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ABSTRACT: A new synthetic strategy for obtaining artificial receptors that selectively
regulate and/or control specific protein/protein interactions was developed based on the
template-assisted and the self-activating click reaction applied to a combinatorial library.
Synthetic mimics of the Grb2-SH2 domain, examined as a model case, selectively bound to a
target signaling protein to induce cytotoxicity and inhibit tumor growth in vivo.

Exploring efficient strategies for identifying the molecules
that selectively regulate protein/protein interactions is one

of the most actively studied topics in chemical biology.1−16 The
selective activation and/or inhibition of specific phosphor-
ylation-mediated protein/protein interactions within a signaling
pathway17−21 may direct a specific biological response on the
cellular level. Such molecules can selectively control cell fate,
e.g., of a target cancer cell in which a characteristic protein
phosphorylation event dominantly regulates the growth,
proliferation, and death of the cell.
Growth factor receptor-bound protein 2 (Grb2)22−24 is an

adaptor protein that plays a critical role in downstream MAPK
signaling. Grb2 signaling is initiated by phosphorylation of the
receptor tyrosine kinases. The Src homology (SH2) domain of
Grb2 preferentially binds to the phosphotyrosine with the
sequence motif pYVNV, while the two SH3 domains flanking
the SH2 domain bind to the Ras exchange factor Sos. Both
interactions catalyze GTP/GDP exchange, thereby activating
the GTPase and the downstream MAPK cascade.22−24 Because
receptor tyrosine kinases are overexpressed in some cancer
cells, the subsequent downstream MAPK cascades dominantly
regulate cell proliferation. Disruption of the phosphotyrosine/
Grb2-SH2 interaction is, therefore, an attractive target for drug
discovery in the field of oncology.25−28 A large number of
antagonists against the SH2 domain have been designed based
on the SH2-recognizing motif (pYVNV) in conjunction with
linear or cyclic peptide scaffolds.29−35 The opposite approach
to inhibiting the interaction would involve using SH2 domain

mimics, and this approach has not been extensively tested.
Despite the availability of X-ray crystallographic data that
characterizes the interaction,30,36−39 the design of such protein
mimics is far more difficult than the conformation-fixing
approach represented by the SH2-recognizing motif with a
known peptide sequence, pYVNV. Besides the continuous trials
on developing the selective SH2 domain ligands,28 the opposite
approach may provide a new strategy for inhibiting a particular
signaling pathway, namely, via selective interactions between
the SH2 domain mimic and a particular phosphoprotein among
many phosphoproteins that can interact with the target SH2
domain; the method could offer more general and flexible
solutions to designing the artificial receptors, namely, the tailor-
made synthesis of small molecules that selectively inhibit,
control, and regulate the desired protein/protein interactions.
In this Letter, we describe an approach for obtaining artificial

receptors using the Grb2-SH2 domain mimic as a case study.
The synthetic peptide was efficiently produced by the template-
assisted and self-activating Huisgen 1,3-dipolar cycloaddition
using a dynamic combinatorial library. The clicked product thus
obtained internalized into the cancer cells A431, selectively
bound to the Grb2-SH2 interacting proteins, and selectively
induced cytotoxicity in the cancer cell both in vitro and in vivo.
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The template-assisted strategy, illustrated in Figure 1, is
based on our earlier finding that the bis-lysine-based peptide 1

interacts with a phosphate group (see also the structures
presented in Scheme 1).40 As the bis-lysine 1 coordinates to a
template phosphorylated protein (Figure 1, step a), the
template is made to additively interact with a certain peptide
library 2 during the dynamic processing step (step b) (see ref
41, a representative example of dynamic combinatorial
chemistry applied to development of enzyme inhibitors; see
also refs 50−59). Bis-lysine 1 is then irreversibly modified by
the peptide partners that are most suited to the template
protein (step c) such that the resulting products show higher
affinity and selectivity toward the template protein than the bis-
lysine 1.
To efficiently produce the template-assisted products,

