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• 製薬業界におけるモダリティは「治療手段として用いられる医薬品を物質特
性の観点から分類した種別」を示す用語

• 他の領域で用いられるモダリティと区別するため「医薬品モダリティ」ある
いは「創薬モダリティ」とも呼ばれる

• 低分子医薬，抗体医薬，核酸医薬，ペプチド医薬等が代表的なモダリティ

モダリティ（Modality）とは

分子量
<500 500 800 1,000 2,000 3,000 6,000 10,000 150,000 >150,000

低分子 タンパク質分解薬

ペプチド
核酸

タンパク質・抗体



低分子・中分子創薬研究

PPI阻害ペプチド

低分子阻害剤，分解剤 デコイ核酸，アプタマー

低分子化合物，中分子ペプチド，オリゴヌクレオチド，
コンジュゲート分子（ADC，PDC）を活用した

創薬研究を行なっています．



低分子創薬研究
Ø 疾病関連タンパク質を標的とした低分子創薬
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• 核内受容体
• STING
• TGR5
• PG合成酵素
• SARS-Cov-2

Ø タンパク質分解誘導剤（PROTAC/SNIPER）
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• FLT3
• ALK fusion protein
• エストロゲン受容体
• BCR-ABL
• LXRβ
• BRD4
• STING
• プロスタグランジンD合成酵素
• Hisタグタンパク質

in silico 分子設計
Docking simulation

Fragment-Based Drug Design

High stability
drug-likeLow stability
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L-Leu and D-Leu residues is capable of controlling an (M) α-helix
in the crystalline state but cannot control the helical screw direc-
tion in solution. Therefore, peptide 5, which has Aib residues be-
tween L-Leu-L-Leu and D-Leu-D-Leu segments, also has structural
properties similar to those of the dodecapeptide Boc-(L-Leu-Aib-
D-Leu-Aib)3-OMe.
On the other hand, the dodecapeptide Boc-L-Leu-L-Leu-Aib-

(D-Leu-D-Leu-Aib)2-L-Leu-L-Leu-Aib-OMe (6) formed a fused
molecule containing both (M) and (P) helical structures; i.e., the
segment containing residues 1−6 (L-Leu-L-Leu-Aib-D-Leu-D-
Leu-Aib) formed an (M) α-helix, and the segment composed of
residues 7−12 (D-Leu-D-Leu-Aib-L-Leu-L-Leu-Aib) formed a (P)
310-helix. In both segments, the chirality of the final Leu dipeptide

affected the helical screw sense of the segment; i.e., the presence
of a D-Leu-D-Leu fragment in the first L-Leu-L-Leu-Aib-D-Leu-D-
Leu-Aib segment induced a left-handed screw sense, whereas the
presence of an L-Leu-L-Leu fragment in the D-Leu-D-Leu-Aib-L-
Leu-L-Leu-Aib segment resulted in a right-handed screw sense.
Thus, dodecapeptide 6, which contained a pair of enantiomeric
hexapeptide segments, was composed of a combination of fused
(M) and (P) helical structures. Balaram, Karle, and co-workers
previously reported that the tetradecapeptide Boc-L-Val-L-Ala-L-
Leu-Aib-L-Val-L-Ala-L-Leu-D-Val-D-Ala-D-Leu-Aib-D-Val-D-Ala-
D-Leu-OMe, which is composed of a combination of homochiral
L- and D-heptapeptide segments, also forms a structure containing
fused (P) and (M) helical segments.5c,11 In the latter tetra-
decapeptide, the (P) helix is formed by the L-peptide segment and
the (M) helix is formed by the D-peptide segment. The results of
this study indicate that it is possible to construct helical structures
that contain helices with the opposite screw sense using a com-
bination of heterochiral peptide segments. In solution, peptide 6
formed an (M) α-helix as the preferred conformation, indicating
that the two consecutive D-Leu-D-Leu-Aib segments strongly
affected the (M) helical screw direction of the peptide.

