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研究成果の概要（和文）：ペプチド性天然物には、修飾型の主鎖骨格が多く見受けられる。これら特徴的な主鎖
骨格は、ペプチド性天然物が強い生理活性を示す上で重要な構造モチーフであり、主鎖修飾型のペプチドは天然
物としてだけでなく、人工の生物活性分子候補としても利用価値が高いと言える。本研究では、様々な人工アゾ
リンペプチドの合成が可能な、試験管内人工生合成系（FIT-PatD）を確立した。さらに、化学的な修飾反応を組
み合わせることで、より多彩な主鎖骨格を有するペプチドの生産も実現した。

研究成果の概要（英文）：Peptidic natural products often consist of not only simple amide bonds but 
also modified backbones. Since such unique backbones are important structural motifs that contribute
 to diverse bioactivities, peptides with modified backbones can also be attractive candidates for 
artificial bioactive peptides. This research program  devised an in vitro biosynthesis system 
referred to as FIT-PatD system by the integration of an engineered cell-free translation system with
 a posttranslational cyclodehydratase, enabling “one-pot” synthesis of a wide variety of 
azoline-containing peptide derivatives expressed from synthetic DNA templates. Moreover, we have 
demonstrated in vitro biosynthesis of peptides with various backbone structures by combination of 
the FIT-PatD system and chemical modifications. These results offer the potentials for the 
production of a wide collection of backbone-modified peptides and may facilitate the discovery of “
peudo-natural” bioactive peptides.

研究分野： ケミカルバイオロジー
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１．研究開始当初の背景 
 近年の化学合成法や試験管内翻訳合成系の
発達により、簡便に望みの配列のペプチドを
合成することが可能になってきている。しか
しながら、強い生物活性を誇る天然物には、
主鎖がアミド結合だけではなく、アゾリン骨
格などのヘテロ環を始めとした主鎖骨格修飾
を含むペプチドが多く存在しており（図 1）、
これら及びその誘導体の合成には技術的な困
難を伴うことが依然として多い。もしこうい
った生物活性分子として高いポテンシャルを
有する化合物群を自在にかつ簡便に合成でき
れば、天然物を模した人工生物活性分子の創
製の道が拓ける。 

  
図 1	 天然物に見られる主鎖骨格修飾を含
むペプチドの例 
 
２．研究の目的 
 本研究課題では、人工天然物の創製に資す
る試験管内人工生合成系を開発することを目
指した。具体的には、強い生物活性の発揮に
重要と期待される複数の主鎖修飾型ペプチド
を簡便に生産できる試験管内人工生合成系を
それぞれ確立することが目標である。 

 
図2 PatDによる翻訳後修飾と化学的酸化反
応を組み合わせたチアゾール環含有ペプチド
の試験管内人工生合成 
 
 
３．研究の方法 
 本研究では、後藤らがこれまでに開発して
きた改変翻訳系・高い基質許容性を持つペプ
チド修飾酵素（PatD）・水中で進行する有機化
学的骨格変換反応、の三者を組み合わせるこ
とで、試験管内人工生合成系を構築した。こ
れにより、三段階の骨格形成/骨格変換ステッ
プ［①遺伝暗号リプログラミング法を用いた

非タンパク質性アミノ酸を含むペプチド鎖の
形成・②ペプチド中のアミド結合を脱水ヘテ
ロ環化する汎用修飾酵素（PatD 酵素）による
骨格変換・③水中で進行する有機化学反応に
よる非酵素的な骨格変換］を経て、目的の天
然物様主鎖修飾ペプチドが DNA を鋳型とし
て生産される（図 2）。この生合成系と有機合
成の長所を融合する戦略により、多彩な主鎖
修飾ペプチドの合成を行った。 
 
