with the BnF struc-
ture at the C-terminus. Initially, the cytotoxicity of HSA(cRGD)-
Ru was lower than that of HSA(cRGD)-Au (Fig. S161), meaning
that the Ru catalyst was more biocompatible. Due to its low
toxicity, HSA(cRGD)-Ru could be used at a higher concentration
in this system. In addition, peptide 3 exerted significant cyto-
toxicity against SW620 cells in the presence of HSA(cRGD)-Ru
catalyst (Fig. 5d) under the same conditions as HSA(cRGD)-
Au/peptide 1. In addition, we observed DNA fragmentation
when cells were co-treated with HSA(cRGD)-Ru and peptide 3,
whereas the DNA remained unfragmented in the presence of Z-
VAD-FMK (Fig. S177). Although the modification of the cell
surface should be different than when Au/PE is used, the cyto-
toxicity was observed in this Ru catalytic system. On the basis of
these results, the peptide sequence Ac-GGKLFG-X (X = reactive

© 2021 The Author(s). Published by the Royal Society of Chemistry



Edge Article

X i
\ N

/Ru\
Qo

o o] 3 .
A 0c “N

N oo NEt, N

=

HSA(cRGD)

Chemical Science

HSA(cRGD)-Ru

@ Ru-Cou
_ d
b . 40 C 40
2 =
5 30 2 E 35 1.0
E 283
85 EE: ~ B Rul z
g2 20+ = HSA(cRGD)-Ru 3
S~ 28 10 2 05
g 10 T 3 =
o - = [0
& S8 ® O
o- 2o 0.0
3\ N N 0-30 30-60 60-90 90-120
N & HSA(CRGD)}-Ru — + — +
& Q
§ T &L (min) i
R o Peptide 3 P — + +
&
e f g
800 | — saline 120 25
700 HSA(cRGD)-Ru - =
Peptide 3 __100 C =t s
& 600 HSA(cRGD)-Ru + Peptide 3 S z 2 Saii
= — - — Saline D —a— Saline
£ 500 HSA(CcRGD)-Ru 1 2 80 g
o + Peptide 3 (x2) A &= 15 ‘
0 5 — HSA(cRGD)-Ru > ~—#— HSA(cRGD)-Ru
5 400 S 60 8
S 300 ); & Peptide 3 . 3 10 Peptide 3 ns.
5 W S 40 HSA(cRGD)-Ru N HSA(cRGD)-Ru
§ 200 T H + Peptide 3 g + Peptide 3
= 3 - £ 5
@ 20 | — HSA(cRGD)-Ru * wx *k o HSA(cRGD)-R
100 AHEE + Peptide 3 (x2) zZ —— - Peg;ide 3)()(2‘])
0 0 I 0
6 7 8 9 10 11 0 10 20 30 40 50 1234567891011
T Day Day T Day

Fig. 5

(@) HSA(cRGD)-Ru complex formation by Ru-Cou and HSA(cRGD). (b) Fluorescence change at the 7-diethylaminocoumarin moiety (ex:

425 nm/em: 465 nm) in the preparation of HSA(CRGD)-Ru. (c) Catalytic activity of Rul and HSA(cRGD)-Ru catalysts using Alloc-protected 7-
amino-4-methylcoumarin (ex: 375 nm/em: 450 nm). (d) SW620 cell viability with the HSA(CRGD)-Ru (20 uM) and proapoptotic peptide 3 (600
uM). In vivo antitumor activity of peptide 3 and HSA(cRGD)-Ru against SW620 xenografted tumor. (e) Tumor volume (n = 8), (f) survival rate (n =
4), and (g) body weight (n = 4) change of various treatments group mice; vehicle (blue), HSA(CRGD)-Ru (69.0 mg kg™, orange), peptide 3 (11.8 mg
kg™, gray), and peptide 3 + HSA(CRGD)-Ru (11.8 or 23.6 mg kg™t and 69.0 or 138.0 mg kg2, yellow or purple, respectively). Blue arrows under
the horizontal axis indicate the day of treatment with the compounds. Data are shown as means + SE. n.s.: not significant, *p < 0.05, **p < 0.01,

***p < 0.005, #***p < 0.001.

group) should be applicable to other kinds of cell-surface
tagging methods for the tumor therapy.

