
モルヒネやペニシリンなどアミノ酸に由来する薬⽤天然物は数多い。本研究では申請者らが報告
した、システインからスルホンアミドを⽣成する新奇⾦属酵素 (Nat Comm 2019)、抗腫瘍アルカロ
イド⽣合成の鍵となるS-アデノシルメチニンとβ-NADとの環化反応（Nature 2021）、また、３つ
の異なるシステイン代謝 (Nat Chem 2025) を触媒する新奇PLP酵素、さらに、アルギニン (JACS
2025)、バリン (JACS 2022)、リジン (JACS 2021) の代謝酵素など、薬⽤天然物の⾻格構築を担う
⽣合成酵素を対象とした創薬科学基盤の構築をめざす。⼆次代謝酵素の中には、微妙な構造の違い
で基質や⽣成物特異性が⼤きく変化するものがあり、これが天然物の分⼦多様性を⽣み出す要因と
なる。これら酵素の潜在的触媒能⼒を活⽤することで、効率的な創薬シードの⽣産が可能になる。
これら酵素の反応機構と構造機能相関を解明、さらに触媒機能の拡張により、合成⽣物学の⾰新的
ツールとなる超天然型⽣体触媒を創製する。

研究代表者
阿部 郁朗
東京⼤学 ⼤学院薬学系研究科・教授

研究分担者
淡川 孝義
理化学研究所 環境資源科学研究センター・チームディレクター

森 貴裕
東京⼤学 ⼤学院薬学系研究科・准教授

⽜丸 理⼀郎
九州⼤学 ⾼等研究院・准教授 (稲森プログラム)
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アミノ酸代謝が鍵となる
複雑⾻格薬⽤天然物の新奇⽣合成マシナリー

令和８〜１３年度

合成⽣物学
タンパク⼯学

構造⽣物学
物理分析化学

有機化学
天然物化学

次世代天然物化学
学際的基礎研究

狙ったものを正確に作る、天然物を凌ぐ新規希少機能分⼦の⼤量安定供給の実現

学術的背景、核⼼をなす学術的「問い」
u天然物の遺伝⼦の設計図が容易に⼊⼿可能で、微⽣物を⽣産⼯場とした物質⽣産も達成された。
次のブレークスルーは「この⽣合成マシナリーを如何に活⽤するか︖」という点であり、遺伝⼦
の設計図をもとにこれに改良を加えることで、天然物を凌ぐ有⽤物質の⼤量安定供給が実現する。

u⽣合成マシナリーを活⽤する上で、酵素の理解が不可⽋である。合理的な触媒機能の拡張により、
狙ったものを正確に作るセレンディピティに頼らない⽅法論の確⽴が待たれている。

酵素（⽣体触媒）の理解
触媒機能の拡張

分⼦⽣物学・⽣化学
情報学 AI

12

⽣合成リデザイン⽣合成マシナリーを如何に活⽤するか︖
⼈⼯⽣合成マシナリーの合理的再構築 新学術領域・⽣合成リデザイン・領域代表（2016-20年）



本研究で対象とするアミノ酸代謝酵素
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uシステインから医薬品として重要なスルホンアミドの⾻格を
⽣成する多機能性新奇⾦属酵素（Nat Comm 2019）

u抗⽣物質リンコマイシンの⽣合成の鍵となる、３つの異なる
システイン代謝を触媒する新奇PLP酵素（Nat Chem 2025）

u抗腫瘍活性アルカロイド⾻格構築の鍵となる S-アデノシル
メチニンと補酵素NADとの環化反応を触媒する新奇PLP酵素
（Nature 2021, Nat Catal 2024）