namely, the products being templated by the pYVNV motif
of a phosphorylated protein, the cyclic peptide 3a30 (Scheme 1)
was used as a template in place of the entire protein. Peptide 3a
has been reported to strongly and selectively bind to the Grb2-
SH2 domain (IC50 = 0.52 ± 0.20 μM).30 The amino acids
composing the peptide library 2 were selected on the basis of
the X-ray crystallographic structure between the Grb2-SH2
domain and the peptide 3a or similar analogues.30,36−39 Phe,
Leu, and Trp were included to account for the hydrophobic
interactions, whereas His, Ser, and Asn were introduced for the
hydrogen-bonded interactions. Irreversible modification of 1 by
the peptide library 2 was accomplished using the Cu(I)-
mediated Huisgen 1,3-dipolar cycloaddition (Sharpless/Meldal
click reaction).42−49 Although the Cu(I)-catalyzed azide/
acetylene ligation has successfully been applied to the dynamic
combinatorial synthesis of small molecule-based enzyme

Figure 1. Concept of template-assisted synthesis of the SH2 domain
mimic.

Scheme 1. Template-Assisted Synthesis of a Grb2-SH2 Domain Mimica

aBis-lysine 1 on resin (1.0 μmol) was reacted with three acetylene peptides 2a−j (each 2 equiv) and CuI (6 equiv) in a mixed solvent system of
H2O, MeCN, DMF, and THF (5:5:8:72) at rt for 5 d. The reaction was performed in the presence or absence of peptide 3a (1 equiv). After cleavage
from the resin by TFA treatment, the composition of the clicked product mixture was analyzed by HPLC and ESI-MS.
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inhibitors,50−59 the peptide-based reaction remains challenging
due to coordination of the copper ions to the peptide
backbone,48 which inhibits the reaction. We therefore
purposely introduced a benzyl histidine60 adjacent to the
azide moiety in 1 (Scheme 1). This moiety efficiently
coordinated the copper ions and brought the reactive sites
(azide and acetylene) into proximity to enhance the ligation
efficiency.61

A template-assisted and self-activating click reaction was then
performed on a solid support under conditions established
previously in this laboratory.60 The solid-support protocol was
selected because the clicked products, which strongly interacted
with the cyclic peptide 3a, could be easily and rapidly identified
after cleavage of the products from the resin (vide inf ra, Scheme
1). Thus, the bis-lysine 1 on the Wang resin (1.0 μmol) was
treated with CuI (6 equiv) and the three acetylenes (each 2
equiv), which were randomly selected from the library 2a−j in
the presence of peptide 3a (1 equiv) in a mixed solvent
containing H2O, MeCN, DMF, and THF (5:5:8:72). It should
be noted that the click conditions employed here, especially
when both CuI as the copper source47 and acetonitrile as the
solvents49 were used, slow the cycloaddition reaction, hence
giving rise to the sluggish reactions (see Figure 2 and
Supplementary Figure S2, vide inf ra). By keeping the click
reaction slow, we could minimize the background reaction and
therefore efficiently detect the “templated” products.
After the mixture was shaken for 5 days, the excess reagents

were washed away, the remaining copper ions were removed by
chelating to DOTA (1,4,7,10-tetraazacyclodecane-1,4,7,10-
tetraacetic acid),61−63 and the clicked peptides were cleaved
from the resin by acid treatment. The composition of the
resulting product mixture was analyzed by HPLC and ESI-MS

and was compared with those mixtures produced in the absence
of 3a (Figure 2). By performing the click reaction using 18
combinations of the three peptides from library 2, we could
screen a theoretical number of 120 clicked products, i.e., the bis-
clicked products (homo- and hetero-products) and mono-
clicked products with the positional isomers. We do not need
to prepare all possible compounds, but the desired “templated
products” could selectively be produced by the system.
Of the 18 template-assisted reactions, one case displayed