４．研究成果 
 本課題の研究成果の一つとして、主鎖ヘテ
ロ環骨格の一つであるチアゾール環を有する
ペプチドの試験管内人工生合成系を確立した
（図 3）。ペプチド主鎖骨格中のチアゾール構
造は生物活性を示す天然物に広く見られる構
造であり、チアゾール含有ペプチドを簡便に
合成する技術の開発は、優れた新規生物活性
ペプチド創出への応用が期待される。モデル
実験において、脱水複素環化酵素 PatD によ
り連続するチアゾリン構造がペプチドに導入
される際、副産物としてチアゾール-チアゾリ
ン構造が形成することを見出し、この副反応
を積極的に利用することでチアゾール含有ペ
プチドの合成を行うことを着想した。実際に
脱水複素環化酵素 PatD による酵素修飾の後
に、化学的に酸化反応を行うことで、チアゾ
ール-チアゾリン構造が得られることが分か
った。加えて、遺伝暗号リプログラミング法
を用いて位置特異的な重水素ラベル化を行う
ことで、酸化反応によるチアゾール構造の形
成が位置特異的に進行することが明らかとな
った。本研究により確立された酸化反応は
種々のペプチド配列に適用可能であることも
示され、汎用的なチアゾール含有ペプチドの
試験管内人工合成法が確立された。また、人
工アミノ酸であるβ-ハロトレオニンを遺伝
暗号のリプログラミング法にてペプチド鎖に
導入後、PatD によるオキサゾリン化・化学的
な脱ハロゲン化水素と異性化反応を経ること
で、オキサゾール含有ペプチドを合成できる
試験管内人工合成法も報告している。 

 
図3 PatDによる翻訳後修飾と化学的酸化反
応を組み合わせたチアゾール環含有ペプチド
の試験管内人工生合成 
 
 さらに、主鎖骨格にチアゾリジン構造及び
還元型アミド結合（Ψ[CH2NH]結合）をもつ
ペプチドの試験管内人工生合成系も開発した
（図 4）。チアゾリジン構造は生物活性を示す
ペプチド性天然物に見られる構造であるが、
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Figure 3.1 Examples of peptidic natural products with backbone azolidine moieties. 

 

 

 Although thiazolidine-containing peptides would be good candidates for the development 

of novel bioactive peptides, to the best of my knowledge, no post-translational reductase involved in 

RiPPs mediated biosynthetic pathways was reported, making it hard to approach in vitro synthesis of 

azolidine-containing peptides just by reconstitution of biosynthetic enzymes. Based on the previous 

study described in chapter 2, in which integration of enzymatic and chemical modification reactions 

enabled the synthesis of thiazole-containing peptides, it was envisioned that the approach integrating 

chemical and enzymatic modification reactions would also be applied for in vitro synthesis of 

thiazolidine-containing peptides (Figure 3.2).  

 In the present study, in order to expand structural diversity, which is accessible by in vitro 

translation and subsequent post-translational modification reactions, a cell-free translation system, 

post-translational cyclodehydratase, and chemical reduction by sodium cyanoborohydride were 

combined to achieve in vitro synthesis of thiazolidine-containing peptides. 

 

 

 

Figure 3.2 Schematic illustration of the concept of in vitro synthesis of thiazoldine-containing 
peptides by the integration of enzymatic and chemical post-translational modification reactions 
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Figure 1.3 Examples of ribosomally synthesized and post-translationally modified peptides (RiPPs). 
Azolines, azoles and other non-standard structures are shown in blue, red and orange, respectively. In 
the structure of polytheonamide, amino acid residues with D-configuration are labeled with asterisk 
(*). 
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Figure 2.5 Chemical oxidation of one of two consecutive thiazolines in peptidic backbone (A) DNA 
sequence and the corresponding model peptide used in this experiment. The consecutive cysteine 
residues to be modified by the cyclodehydratase PatD are underlined. N-terminal AcF stands for 
N-acetyl phenylalanine, which is incorporated into the model peptide instead of methionine in order 
to prevent side oxidation at thioether of methionine. (B) Reaction scheme of the in vitro synthesis of 
thiazole-containing peptides. After translation, cyclodehydration, and the oxidation reaction by 
hydrogen peroxide, the resulting peptide was treated in acidic conditions to clearly distinguish 
oxidized and unoxidized products as described previously. After the incubation in each condition, the 
resulting peptides were analyzed by MALDI-TOF-MS. (C-F) MALDI-TOF-MS spectra of reaction 
products, (C) translation product, (D) cyclodehydration product by PatD, (E) oxidation product by 
hydrogen peroxide and (F) acid-mediated-hyrolysis product. In all the spectra, monoisotopic peaks 
are labeled with asterisk (*). 
 