uアルギニン（JACS 2025）、バリン（JACS 2022）、リジン
（JACS 2021）の代謝に関わる新奇⾮ヘム鉄酸化酵素など、
及びその関連酵素

u医薬品として重要なスルホンアミドを有する天然物は稀であり、その⽣合成に関しては未解明。
システインを基質としてスルホンアミドを⽣成する酵素はこれが最初。

uシステインから⼀挙にスルホンアミドを⽣成する新奇多機能性⾦属酵素の反応は、有機化学的に
も⼤変興味深く、メカニズムの解明と応⽤は学術的に意義がある。

u相同遺伝⼦が細菌ゲノムに広く分布することから、未開拓スルホンアミド天然物の発掘など、
創薬の観点から重要な可能性を秘めている。

uアミノ転移、脱炭酸、ラセミ化、共有結合の切断や形成など、様々な反応を触媒するPLP酵素は
注⽬を集めている。３つの異なるシステイン代謝（β-脱離、酸化的脱アミノ化、酸化的アミド
化）を触媒する新奇PLP酵素について、さらなる触媒機能の拡張と応⽤を追求する。

Nat Chem 2025, 17, 256
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システイン代謝に関わる新奇酵素
着想に⾄った経緯、研究動向と位置づけ
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多機能性新奇ニッケル酵素
X線結晶構造解析、反応機構解析、
計算化学 (DFT, MD, QMMM)

スルホンアミド抗⽣物質の鍵となる新奇⾦属酵素
反応機構、構造機能相関の解明、機能拡張

脱炭酸、S原⼦連続的酸化、NH2基転位

ホモログ遺伝⼦クラスターの最終産物の同定
スルホンアミド天然物の発掘

SbzM
X線結晶構造解析
構造機能相関

反応機構解析、計算化学（MD, QMMM）
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u酸化還元反応の補酵素β-NADを基質として⼆次代謝に関わる酵素はこれが最初。

uアミノ転移、脱炭酸、ラセミ化、共有結合の切断や形成など、様々な反応を触媒するPLP酵素は
注⽬を集めている。NADを求電⼦剤としてC–Cボンドを形成する反応は、有機化学的にも⼤変
興味深く、メカニズムの解明と応⽤は学術的に意義がある。

u相同遺伝⼦が細菌ゲノムに広く分布することから、未開拓NAD由来⽣物活性天然物の発掘など、
創薬の観点からも重要な可能性を秘めている。

b-NAD+

SAM (S-adenosylmethionine)

放線菌由来抗⽣物質
⽣合成の鍵酵素
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補酵素NAD+とSAMを基質
⼀次代謝から⼆次代謝へのスイッチ

NADとSAMの環化反応を触媒する新奇PLP酵素
着想に⾄った経緯、研究動向と位置づけ

X線結晶構造解析、Cryo-EM
反応機構解析、計算化学

NADを求電⼦剤としたキノノイド中間体の求核攻撃

Nature 2021, 600, 754
Nat Catal 2024, 7, 1099



ACCS

SAM

Malus domestica (apple) 
Capitani, J. Mol. Biol. 1999

N-terminus

superimposition

SbzP
CryoEM

ACCS
X-ray Crystal Structure

NAD+とSAMを基質 SAMを単独の基質

ACCS (1-Aminocyclopropane-1-carboxylate synthase)

NADとSAMの環化反応を触媒する新奇PLP酵素
反応機構、構造機能相関の解明、機能拡張

Aspartate Aminotransferase Superfamily PLP酵素

特徴的なN末ドメイン
NAD+の結合に重要
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植物ホルモン・エチレン⽣合成の鍵酵素

ACCSとの構造機能相関の解明と機能拡張
ヒトにも機能未知のホモログ酵素が存在する !