Finally, we applied the combination of HSA(cRGD)-Ru and
peptide 3 to in vivo tumor therapy, again using mice bearing
SW620 tumors. The compounds [Saline, HSA(cRGD)-Ru,
peptide 3, or combination of peptide 3 and HSA(cRGD)-Ru]
were intravenously injected only on the first day, in contrast
to the experiment using HSA(cRGD)-Au and peptide 1 (Fig. 3e-
g), which required 10 injections. Tumor growth was signifi-
cantly suppressed by co-injection of HSA(cRGD)-Ru and peptide
3 (Fig. 5e, yellow line), whereas peptide or catalyst alone did not
inhibit tumor growth (gray and orange lines, respectively),
indicating a synergistic effect of peptide 3 and HSA(cRGD)-Ru (p
<0.005, two-way ANOVA) (The photograph of tumor at day 1 and
day 8 is shown in Fig. S18%). This approach yielded a much
stronger therapeutic effect than Au/PE chemistry with everyday
injection, probably due to the higher reactivity of Ru/BnF
(Fig. 4b) and lower toxicity of the HSA(cRGD)-Ru catalyst
(Fig. S167). Furthermore, an increasing dose of peptide 3 and

© 2021 The Author(s). Published by the Royal Society of Chemistry

HSA(cRGD)-Ru only a single intravenous injection led to
stronger suppression of tumor growth (purple line), and the
survival time improved from 23 days (saline) to 50 days (co-
administration of HSA(cRGD)-Ru and peptide 3) (Fig. 5f). The
combination of catalyst and peptide significantly damaged the
tumor at the first injection, and hence the tumor growth was
effectively suppressed even after 50 days. Considering solely the
K4 value of Ru-Cou to albumin, some metal catalyst may exist at
an unbound state in the blood. The unbound catalyst could
cause off-target reaction hence leading to cytotoxicity, while
such adverse effects were not observed in this study. Neverthe-
less, the high-affinity or covalent binding of the metals to HSA
could be more preferred for wider application of the method.
This is the first successful example of an in vivo application of
Ru1, which was achieved by the amelioration of targeting ability
and catalyst susceptibility with HSA(cRGD). These results
expand the applicability of metal catalysts to tumor tagging
strategies, and demonstrate that this approach represents
a promising alternative to cancer therapy.
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Conclusions

Here, we have described an advanced application of SeCT
therapy for cancer treatment based on a proapoptotic peptide
that is covalently attached to the cell surface (Ac-GGKLFG-X, X =
reactive moiety) and a Ru-catalyzed tagging reaction. This is the
first report of such a peptide, although many kinds of proapo-
ptotic peptides have been reported.>* The features of the pro-
apoptotic peptide were suited to the SeCT concept, and the
activation of apoptotic pathways is a promising strategy for
cancer therapy. In addition, the cell tagging reaction using the
Rul catalyst yielded better results than the previous gold-
catalyzed reaction. In particular, the combination of
HSA(cRGD)-Ru and proapoptotic peptide yielded an excellent
therapeutic effect against in vivo tumors after only a single
intravenous injection. This is the first report describing appli-
cation of the Rul catalyst in vivo, and the results suggest that the
other sensitive metal catalysts could be used for in vivo SeCT
therapy, taking advantage of the protective effect of the hydro-
phobic pocket of HSA. Furthermore, the SeCT therapy has wide
applicability, not only for inhibition of cell adhesion or prodrug
activation' but also for tumor therapy by direct killing of tumor
cells using a covalent tagging strategy.

SeCT therapy for cancer therapy would consist of three
components (catalyst, reactive substrate, and metal carrier), and
the appropriate combination of these would achieve a high
therapeutic index. We anticipate that our results will provide an
alternative way to treat cancer in the future. Moreover, the
application of the selective tagging concept is not limited to
tumor treatment, but could also be used against various other
diseases.
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