 

 As a control experiment, the same modification procedure was applied on the peptide 

containing two separated cysteines as well as N-terminal AcPhe. A model template DNA was 

incubated with the customized translation mixture and further incubated with the cyclodehydratase 

PatD, hydrogen peroxide, and TFA. The resulting peptides of each step were analyzed by 

MALDI-TOF-MS analysis (Figure 2.6). The incubation with hydrogen peroxide did not provide a 
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 Based on these results, proposed mechanism for the formation of Ψ[CH2NH] is shown in 

Figure 3.6. The cyclodehydration by PatD coupled with translation installed thiazoline moiety (2) 

derived from cysteine residue (1) into the model peptide. The resulting thiazoline (2) was reduced by 

sodium cyanoborohydride yielding thiazolidine moiety (3), which is further reduced by sodium 

cyanoborohydride after tautomerization into imine intermediate (4) yielding the Ψ[CH2NH] structure 

(5). 

 

 

 

Figure 3.6 Proposed mechanism for the formation of Ψ[CH2NH] structure from enzymatically 
expressed thiazoline-containing peptides. 

 

 

Model reactions for the formation of Ψ[CH2NH]-containing peptides 

 In order to test this hypothesis, next model compounds were synthesized and used for 

model reactions (Figure 3.7). First, a model compound (1) was incubated with sodium 

cyanoborohydride in deuterated buffer and the reaction mixture was monitored by 1H-NMR. 
1H-NMR spectrum suggested the formation of Ψ[CH2NH], which was also confirmed by 

HR-ESI-MS. Since, in the model reaction, the formation of intermediates, thiazolidine or imine 

intermediates were not clearly observed, a model compound (2) was also synthesized and incubated 

in the same reaction conditions and monitored by 1H-NMR. 1H-NMR spectrum as well as 

HR-ESI-MS confirmed the formation of Ψ[CH2NH] structure (3), supporting the proposed 

mechanism of the two-step reduction by sodium cyanoborohydride for Ψ[CH2NH] structure 

formation starting from thiazoline via thiazolidine (Figure 3.6). [See supporting results, including 

control experiments and model reactions using sodium cyanoborodeuteride (NaBD3CN)]. 
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様々な基質を許容し、任意の配列に対してチ
アゾリジン構造を導入できるような翻訳後修
飾酵素はこれまでに報告されていない。そこ
で、PatD 酵素反応によるチアゾリン環構築と、
化学的な還元反応を組み合わせたアプローチ
をとることでチアゾリジン含有ペプチドの試
験管内合成が可能になるのではないかと着想
した。モデル実験において、脱水複素環化酵
素 PatD によりチアゾリン構造をペプチドに
導入し、これを化学的に還元することで、目
的の還元反応に相当する分子量変化を観測し、
チアゾリジン含有ペプチドの合成を確認した。
また、当初想定していなかった成果として、
特定の反応条件下ではチアゾリジンがさらに
還元されて還元型アミド結合が生成すること
も見出した。新たに見出したこの骨格変換反
応では、小分子を用いたモデル実験により詳
細に確認することで、チアゾリジン部分に発
生したイミンが還元される経路でΨ[CH2NH]
結合が発生していることを提唱した。この還
元反応は種々のペプチド配列に適用可能であ
り、既知のラジカル的な脱硫反応を組み合わ
せることでさらに多様なペプチド配列をもつ
Ψ[CH2NH]含有ペプチドを合成できることが
示された。 

 
図 4 チアゾリジン構造及び還元型アミド結
合（Ψ[CH2NH]結合）をもつペプチドの試験
管内人工生合成 
 
 以上の通り、本研究では、改変翻訳系と
PatD による酵素的な脱水複素環化反応と化
学的な反応を組み合わせることにより主鎖骨
格修飾ペプチドを試験管内で簡便に合成する
技術を確立したものである。これらの手法は
ペプチド翻訳後修飾反応による構造多様性を
拡張したものであり、既存の進化分子工学的
手法と組み合わせることで天然物を模した人
工生物活性分子の創出に寄与するものと期待
できる。 
 
５．主な発表論文等 
（研究代表者、研究分担者及び連携研究者に
は下線） 
 
〔雑誌論文〕（計 14 件） 
(1) Iwane, Y.; Katoh, T.; Goto, Y.; Suga, 

H. Artificial Division of Codon Boxes 
for Expansion of the Amino Acid 
Repertoire of Ribosomal Polypeptide 
Synthesis, Methods Mol. Biol. 2018, 
1728, 17. 査読有り 