■ CONCLUSION
We synthesized two dodecapeptides, Boc-(L-Leu-L-Leu-Aib-D-
Leu-D-Leu-Aib)2-OMe (5) and Boc-L-Leu-L-Leu-Aib-(D-Leu-D-
Leu-Aib)2-L-Leu-L-Leu-Aib-OMe (6), the latter of which consists
of a combination of the enantiomeric heterochiral hexapeptide
segments 1 and ent-1, and analyzed their conformations in the
crystalline state. In the crystalline state, peptide 5 folded into an
(M) α-helix, and peptide 6 formed a structure containing fused
(M) and (P) helical segments. Thus, combining enantiomeric
heterochiral peptide segments can facilitate the development of

Figure 4. (a) X-ray diffraction structure of 6 as viewed perpendicular to its helical axis. The 2-butanone molecule has been omitted. (b) Color-coded
image showing the two helical structures present within 6. The (M) α-helical structure (L-Leu(1) to Aib(6)) is shown in blue, and the right-handed (P)
310-helical structure (D-Leu(7) to L-Leu(12)) is colored magenta. (c) View along the helical axes of the (M) α-helix and (P) 310-helix.

Figure 5. FTIR spectra of peptides 5 (green) and 6 (blue) in CDCl3
solution. The peptide concentration was 5.0 mM.
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中分子創薬を志向した
ペプチド二次構造制御に関する研究
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Ø 合理的設計が可能
Ø 非天然型アミノ酸を含有
Ø ヘリックス構造の安定化
Ø 標的蛋白質への高親和性
Ø 酵素分解耐性獲得
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O
β-アミノ酸 ジ置換アミノ酸

ヘリックス構造を安定化できる非天然型アミノ酸の導入

二次構造制御を基軸とした中分子ペプチド創薬研究
Ø タンパク質-タンパク質相互作用（Protein-Protein Interaction, PPI）阻害ペプチド

Ø DDSキャリアペプチド

Ø 広い抗菌スペクトルを持つ両親媒性ペプチド

非天然型
アミノ酸

hand, the curve of (RRU)3/pDNA complexes was markedly differ-
ent from those of the R9 and (RRG)3/pDNA complexes and con-
tained no distinct negative maximum. The fluorescence
intensities of all peptide/pDNA complex solutions were similar at
a charge ratio = 4 (a guanidino group concentration: 410.3 lM),
whereas those of (RRG)3 and (RRU)3 peptide solutions were
approximately 1.5-fold higher than that of the R9 peptide solution
at a guanidino group concentration of 410.3 lM. These results sug-
gested the differences in the association behavior of each peptide
with pDNA, which led to the different size and zeta-potential of
each peptide/pDNA complex (Table 1).

3.6. Effects of endocytosis inhibitors and low temperature on
the internalization of R9 peptides

To clarify the mechanism underlying the internalization of R9
peptides and R9/pDNA complexes into Huh-7 cells, experiments
on the inhibition of cellular uptake were performed using specific
endocytosis inhibitors and a temperature of 4 !C (Fig. 7). The
effects of the following endocytosis inhibitors on internalization
were examined: amiloride (a specific inhibitor of macropinocyto-
sis); chlorpromazine (a specific inhibitor of clathrin-mediated
endocytosis); and nystatin (a specific inhibitor of caveolae-medi-
ated endocytosis).16–19 Similar results were obtained from experi-
ments using the R9 peptide alone and R9/pDNA complexes.
Cellular uptake was significantly lowered by treatment with
amiloride than by the treatment with no additive control, which
implied that the internalization of R9 peptides added to peptides
alone and peptide/pDNA complexes into Huh-7 cells mainly
occurred via macropinocytosis. The low temperature (4 !C) incuba-
tion almost completely inhibited the internalization of R9 peptides,
which suggested that R9 peptides and R9/pDNA complexes were
internalized into Huh-7 cells through energy-dependent routes.