シクロプロピル アミノ酸

キメラ酵素︖
タンパク間相互作⽤︖
新規触媒活性︖

N-terminus

Nature 2021, 600, 754
Nat Catal 2024, 7, 1099

ホモログ遺伝⼦クラスターの最終産物の同定
NAD由来新規⽣物活性天然物の発掘

⼀次代謝から⼆次代謝へのスイッチとなる初発反応

NADとSAMの環化反応を触媒する新奇PLP酵素
未開拓NAD由来新規⽣物活性天然物の発掘

相同性遺伝⼦が微⽣物ゲノムに広く分布

SbzP NAD+とSAMを基質

Over 50 distinct orphan BGCs                

SbzP
NAD+ + SAM
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新規抗⽣物質、創薬シード化合物
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NADとSAMの環化反応を触媒する新奇PLP酵素
構造多様性の拡⼤と創薬シード化合物の創製
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改変酵素や基質アナログを⽤いた
構造多様性の拡⼤と新規⾻格の創出

⽣合成マシナリーの再設計による創薬シード化合物の創製

ADP-ribose

ADP-ribose

ADP-ribose

ADP-ribose

ADP-ribose

ADP-riboseADP-ribose

ADP-ribose

u単純な⽔酸化以外に、エポキシ化、⾻格転位、環化、ハロゲン化など、同様な活性部位を使って、
これだけ多彩な反応を触媒できるのは何故か、解明が待たれている。

u有機合成化学では困難な位置でのC–Hボンドの活性化と⽴体選択的な反応のメカニズムの解明と
応⽤は学術的に価値がある。

u⾼価な補酵素や RedOx パートナーが不要、触媒効率も⾼く、⽣体触媒としての利点が多い。

u申請者らは、合理的な酵素触媒機能の拡張、有機化学合成への応⽤にも道を拓きつつある。 10

多彩な反応を触媒する⾮ヘム鉄2OG依存性酸化酵素
着想に⾄った経緯、研究動向と位置づけ
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Nat Comm 2018, 9, 2587
Nat Comm 2021, 12, 4417

JACS 2021, 143, 18413 ACIE 2021, 60, 15827
JACS 2022, 144, 21512

JACS 2021, 143, 21425
Nat Comm 2018, 9, 104
Nat Comm 2022, 13, 95

3x O原⼦添加

通常のジオキシゲナーゼの⽔酸化反応

CO2O2 OH

O
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R H R OH+ + + +
O

HO

O O

OH

有機合成化学では困難な位置での
C-Hボンドの活性化と⽴体選択的な反応 連続的多段階酸化

３員環形成

研究代表者らの最近の研究成果
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多彩な反応を触媒する⾮ヘム鉄2OG依存性酸化酵素
反応機構、構造機能相関の解明、機能拡張

基質のC–H bondを選択的に活性化

CO2O2 OH

O
HO

O

R H R OH+ + + +
O

HO

O O

OH

同様な活性部位を使ってこれだけ多彩な反応を触媒できるのは何故か︖
ループ構造変化

JACS 2021, 143, 21425
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Nat Comm 2018, 9, 104
Nat Comm 2022, 13, 95

3x O原⼦添加
有機合成化学では困難な位置での
C-Hボンドの活性化と⽴体選択的な反応 連続的多段階酸化

３員環形成

通常のジオキシゲナーゼの⽔酸化反応

多彩な反応を触媒する⾮ヘム鉄2OG依存性酸化酵素
反応機構、構造機能相関の解明、機能拡張

シクロプロピル・アミノ酸を⽣産する新奇2OG酸化酵素の発⾒

異なる⽴体化学を厳密に
作り分けるホモログ酵素

構造を基盤とした機能拡張

反応機構解析

計算化学

12
JACS 2021, 143, 18413
JACS 2023, 145, 21966

X線結晶構造解析
反応機構解析
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The human gut bacterial genotoxin
colibactin alkylates DNA
Matthew R. Wilson*, Yindi Jiang*, Peter W. Villalta, Alessia Stornetta,
Paul D. Boudreau, Andrea Carrá, Caitlin A. Brennan, Eunyoung Chun,
Lizzie Ngo, Leona D. Samson, Bevin P. Engelward, Wendy S. Garrett,
Silvia Balbo†, Emily P. Balskus†