DOI:10.1007/978-1-4939-7574-7_2 
(2) Goto, Y. Elaboration of Pseudo-natural 

Products Using Artificial In Vitro 
Biosynthesis Systems, Yakugaku 
zasshi 2018, 138, 55. 査読有り 
DOI: 10.1248/yakushi.17-00186-3 

(3) Sakurai, Y.; Mizumura, W.; Murata, M.; 
Hada, T.; Yamamoto, S.; Ito, K.; 
Iwasaki, K.; Katoh, T.; Goto, Y.; 
Takagi, A.; Kohara, M.; Suga, H.; 
Harashima, H. Efficient siRNA 
Delivery by Lipid Nanoparticles 
Modified with a Nonstandard 
Macrocyclic Peptide for EpCAM-
Targeting, Mol. Pharm. 2017, 14, 3290. 
査読有り 
DOI:10.1021/acs.molpharmaceut.7b00362 

(4) Ozaki, T.; Yamashita, K.; Goto, Y.; 
Shimomura, M.; Hayashi, S.; Asamizu, 
S.; Sugai, Y.; Ikeda, H.; Suga, H.; 
Onaka, H. Dissection of goadsporin 
biosynthesis by in vitro reconstitution 
leading to designer analogues 
expressed in vivo, Nat. Commun. 2017, 
8, 14207. 査読有り 
DOI: 10.1038/ncomms14207 

(5) Kawamura, A.; Munzel, M.; Kojima, T.; 
Yapp, C.; Bhushan, B.; Goto, Y.; 
Tumber, A.; Katoh, T.; King, O. N.; 
Passioura, T.; Walport, L. J.; Hatch, S. 
B.; Madden, S.; Muller, S.; Brennan, P. 
E.; Chowdhury, R.; Hopkinson, R. J.; 
Suga, H.; Schofield, C. J. Highly 
selective inhibition of histone 
demethylases by de novo macrocyclic 
peptides, Nat. Commun. 2017, 8, 
14773. 査読有り 
DOI:10.1038/ncomms14773 

(6) Danhart, E. M.; Bakhtina, M.; Cantara, 
W. A.; Kuzmishin, A. B.; Ma, X.; 
Sanford, B. L.; Kosutic, M.; Goto, Y.; 
Suga, H.; Nakanishi, K.; Micura, R.; 
Foster, M. P.; Musier-Forsyth, K. 
Conformational and chemical 
selection by a trans-acting editing 
domain, Proc. Natl. Acad. Sci. USA 
2017, 114, E6774. 査読有り 
DOI:10.1073/pnas.1703925114 

(7) Bacusmo, J. M.; Kuzmishin, A. B.; 
Cantara, W. A.; Goto, Y.; Suga, H.; 
Musier-Forsyth, K. Quality control by 
trans-editing factor prevents global 
mistranslation of non-protein amino 
acid alpha-aminobutyrate, RNA Biol 
2017, 1. 査読有り 
DOI: 10.1080/15476286.2017.1353846 

(8) Iwane, Y.; Hitomi, A.; Murakami, H.; 
Katoh, T.; Goto, Y.; Suga, H. 
Expanding the amino acid repertoire 
of ribosomal polypeptide synthesis via 

 

 36 
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hydrogen peroxide, the resulting peptide was treated in acidic conditions to clearly distinguish 
oxidized and unoxidized products as described previously. After the incubation in each condition, the 
resulting peptides were analyzed by MALDI-TOF-MS. (C-F) MALDI-TOF-MS spectra of reaction 
products, (C) translation product, (D) cyclodehydration product by PatD, (E) oxidation product by 
hydrogen peroxide and (F) acid-mediated-hyrolysis product. In all the spectra, monoisotopic peaks 
are labeled with asterisk (*). 
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MALDI-TOF-MS analysis (Figure 2.6). The incubation with hydrogen peroxide did not provide a 

 

 36 

 
 