distinctly different HPLC profiles in the presence or absence of
the peptide 3a. The template-assisted reaction that included the
combined peptides 2e, 2i, and 2j yielded increased peak
intensities (at positions b and c in Figure 2) in the presence of
3a. ESI-MS analysis of peak (b) detected the molecular ions of
539.3, 570.2, 718.8, 752.3, and 759.6, thereby suggesting the
presence of either the homo-bis-clicked product with two
molecules of 2i (1ii; [M + 4H]4+ = 539.3 and [M + 3H]3+ =
718.7), the homo-bis-clicked product with 2j (1jj; [M + Na +
3H]4+ = 570.3, [M + 3H]3+ = 752.7, and [M + Na + 2H]3+ =
760.1), or the mixed-bis-clicked product with 2e and 2j (1ej;
[M + Na + 3H]4+ = 570.1, [M + 3H]3+ = 752.4, and [M + Na +
2H]3+ = 759.7). The exact structures corresponding to the peak
b could not be elucidated at this stage because the MS analysis
was complicated by their similar molecular weights, the various
ion adducts, and the highly charged ESI ionization. In contrast,
the signal c corresponding to the molecular ions at 851.4 was
identified as the mono-clicked product with 2i (1i; [M + 2H]2+

= 851.9). It should be noted that the peak a, corresponding to
the peptide 3a was detected in the HPLC spectrum, i.e., the
clicked products produced by this approach were expected to
strongly bind to 3a such that 3a could not be washed from the

Figure 2. HPLC analysis of clicked products (column; Nacalai tesque 5C18-AR300, 4.6 × 250 mm, MeCN in H2O (0.05% TFA), detection at 210
nm). (a) Phosphorylated peptide 3a. (b) Bis-clicked products 1ii, 1jj, or 1ej as possible candidates. (c) Monoclicked products 1i.
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resin, even by repeated washing procedures on the solid
supports.
To confirm that the clicked products 1ii, 1jj, 1ej, or 1i were

the 3a-assisted products, bis-lysine 1 immobilized on the Wang
resin was treated with a single peptide 2i in the presence or
absence of 3a (Supplementary Figure S2). Although the clicked
product 1ii could not be observed in the absence of this
template, it was produced in the presence of 3a. The results
clearly showed that the template 3a assisted the production of
1ii, 1jj, 1ej, or 1i (Figure 2), strongly suggesting that these
products provided an optimal fit to the peptide 3a and that they
may possibly act as Grb2-SH2 mimics. Because (1) bis-
derivatives 1ii and 1jj were the major products by the
templated approach (Figure 2 and Supplementary Figure S2),
and (2) the mono-clicked product 1i (as positional isomers)
and the mixed-bis-clicked product 1ej could not readily be
prepared by straightforward methods, we focused only on the
Kd and the biological properties of the homo-bis-clicked
products.
The dissociation constants (Kd) of the 3a-assisted clicked

products were determined using the 7-dialkylaminocoumarin-
labeled fluorescence peptide 3b (structure shown in Scheme
1); we knew that the position of the coumarin fluorophore in
3b does not inhibit the interaction according to the earlier
report.30 Our fluorescence-based analysis below also exper-
imentally showed the interaction with the templated products,
but not with the parent analogue 1 (vide inf ra). Titrations of 3b
with the clicked products 1ii, 1jj, and the simple bis-lysine
peptide 1 were followed by monitoring the fluorescence
spectrum of 3b (see ref 64, 7-alkylaminocoumar as a detection
tag for biomolecule interaction). Although significant changes
in the coumarin fluorescence (excitation at 420 nm, emission at
460 nm) were observed upon addition of the clicked products
1ii and 1jj, no spectral changes were detected in the presence
of peptide 1 (Supplementary Figure S3). This result confirmed
that 3a specifically interacted with the 3a-assisted products.64

Scatchard plots were prepared according to the titration spectra
(Supplementary Figure S4),65−67 and the values of Kd were
calculated to be 1.5 ± 0.90 μM (1ii) and 2.4 ± 0.51 μM (1jj).
With the template-assisted products with micromolar-level