INTRODUCTION:Members of the human gut
microbiota have been implicated in the devel-
opment and progression of colorectal cancer
(CRC). These CRC-associated microorganisms
may influence carcinogenesis through a vari-
ety of mechanisms, including the production
of genotoxins. Colibactin is a genotoxic sec-
ondary metabolite made by organisms harbor-
ing the pks genomic island, including certain
gut commensal Escherichia coli strains (pks+

E. coli). Transient infection ofmammalian cells
with pks+ E. coli causes cell cycle arrest, DNA
double-strand breaks, and senescence. More-
over, colibactin-producing E. coli accelerate
tumor progression in multiple mouse models
of colitis-associated CRC and are overrepre-
sented in patients with familial adenomatous
polyposis and CRC. Despite colibactin’s strong
links to cancer, the active genotoxicmetabolite
has eluded all isolation attempts, limiting our
mechanistic understanding of this association.

RATIONALE: Over the past decade, multiple
complementary approaches have provided in-
direct information about colibactin’s chemical
structure. Interestingly, the isolation and struc-
tural characterization of metabolites from
mutant strains of pks+ E. coli revealed that
colibactin likely contains a cyclopropane
ring, a reactive structural motif found in
DNA alkylating natural products. This led
us and others to hypothesize that colibactin
may covalently modify DNA. To obtain infor-
mation about the active genotoxin’s chemical
structure and its mode of action, we sought to
identify and structurally characterize colibactin-
DNA adducts from human cells infected with
pks+ E. coli.

RESULTS:Using untargeted liquid chromatog-
raphy–mass spectrometry–based DNA adduc-
tomics, we compared the DNA adducts present
in mammalian cell lines transiently infected

with either pks+ E. coli or amutant strainmiss-
ing the pks genes. We discovered two adenine
adducts that were specific to the cells exposed
to pks+ E. coli. These adducts were confirmed
to be pks-associated by feeding isotopic labeled
versions of known colibactin biosynthetic pre-
cursors to the E. coli–mammalian cell system.
The pks-dependent adducts were also found
in human cells exposed to clinical colibactin-
producing E. coli isolates and in the colonic

epithelial cells of mice
monocolonized with pks+

E. coli. Chemical syn-
thesis and in vitro DNA
alkylation reactions en-
abled the preparation of
an authentic standard

of the adducts. Structural characterization
revealed a mixture of two diastereomeric
adducts that both contain a 5-hydroxypyrrolidin-
2-one ring system with an attached N3-
substituted adenine ring. These DNA adducts
are generated from ring opening of a reactive,
cyclopropane-containing electrophilic war-
head, confirming the importance of this
structural feature for colibactin’s in vivo
activity. Because these adducts are too small
to derive from the final colibactin structure,
we hypothesize that they arise from de-
composition of a larger, unstable colibactin-
DNA interstrand cross-link.Using a CometChip
assay, we detected interstrand cross-link
formation in cells infected with pks+ E. coli
at the same time point at which we iden-
tified the characterized DNA adducts, sup-
porting this proposal.

CONCLUSION:Our results provide direct evi-
dence that the gut bacterial genotoxin colibactin
alkylates DNA in vivo, providing mechanistic
insights into how colibactin may contribute
to CRC. The ability of pks+ E. coli to generate
DNA adducts in mammalian cells and in mice
strengthens support for the involvement of
colibactin in cancer development or progres-
sion. Bulky DNA adducts, especially inter-
strand cross-links, are often cytotoxic and
can lead to mutations if not accurately re-
paired. Colibactin-mediated DNA damage and
the ensuing genomic instability could thus
potentially be an underlying mediator of co-
lorectal carcinogenesis. The colibactin-derived
DNA adducts we identified could serve as a
biomarker of pks+ E. coli exposure and will
ultimately help to address the question of
whether DNA damage inflicted by colibactin-
producing gut bacteria contributes to CRC de-
velopment and progression in humans.▪
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Gut commensal E. coli strains associated with CRC produce a DNA-alkylating
genotoxin. (Top) The cyclopropane ring found in pks-dependent metabolites led us to
hypothesize that colibactin alkylates DNA. Me, methyl. (Bottom) Untargeted DNA
adductomics revealed colibactin-derived DNA adducts in human cells exposed to
colibactin-producing E. coli. These adducts also form in mice colonized with pks+ E. coli,
confirming that colibactin alkylates DNA in vivo and strengthening its link to cancer.
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The human gut bacterial genotoxin
colibactin alkylates DNA
Matthew R. Wilson*, Yindi Jiang*, Peter W. Villalta, Alessia Stornetta,
Paul D. Boudreau, Andrea Carrá, Caitlin A. Brennan, Eunyoung Chun,
Lizzie Ngo, Leona D. Samson, Bevin P. Engelward, Wendy S. Garrett,
Silvia Balbo†, Emily P. Balskus†