Figure 2.5 Chemical oxidation of one of two consecutive thiazolines in peptidic backbone (A) DNA 
sequence and the corresponding model peptide used in this experiment. The consecutive cysteine 
residues to be modified by the cyclodehydratase PatD are underlined. N-terminal AcF stands for 
N-acetyl phenylalanine, which is incorporated into the model peptide instead of methionine in order 
to prevent side oxidation at thioether of methionine. (B) Reaction scheme of the in vitro synthesis of 
thiazole-containing peptides. After translation, cyclodehydration, and the oxidation reaction by 
hydrogen peroxide, the resulting peptide was treated in acidic conditions to clearly distinguish 
oxidized and unoxidized products as described previously. After the incubation in each condition, the 
resulting peptides were analyzed by MALDI-TOF-MS. (C-F) MALDI-TOF-MS spectra of reaction 
products, (C) translation product, (D) cyclodehydration product by PatD, (E) oxidation product by 
hydrogen peroxide and (F) acid-mediated-hyrolysis product. In all the spectra, monoisotopic peaks 
are labeled with asterisk (*). 
 

 

 As a control experiment, the same modification procedure was applied on the peptide 

containing two separated cysteines as well as N-terminal AcPhe. A model template DNA was 

incubated with the customized translation mixture and further incubated with the cyclodehydratase 

PatD, hydrogen peroxide, and TFA. The resulting peptides of each step were analyzed by 

MALDI-TOF-MS analysis (Figure 2.6). The incubation with hydrogen peroxide did not provide a 

 

 72 

 Based on these results, proposed mechanism for the formation of Ψ[CH2NH] is shown in 

Figure 3.6. The cyclodehydration by PatD coupled with translation installed thiazoline moiety (2) 

derived from cysteine residue (1) into the model peptide. The resulting thiazoline (2) was reduced by 

sodium cyanoborohydride yielding thiazolidine moiety (3), which is further reduced by sodium 

cyanoborohydride after tautomerization into imine intermediate (4) yielding the Ψ[CH2NH] structure 

(5). 

 

 

 

Figure 3.6 Proposed mechanism for the formation of Ψ[CH2NH] structure from enzymatically 
expressed thiazoline-containing peptides. 

 

 

Model reactions for the formation of Ψ[CH2NH]-containing peptides 

 In order to test this hypothesis, next model compounds were synthesized and used for 

model reactions (Figure 3.7). First, a model compound (1) was incubated with sodium 

cyanoborohydride in deuterated buffer and the reaction mixture was monitored by 1H-NMR. 
1H-NMR spectrum suggested the formation of Ψ[CH2NH], which was also confirmed by 

HR-ESI-MS. Since, in the model reaction, the formation of intermediates, thiazolidine or imine 

intermediates were not clearly observed, a model compound (2) was also synthesized and incubated 

in the same reaction conditions and monitored by 1H-NMR. 1H-NMR spectrum as well as 

HR-ESI-MS confirmed the formation of Ψ[CH2NH] structure (3), supporting the proposed 

mechanism of the two-step reduction by sodium cyanoborohydride for Ψ[CH2NH] structure 

formation starting from thiazoline via thiazolidine (Figure 3.6). [See supporting results, including 

control experiments and model reactions using sodium cyanoborodeuteride (NaBD3CN)]. 
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Figure 3.1 Examples of peptidic natural products with backbone azolidine moieties. 

 

 

 Although thiazolidine-containing peptides would be good candidates for the development 

of novel bioactive peptides, to the best of my knowledge, no post-translational reductase involved in 

RiPPs mediated biosynthetic pathways was reported, making it hard to approach in vitro synthesis of 

azolidine-containing peptides just by reconstitution of biosynthetic enzymes. Based on the previous 

study described in chapter 2, in which integration of enzymatic and chemical modification reactions 

enabled the synthesis of thiazole-containing peptides, it was envisioned that the approach integrating 

chemical and enzymatic modification reactions would also be applied for in vitro synthesis of 

thiazolidine-containing peptides (Figure 3.2).  

 In the present study, in order to expand structural diversity, which is accessible by in vitro 

translation and subsequent post-translational modification reactions, a cell-free translation system, 

post-translational cyclodehydratase, and chemical reduction by sodium cyanoborohydride were 

combined to achieve in vitro synthesis of thiazolidine-containing peptides. 

 

 

 

Figure 3.2 Schematic illustration of the concept of in vitro synthesis of thiazoldine-containing 
peptides by the integration of enzymatic and chemical post-translational modification reactions 
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