Kd values in hand, we next examined their biological properties
using the A431 cancer cell line, in which EGFR (epidermal
growth factor receptor), one of the tyrosine kinase receptor
families, is overexpressed and critically regulates cell prolifer-
ation.68 Fluorescently labeled and biotin-labeled probes of 1ii

(Supplementary Figures S5 and S8) were used to investigate (i)
internalization within the cell, (ii) selectivity to the signaling
proteins, and (iii) the biological effects on the A431 cells.
As shown in Figure 3, TAMRA-labeled 1ii was internalized

into the A431 cell in a dose-dependent manner and was
distributed to the cytoplasm by incubation at 37 °C for 16 h
(Figure 3a,b; also see Supplementary Figure S5). Interestingly,
TAMRA-labeled 1, which was a precursor for the template-
assisted click reaction, was less effective at internalization
(Figure 3c). Addition of histidine moiety to the bis-lysine
peptide 1 might increase the efficiency of internalization of 1ii,
presumably due to an increase in the peptide basicity.69−71

Proteins that may have interacted with peptide 1ii in the
A431 lysate were then fished out using the biotin-probe (Figure

4). SDS-PAGE/reverse staining72,73 of the avidin bead
extracts74−76 detected a low intensity but more distinct band
at 65 kDa than that in the control extracts (Figure 4A, lanes (b)
and (c)). The biotin/avidin extracts were further analyzed using
the six antibodies against the proteins involved in phosphor-
ylation in the EGFR-mediated signaling pathway (see the
Supporting Information for a detailed procedures and

Figure 3. Confocal microscopy images of A431 cells treated with the TAMRA-labeled 1ii and 1 for 16 h at 37 °C (DAPI detection for nuclei). (a)
1.4 μM TAMRA-labeled 1ii. (b) 2.1 μM TAMRA-labeled 1ii. (c) 3.2 μM TAMRA-labeled 1. Average fluorescence intensity per each cell is (a) 231,
(b) 448, and (c) 248. Low fluorescence/background ratio in images (a) and (c) is due to the weak fluorescence. TAMRA:
carboxytetramethylrhodamine.

Figure 4. SDS-PAGE of the A431 lysate after treatment with the
biotin-probe 1ii. (A) Reverse staining: (a) marker; (b) treatment with
100 μM biotin-labeled 1ii; (c) control (treatment with H2O instead of
the biotin probe). (B) Western blot and anti-Shc antibody detection:
(a) treatment with 300 μM biotin-labeled 1ii; (b) treatment with 100
μM biotin-labeled 1ii; (c) control.

ACS Chemical Biology Letters

dx.doi.org/10.1021/cb2003175 | ACS Chem. Biol. 2012, 7, 637−645640



discussion). Phosphorylation of EGF, Gab1, Shc, and IRS-1 are
recognized by the Garb2-SH2 domain,22−24 whereas phos-
phorylated CAS and CBL interact with the CrkL-SH2
domain.77−79 Only the anti-Shc antibody was detected using
the biotin-probe at the band position 65 kDa, which was the
same band observed during reverse staining (Figure 4B);
although we tried the blotting experiments in Figure 4B with
only two concentrations, the Shc band intensity was apparently
and reproducibly enhanced when the concentration of the
biotin sample was increased. Thus, phosphorylated Shc was
suggested to be one of the candidates for selective interaction
with the clicked product 1ii.
In further proving the interaction with p-Shc in the A431

cells, the homogenized A431 cells in Figure 3 were treated with
the antibodies, and the antibody complexes were then fished
out by proteinA-agarose (Supplementary Figure S6). Direct
detection of the fluorescence on agarose/antibodies showed
much higher intensity for the α-Shc antibody than those of α-
actin and α-IgG antibodies used for the controls, thus proving
the preferential interaction of 1ii with Shc in the cells.
We were delighted to find that the clicked peptide 1ii

