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1. Introduction 

Living organisms accomplish a wide range of ma-
terial transformations under mild conditions by utiliz-
ing enzymes as highly efficient biological catalysts. In 
contrast, conventional industrial processes often rely 
on high temperatures, high pressures, or metal cata-
lysts, requiring substantial energy input and resource 
consumption. Biological systems therefore represent 
an attractive model of “high efficiency with low en-
ergy cost.” In addition, while industrial systems de-
pend heavily on finite resources such as fossil fuels 
and generate significant waste, living systems achieve 
sustainable energy utilization by harnessing sunlight, 
recycling organic and inorganic materials, and operat-
ing within closed metabolic cycles. These systems not 
only minimize environmental burden but also main-
tain continuous resource circulation. Another distin-
guishing feature of biological energy utilization is its 
integration with information processing. Metabolic 
pathways are dynamically regulated in response to en-
vironmental and cellular conditions, enabling adaptive 
control over growth, differentiation, and stress re-
sponses. This level of flexibility and coordination re-
mains difficult to reproduce in artificial systems. 

Our laboratory aims to understand and reconstruct 
these unique features of biological systems—namely, 
energy-efficient catalysis, sustainable resource utiliza-
tion, circular processes, and adaptive regulation—
through chemical approaches. By doing so, we seek to 
establish new design principles for next-generation 
energy and material transformation systems. 

The following are the major research achieve-
ments in the FY 2025.  

2. Enzyme cascade reactions encapsulated in a lip-
osome compartment with size-limited molecular 
transport 

Cellular metabolic pathways face challenges such 
as slow turnover, loss of intermediates, and undesired 
side reactions. To overcome these limitations, cells 
compartmentalize enzymes within organelles, creat-
ing specialized microenvironments that enhance cas-
cade efficiency through increased local concentrations, 
selective permeability, and substrate channelling. In-
spired by this strategy, we previously developed a lip-
osomal compartment incorporating a DNA origami 

wireframe skeleton and the membrane transporter 
OmpF, enabling selective molecular transport (Chem. 
– Eur. J., 2023, 29, e202302093; ChemBioChem, 2025, 
26, e202401041). 

In this study, we applied this platform to construct 
a two-step xylose cascade system consisting of xylose 
reductase and xylitol dehydrogenase. While small 
molecules such as substrates and intermediates diffuse 
through OmpF, essential cofactors remain confined 
within the compartment. Using this well-defined sys-
tem, we aim to quantitatively evaluate how compart-
mentalization and enzyme spatial organization influ-
ence cascade reaction efficiency, addressing a key 
challenge in the design of synthetic metabolic systems.  

 
 
Fig. 1 Liposome-coated DNA origami compart-
ments encapsulating defined cascade enzymes 
and cofactors enhance reaction efficiency under 
low cofactor conditions. The benefit diminishes at 
higher NADH levels, highlighting the roles of in-
termediate diffusion and enzyme spatial organi-
zation in confined environments.  
 

3. Construction of a CO2-Fixing Compartment Us-
ing a Shape-Transforming DNA Scaffold 

A shape-transformable 3D DNA nanoscaffold 
was developed to mimic the confined environment of 
carboxysomes for CO₂ fixation. The scaffold switches 
between open and closed states, enabling comparison 
of identical RuBisCO populations under different spa-
tial conditions. RuBisCO was site-specifically immo-
bilized via a CLIP-GCN4 adaptor, and structural trans-
formation was confirmed by FRET analysis. In the 
closed state, enzymes are brought into close proximity 
to mimic natural confinement. Comparative analysis 
showed similar CO₂-fixation activity in both states. 
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This system provides a versatile platform to study the 
effects of enzyme number, proximity, and nanoscale 
confinement on metabolic efficiency. 

 

 
Fig. 2 A shape-transforming DNA scaffold en-
capsulates RuBisCO within a controllable, self-
contacting compartment that mimics the car-
boxysome. 
 