INTRODUCTION:Members of the human gut
microbiota have been implicated in the devel-
opment and progression of colorectal cancer
(CRC). These CRC-associated microorganisms
may influence carcinogenesis through a vari-
ety of mechanisms, including the production
of genotoxins. Colibactin is a genotoxic sec-
ondary metabolite made by organisms harbor-
ing the pks genomic island, including certain
gut commensal Escherichia coli strains (pks+

E. coli). Transient infection ofmammalian cells
with pks+ E. coli causes cell cycle arrest, DNA
double-strand breaks, and senescence. More-
over, colibactin-producing E. coli accelerate
tumor progression in multiple mouse models
of colitis-associated CRC and are overrepre-
sented in patients with familial adenomatous
polyposis and CRC. Despite colibactin’s strong
links to cancer, the active genotoxicmetabolite
has eluded all isolation attempts, limiting our
mechanistic understanding of this association.

RATIONALE: Over the past decade, multiple
complementary approaches have provided in-
direct information about colibactin’s chemical
structure. Interestingly, the isolation and struc-
tural characterization of metabolites from
mutant strains of pks+ E. coli revealed that
colibactin likely contains a cyclopropane
ring, a reactive structural motif found in
DNA alkylating natural products. This led
us and others to hypothesize that colibactin
may covalently modify DNA. To obtain infor-
mation about the active genotoxin’s chemical
structure and its mode of action, we sought to
identify and structurally characterize colibactin-
DNA adducts from human cells infected with
pks+ E. coli.

RESULTS:Using untargeted liquid chromatog-
raphy–mass spectrometry–based DNA adduc-
tomics, we compared the DNA adducts present
in mammalian cell lines transiently infected

with either pks+ E. coli or amutant strainmiss-
ing the pks genes. We discovered two adenine
adducts that were specific to the cells exposed
to pks+ E. coli. These adducts were confirmed
to be pks-associated by feeding isotopic labeled
versions of known colibactin biosynthetic pre-
cursors to the E. coli–mammalian cell system.
The pks-dependent adducts were also found
in human cells exposed to clinical colibactin-
producing E. coli isolates and in the colonic

epithelial cells of mice
monocolonized with pks+

E. coli. Chemical syn-
thesis and in vitro DNA
alkylation reactions en-
abled the preparation of
an authentic standard

of the adducts. Structural characterization
revealed a mixture of two diastereomeric
adducts that both contain a 5-hydroxypyrrolidin-
2-one ring system with an attached N3-
substituted adenine ring. These DNA adducts
are generated from ring opening of a reactive,
cyclopropane-containing electrophilic war-
head, confirming the importance of this
structural feature for colibactin’s in vivo
activity. Because these adducts are too small
to derive from the final colibactin structure,
we hypothesize that they arise from de-
composition of a larger, unstable colibactin-
DNA interstrand cross-link.Using a CometChip
assay, we detected interstrand cross-link
formation in cells infected with pks+ E. coli
at the same time point at which we iden-
tified the characterized DNA adducts, sup-
porting this proposal.