induced selective cytotoxicity to the A431 cancer cells in the in
vitro experiments. Incubation with 10 μM peptide 1ii led to cell
death within 6 h (Figure 5a,b). Cytotoxic effects of 1ii on A431
cells were also evaluated by the microtiter plate assay (MTT
assay)80,81 of dose−response behavior with the colorimetric
readout (Supplementary Figure S7). In clear contrast, no
relevant changes in appearance were observed in the EGFR-
independent tumor cell line, the C6 glioma cells,82 even though
the peptide 1ii was internalized into the cells (Figure 5c,d,
Supplementary Figure S5). The simpler peptide 1, which was a

precursor for the click reaction (after cleavage from the resin),
did not cause cell death in the A431 cell culture (Figure 5e).
The clicked product 1ii therefore appeared to selectively bind
and interrupt the target phosphorylated proteins of the SH2
domain in the EGFR-mediated signaling pathway,22−24 e.g., p-
Shc. This clicked product, therefore, introduced selective
cytotoxicity into the A431 cancer cells.
It should be noted that the clicked peptide 1ii also exhibited

A431-selective inhibition of tumor growth in the preliminary
animal experiments83 (Figure 6, Methods). The peptide 1ii was
intravenously administrated to the A431-implanted BALB/c
nude mice over 7 days, maintaining a peptide blood
concentration of 100 μM (a factor of 10 higher concentration
than the cell-based experiments described in Figure 5). Peptide
1ii selectively inhibited the tumor growth of A431-implanted
mice, whereas toxic effects of 1ii were not observed; there was
not significant change in the time course of the animal weight
(Supplementary Figure S10). Furthermore, no inflammatory
responses could be observed during the in vivo experiments, on
the basis of the organ histological data on liver, kidney, and
spleen (Supplementary Figure S11). Although tumor growth
was inhibited by 73 vol %, a comparison with the control
experiments, in which saline was administered (Figure 6a),
showed that the weights of other normal organs, such as the
brain, heart, lung, liver, spleen, and kidney, remained
unchanged (Figure 6b). Furthermore, peptide 1ii did not
affect the tumor growth in the C6 cell-implanted mice (Figure
6c,d). Thus, the clicked peptide’s selectivity, gained by the
template-assisted protocol, worked well in an in vivo study.
In conclusion, we have developed a template-assisted

approach to developing artificial receptors that can selectively

Figure 5. Cell viability by treatment with 1ii and 1 (10 μM) at 37 °C for 6 h (PH-detection). (a) Control A431 cells. (b) Treatment of A431 with
1ii. (c) Control C6 glioma cells. (d) Treatment of C6 cells with 1ii. (e) Treatment of A431 cells with 1. PH: phase-contrast image.

ACS Chemical Biology Letters

dx.doi.org/10.1021/cb2003175 | ACS Chem. Biol. 2012, 7, 637−645641



interrupt phosphorylation-mediated protein/protein interac-
tions. As a model case, the peptidyl mimic of the Grb2-SH2
domain was found to be internalized into A431 cancer cells,
where it selectively bound to the Grb2-SH2 interacting
signaling proteins, induced A431-selective cytotoxicity, and
exhibited tumor growth inhibition in vivo. The present strategy
must be improved to increase the binding affinity of 1ii to the
template peptide 3a, thereby enhancing the in vitro and in vivo
bioactivity. However, the results described here demonstrate
the tailor-made synthesis of artificial receptors using a method
that is clearly distinct from previous methods. This approach
may efficiently and rapidly provide small-molecular regulators
that selectively control a specific cell signaling pathway or
protein/protein interactions. Further chemical-biology-directed

research based on the presented method is currently underway
in our laboratory.

■ METHODS
Synthesis of Peptides and Their Labeled Derivatives.

Detailed synthetic procedures and characterizations are described in
the Supporting Information.