3.7. Intracellular distribution of R9 peptides

The intracellular distribution of R9 peptides (green) with or
without pDNA (a guanidino group concentration: 61.5 lM; charge
ratio = 8) was investigated by CLSM against Huh-7 cells (Fig. 8).
LysoTracker Red (red) and Hoechst 33342 (blue) were used to label
late endosomes/lysosomes and nuclei, respectively. The amount of
peptides observed in the cells was markedly higher for

peptide/pDNA complexes than peptides alone, which was consis-
tent with the results obtained by the cellular uptake analysis
(Fig. 4). The colocalization of peptides with the late endo-
somes/lysosomes was quantified and shown in Figure 8B. More
than 50% of R9 peptides added to peptides alone were localized
in late endosomes/lysosomes in contrast to only 33% of those
added to peptide/pDNA complexes. These results revealed that
R9 peptides added to peptide/pDNA complexes that were internal-
ized into the Huh-7 cells achieved effective endosomal escape,
which is one of the major obstacles for nonviral gene vectors.

4. Discussion

An Arg-rich peptide is one of the most efficient CPPs, and there-
fore, has been developed as a tool for drug delivery systems
(DDS).1–10 In the present study, an Arg nonapeptide (R9), which
has frequently been utilized for DDS from the viewpoint of the bal-
ance between delivery efficiency and cytotoxicity, was evaluated
for its pDNA transfection efficiency and cell-penetrating ability.
Two additional types of nonapeptides, in which three Arg residues
were replaced by the Gly or Aib residues, (RRG)3 and (RRU)3,
respectively, were synthesized and evaluated to understand their
effects on transfection and cell-penetrating abilities by replacing
cationic amino acids (Arg) with neutral (Gly) and hydrophobic
(Aib) amino acids (Fig. 1).

Figure 2 showed the results of the transfection experiments
using R9, (RRG)3, and (RRU)3/pDNA complexes with controls of
naked pDNA and commercially available TurboFect/pDNA. In order
to confirm cell type dependency on transfection efficiency of each
peptide/pDNA complex, two types of cells, Huh-7 and HeLa cells,
were used. The transfection efficiencies of (RRG)3 and
(RRU)3/pDNA complexes were similar to that of naked pDNA
against Huh-7 and HeLa cells. On the other hand, R9/pDNA com-
plexes showed enhanced transfection efficiencies with an increase
in charge ratios and comparable efficiencies to TurboFect/pDNA at
a charge ratio = 8 against Huh-7 cells. The replacement of Arg to
Gly or Aib markedly reduced the transfection ability of Arg-rich
peptides. Additional transfection experiments were carried out
under conditions with prolonged post-incubation times (Fig. 3).
The transfection efficiency of R9/pDNA complexes did not change
at any post-incubation time or in any cell line (Fig. 3A and D). On
the other hand, (RRG)3 and (RRU)3/pDNA complexes at a charge

Figure 8. (A) CLSM observations of the intracellular distribution of R9 peptides and R9 peptide/pDNA complexes (green) with late endosomes/lysosomes (red) and nuclei
(blue) stained using LysoTracker Red and Hoechst 33342, respectively. (B) Quantification of peptides colocalized with LysoTracker Red in Huh-7 cells. Error bars represent the
standard deviation, n = 16. **P <0.01.
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高い細胞膜透過性 siRNAデリバリー二次構造を制御した
細胞膜透過ペプチド
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Side-chain stapling Ac6c

• グラム陽性，陰性，薬剤耐性菌
に対する有効性

• 低い溶⾎性，細胞毒性
• 酵素分解耐性
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ペプチド型LYTACの開発
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• Well-defined GalNAc orientation
• Efficient cellular uptake

Tri-GalNAc 5S Antibody conjugate
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核酸創薬研究
Ø オリゴヌクレオチドをリガンドとして利用したPROTAC開発

Ø マルチモダリティ創薬（核酸-ペプチドコンジュゲート）

デコイ型PROTAC

アプタマー型PROTAC

アンチセンス
核酸

膜透過性
ペプチド

ü 効率的な細胞内導入
ü 機能発現
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• 合成 低分子・ペプチド・核酸・コンジュゲート分子の合成，
自動合成・精製装置，コンピュータによる分子設計

• 分析

• 評価

HPLC，MS，NMR，各種分光器，ITC，FACS等

細胞培養，菌培養，遺伝子クローニング，タンパク質の
発現・精製，タンパク質・細胞を使った化合物評価
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