CONCLUSION:Our results provide direct evi-
dence that the gut bacterial genotoxin colibactin
alkylates DNA in vivo, providing mechanistic
insights into how colibactin may contribute
to CRC. The ability of pks+ E. coli to generate
DNA adducts in mammalian cells and in mice
strengthens support for the involvement of
colibactin in cancer development or progres-
sion. Bulky DNA adducts, especially inter-
strand cross-links, are often cytotoxic and
can lead to mutations if not accurately re-
paired. Colibactin-mediated DNA damage and
the ensuing genomic instability could thus
potentially be an underlying mediator of co-
lorectal carcinogenesis. The colibactin-derived
DNA adducts we identified could serve as a
biomarker of pks+ E. coli exposure and will
ultimately help to address the question of
whether DNA damage inflicted by colibactin-
producing gut bacteria contributes to CRC de-
velopment and progression in humans.▪
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Gut commensal E. coli strains associated with CRC produce a DNA-alkylating
genotoxin. (Top) The cyclopropane ring found in pks-dependent metabolites led us to
hypothesize that colibactin alkylates DNA. Me, methyl. (Bottom) Untargeted DNA
adductomics revealed colibactin-derived DNA adducts in human cells exposed to
colibactin-producing E. coli. These adducts also form in mice colonized with pks+ E. coli,
confirming that colibactin alkylates DNA in vivo and strengthening its link to cancer.
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Library size
The number variants that are 
subjected to screening and 
selection. Library sizes are 
limited by molecular cloning 
protocols and/or by host 
transformation efficiency.

Focused mutagenesis
A strategy of diversification 
that introduces mutations at 
DNA regions expected to 
influence protein activity.

Random mutagenesis
A strategy of diversification 
that introduces mutations in an 
unbiased manner throughout 
the entire gene.

Mutational spectrum
The frequency of each specific 
type of transition and 
transversion. The evenness of 
this spectrum allows more 
thorough sampling of sequence 
space.

Transformation
The process by which a cell 
directly acquires a foreign  
DNA molecule. A number of 
protocols allow high-efficiency 
transformation of 
microorganisms through 
treatments with ionic buffers, 
heat shock or electroporation.

Neutral drift
A process that occurs in the 
presence of a purifying 
selection pressure to eliminate 
deleterious mutations. This is 
in contrast to genetic drift, a 
process by which mutations 
fluctuate in frequency in the 
absence of selection pressure.

Researchers can use focused mutagenesis to maxi-
mize the likelihood that a library contains improved 
variants, provided that amino acid positions that are 
likely determinants of the desired function are known. 
In the absence of plausible structure–function relation-
ships, random mutagenesis can provide a greater chance 
of accessing functional library members than focus-
ing library diversity on incorrectly chosen residues 
that, when mutated, do not confer desired activities. 
Researchers have developed an extensive range of meth-
ods to perform both forms of gene diversification, and 
the most successful strategies often integrate random 
and focused mutagenesis.

Random mutagenesis. Traditional genetic screens 
use chemical and physical agents to randomly dam-
age DNA. These agents include alkylating compounds 
such as ethyl methanesulfonate (EMS)11, deaminat-
ing compounds such as nitrous acid12, base analogues 
such as 2-aminopurine13, and ultraviolet irradiation14. 
Chemical mutagenesis is sufficient to deactivate genes 
at random for a genome-wide screen but is less com-
monly used for directed evolution because of biases in 
mutational spectrum11,12.

Non-chemical methods to randomly mutate genes 
frequently enhance the rate of errors during DNA rep-
lication. In Escherichia coli, DNA replication by DNA 
polymerase III introduces mutations at a rate of 10−10 
mutations per replicated base15. This rate is increased 
in mutator strains containing deactivated proofread-
ing and repair enzymes, mutS, mutT and mutD15–17. 
Transformation of the XL1-red strain with a plasmid bear-
ing the evolving gene yields mutations at a rate of 10−6 
per base per generation16. Unfortunately, these strains 

not only mutate the library member but also induce del-
eterious mutations in the host genome. Host intolerance 
to a high degree of genomic mutation places an upper 
limit on in vivo mutagenesis rates. To avoid this con-
straint, C. C. Liu and co-workers18 developed orthogonal 
in vivo DNA replication machinery that only mutates 
target DNA. This method co-opts naturally occurring 
Kluyveromyces lactis linear plasmids pGKL1/2 and their 
specialized TP-DNA polymerases. Because this plasmid 
is exclusively cytoplasmic, the TP-DNA polymerase 
exerts no mutational load on the host genome within 
the nucleus of Saccharomyces cerevisiae.