General Procedure for the Template-Assisted and Self-
Activating Click Reaction. To the suspension of bis-lysine 1
immobilized on the Wang resin (2.0 mg, 1.0 μmol) in dry THF (720
μL) were added the cyclic peptide 3a (700 μg, 1.0 μmol) in MeCN
(50 μL) and H2O (50 μL) at RT. After the mixture was shaken for 1 h,
a suspension of TFA salts of H-Leu-Lys-Phe-Pra-OH 2e (1.0 mg, 2.0
μmol), H-Ser-His-Asn-Pra-OH 2i (1.0 mg, 2.0 μmol), H-Asn-Lys-Phe-
Pra-OH 2j (1.0 mg, 2.0 μmol), and CuI (1.0 mg, 6.0 μmol) in DMF
(80 μL) was added at RT. After the resulting mixture was shaken at
RT for 5 d, the resin was washed with DMF (1.5 mL, 2.0 min, 5
times), H2O (1.5 mL, 2.0 min, 3 times), DOTA in H2O (2.0 mg in 1.5
mL, 5.0 μmol, 1 h), H2O (1.5 mL, 2.0 min, 5 times), DMF (1.5 mL,
2.0 min, 3 times), CH2Cl2 (1.5 mL, 2.0 min, 3 times), and finally with
diethyl ether (1.5 mL, 2.0 min, 3 times). The resin was dried in vacuo
for 3 h, and then it was treated with 2.0 mL TFA/TES/H2O (31:1:1).
After the mixture was shaken at RT for 30 min, the resulting solution
was filtered, the filtrate was concentrated in vacuo, lyophilized from
MeCN/H2O, and analyzed by HPLC (column: Nacalai tesque 5C18-
AR300, 4.6 mm × 250 mm; MeCN in H2O (50−100% gradient over
60 min) and ESI- and MALDI-MS. Data for 1ii: [α]23D +1.6° (c 0.5,
MeOH); IR (neat, cm−1) 3050 (br), 1674, 1542, 1203, 1135; 1H NMR
(D2O) δ 8.59 (d, J = 5.7 Hz, 2H), 8.46 (s, 2H), 7.67 (s, 2H), 7.30 (brs,
4H), 7.19 (brs, 5H), 7.14 (s, 2H), 5.20 (s, 4H), 4.54 (m, 2H), 4.50−
4.44 (m, 2H), 4.20 (m, 2H), 4.13 (m, 2H), 3.99 (m, 2H), 3.87 (t, J =
6.4 Hz, 1H), 3.81 (m, 2H), 3.71 (m, 1H), 3.61 (m, 2H), 3.12 (m, 2H),
3.01 (m, 5H), 2.83 (m, 4H), 2.59 (dd, J = 14.0, 4.9 Hz, 2H), 2.51 (dd,
J = 14.0, 9.0 Hz, 2H), 1.76−1.69 (m, 6H), 1.57−1.48 (m, 8H), 1.36−
1.29 (m, 3H), 1.19 (m, 3H); 13C NMR (D2O; compound 1ii exists as
the amide rotamers (see a copy of the spectrum in Supplementary
Figure S1)) δ 176.4, 174.6, 174.5, 174.4, 173.5, 173.4, 172.4, 172.2,
172.1, 172.1, 171.5, 171.2, 171.0, 170.4, 168.4, 168.4, 163.9, 163.6,
163.4, 163.1, 143.5, 135.2, 135.2, 134.4, 134.2, 129.9, 129.8, 129.8,
128.9, 128.9, 128.7, 125.0, 120.9, 120.4, 118.1, 117.9, 115.8, 113.5,
60.7, 55.0, 54.0, 53.6, 53.3, 53.2, 51.0, 50.1, 42.9, 42.5, 39.7, 39.6, 37.0,
36.9, 31.0, 30.8, 28.4, 27.3, 27.0, 26.9, 26.7, 26.3, 22.9, 21.8; HRESI-
MS m/z calcd for C94H138N36O24 (M + 2H)2+ 1077.5336,
found1077.5242.