The relatively low mutation rates and the lack of con-
trol offered by most previously described in vivo random 
mutagenesis protocols have led to a strong preference 
towards in vitro random mutagenesis strategies. In 
error-prone PCR (epPCR), first described by Goeddel 
and co-workers19, the low fidelity of DNA polymerases 
under certain conditions generates point mutations dur-
ing PCR amplification of a gene of interest. Increased 
magnesium concentrations, supplementation with man-
ganese or the use of mutagenic dNTP analogues20 can 
reduce the base-pairing fidelity and increase mutation 
rates to 10−4~10−3 per replicated base21. Because muta-
tions during PCR accumulate with each cycle of ampli-
fication, it is possible to increase the average number of 
mutations per clone by increasing the number of cycles.

One application of epPCR is to generate neutral drift 
libraries. Before directed evolution experiments are 
carried out, a target gene is mutagenized by epPCR 
and fused to a GFP reporter, and the variants are then 
screened for proper protein expression22. After multi-
ple rounds of mutagenesis and screening, the resulting 
neutral drift library exhibits sequence diversity that does 

Figure 1 | Key steps in the cycle of directed evolution.  a | The process of directed evolution in the laboratory mimics 
that of biological evolution. A diverse library of genes is translated into a corresponding library of gene products and 
screened or selected for functional variants in a manner that maintains the correspondence between genotype (genes) 
and phenotype (gene products and their functions). These functional genes are replicated and serve as starting points for 
subsequent rounds of diversification and screening or selection. b | Although the mutational space is multidimensional,  
it is conceptually helpful to visualize directed evolution as a series of steps within a three­dimensional fitness landscape. 
Library generation samples the proximal surface of the landscape, and screening or selection identifies the genetic means 
to ‘climb’ towards fitness peaks. Directed evolution can arrive at absolute maximum activity levels but can also become 
trapped at local fitness maxima in which library diversification is insufficient to cross ‘fitness valleys’ and access 
neighbouring fitness peaks.
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ハロゲン化、アジド化、ニトロ化、シアノ化など、新たな触媒機能の賦与

進化分⼦⼯学による最適化

スクリーニング

多彩な反応を触媒する⾮ヘム鉄2OG依存性酸化酵素
超天然型新規⽣体触媒の創製
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活性中⼼残基への変異導⼊により
アジド化の機能を新たに獲得

本研究の学術的独⾃性と創造性
u 従来の有機合成によるプロセスに⽐べクリーンかつ経済的な新しい技術基盤として期待でき、
医薬品のみならず、エネルギー、新規素材の⽣産技術の⾰新に直結。

u 本研究の特徴は、有機化学を基盤としながら、⽣化学、分⼦⽣物学、構造⽣物学、計算化学に
⾄るまで、研究⼿法は多岐にわたり多領域の学問分野の⽅法論を巧みに応⽤。

u ⼈⼯⽣合成マシナリーの合理的な再構築により、狙ったものを正確に作る、セレンディピティ
に頼らない⽅法論を確⽴できればインパクトは計り知れない。

14

⽣合成リデザイン⽣合成マシナリーを如何に活⽤するか︖
⼈⼯⽣合成マシナリーの合理的再構築

合成⽣物学
タンパク⼯学

構造⽣物学
物理分析化学

有機化学
天然物化学

次世代天然物化学
学際的基礎研究

狙ったものを正確に作る、天然物を凌ぐ新規希少機能分⼦の⼤量安定供給の実現
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