Interaction between Clicked Peptides and Phosphopeptide
3b; Procedure of Dissociation Constants (Kd). To a 1.45 × 10−4

M solution (100 μL, H2O) of the peptide 1ii or 1jj was added the
fluorescence peptide 3b at a concentration ranging from 1.39 × 10−6

M to 8.90 × 10−4 M (100 μL, H2O) at RT, and the mixture was shaken
for 24 h at RT. Change in the coumarin fluorescence intensity at 552
nm was plotted against the concentrations of 3b (see Supplementary
Figure S4), and the standard curve was obtained. Kd was then
calculated on the basis of the Scatchard plots; titration was performed
three times for each peptide 1ii and 1jj, and the Kd value was averaged.

Preparation of 431 Cell Lysate. Cells were pelleted and
resuspended in ice-cold lysis buffer (1% Triton X-100/50 mM β-
glycerophosphate/1.5 mM EGTA/0.5 mM EDTA/5% glycerol/25
mM Tris HCl, pH 7.4) in the presence of protease inhibitors cocktail
(Complete; Roche, Diagnostic, Germany), and the resulting lysates
were cleared by centrifugation. The protein concentrations were
measured based on the BCA methods and stored at −80 °C before
use.

Identification of 1ii-Interacting Protein from A431 Lysates.
Detailed procedures for avidin bead extraction of 1ii-interacting
proteins, SDS-PAGE, reverse staining, Western blotting, and antibody-
detection are described in the Supporting Information.

Animal Experiments for Tumor Growth Inhibition. The
human epidermoid carcinoma cell line A431 (RCB0202) was provided
by the RIKEN BRC through the National Bio-Resource Project of the

Figure 6. Anticancer activity of 1ii in A431- and C6 glioma-implanted
BALB/c mice (N = 4). The diameter of the tumor and weight of the
other organs were measured after dissection. Red bar: administration
of 1ii. Blue bar: administration of saline instead of 1ii. t test with the
significance level at p < 0.05 was set to assess the statistical
significance. For 1ii administration in A431-implanted mice, a
significant decrease was not found, but a trend of decrease was
observed (p = 0.07). For 1ii administration in C6 glioma-implanted
mice, on the other hand, no significant difference was found (p =
0.56). (a) Increase in the tumor diameter (%) before and after 7-day
administration to A431-implanted mice. (b) Comparison of organ
weight after the 7-day administration to A431-implanted mice. (c)
Increase in tumor diameter (%) before and after administration in C6
glioma-implanted mice. (d) Comparison of organ weight after
administration to C6 glioma-implanted mice.
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MEXT, Japan. The cells were cultured at 37 °C under a 5% CO2
atmosphere in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum, 100 U/mL penicillin,
and 100 μg/mL streptomycin. Cells were regularly certified as free of
Mycoplasma contamination.
Athymic Female BALB/c nude mice (8 weeks old, weighing 18−20

g) were obtained from Japan SLC, Inc. (Shizuoka, Japan) and provided
with water and normal chow. Animals were housed in an air-
conditioned room at 21−26 °C with 45−55% moisture and a 12h
dark/light cycle. The A431 tumor cells (5.0 × 106 cells/0.1 mL) were
implanted subcutaneously in the right dorsal region of the mice. When
tumors reached a size of 40−50 mm3 (width2 × length/2), the mice
were randomly separated into two groups (n = 6 each) to receive
clicked peptide 1ii (dissolved in 0.9% saline) at the dose of 22 mg/kg/
day. In contrast, negative controls received saline, respectively, all
administered intravenously for 7 days. Tumor size was measured every
day. On day 8, mice were sacrificed by cervical dislocation and their
organs (brain, heart, lung, kidneys, spleens, and livers), and tumors
were dissected out and weighed. All animal studies were conducted in
accordance with the Guidelines of the RIKEN for animal research and
the protocol approved by the study review committee of this institute.
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