4. Single-Molecule Kinetic Exploration of Func-
tional Substates in an Evolving Phosphotriesterase 

Enzymes achieve catalysis by dynamically sam-
pling diverse conformational states. Beyond this plas-
ticity, individual enzyme molecules occupy metasta-
ble substates, forming an ensemble of functional sub-
states within a population. Since shifts in functional 
substate dynamics drive phenotypic variation, their 
evolutionary trajectories are central to the emergence 
of new functions. However, the challenge of measur-
ing functional substates has hindered our understand-
ing of their role in enzyme evolution and the optimi-
zation of conformational substates. Here, we address 
this gap by investigating how functional and confor-
mational substates are modulated during enzyme func-
tional transitions, using single-molecule kinetic assays 
and molecular dynamics simulations. We analyzed 
wild-type phosphotriesterase (PTE) and 18 evolved 
variants that transitioned from the native PTE to pro-
miscuous arylesterase (AE) activity. Our findings re-
veal that evolutionary transitions reshape functional 
and conformational substate landscapes: PTE-special-
ized variants exhibit broader substate distributions, 
whereas AE-specialized variants display more uni-
form substates. These results provide the first direct 
evidence that enzyme evolution is accompanied by co-
ordinated shifts in functional and conformational sub-
state equilibria, optimizing catalytic efficiency. This 
work highlights the power of single-molecule tech-
niques in uncovering how heterogeneous enzyme pop-
ulations navigate substate transitions and ultimately 
shape enzyme evolvability.  

In this study, we provided the probes that enable 
the direct measurement of individual enzymatic func-
tions, thereby facilitating the evaluation of enzyme 
evolutionary processes and supporting the outcomes 
of this research. 
 

 
Fig. 2 Schematic illustration of the microreactor 
array platform for single-molecule enzyme analy-
sis. Individual microreactors confine phos-
photriesterase (PTE) molecules together with flu-
orogenic substrates, enabling compartmental-
ized reactions. Enzymatic hydrolysis produces 
the fluorescent product resorufin, allowing direct 
monitoring of catalytic activity within each micro-
reactor. 
 
 

The presented works were supported in part by the 
Grants-in-Aid for Scientific Research (KAKENHI) 
from the Ministry of Education, Culture, Sports, Sci-
ence and Technology (MEXT), Japan to E.N. (No. 
24H01129, 24H00871, 24K01629, and 25K22874), 
and P.L (No. 24K17787). 

 
 

– 70 –



Collaboration Works 
 
中田栄司 , Rajendran Arivazhagan, Ewha Womans 
University（大韓民国）, トポイソメラーゼ反応の１
分子計測 
 
中田栄司, University of British Columbia（カナダ）, 
Enzyme evolution 
 
Financial Support 
 
1. Grant-in-Aid for Scientific Research 
 
中田栄司, 学術変革領域研究(A), DNAー酵素ハイブ
リッド構造体による酵素集積状態の構築（公募研究） 
 
中田栄司, 基盤研究(B), DNA ナノリアクターを活
用した効率的な二酸化炭素変換反応システムの構
築 
 
中田栄司, 学術変革領域研究(B), 集光性アンテナ
再構成系の構築と天然を凌駕する新規集光性複合
体の創成（分担金） 
 
2. Others 
 
（該当なし） 
 
Publications 
 
K. Naruse, T. Matsuda, Y. Mizouchi, N. Tominaga, K. 
Takishima, N. Kamiya, E. Nakata, T. Morii, M. 
Matsushita, S. Fujiyoshi, Single-Molecule 3D 
Nanoscopy for Application to Cryofixed Samples, 
Journal of Physical Chemistry B, 129, 42, 11006-11014, 
2025 
 
S. Zhang, P. Lin, F. Komatsubara, E. Nakata, T. Morii, 
Enzyme cascade reactions encapsulated in a liposome 
compartment with size-limited molecular transport, 
Chemical Communications, 62, 1145-1148, 2026 
 
S. Zhang, P. Lin, F. Komatsubara, E. Nakata, T. Morii, 
Enzyme cascade reactions encapsulated in a liposome 
compartment with size-limited molecular transport, 
Chemical Communications, 62, 1145-1148, 2026 
 
渡辺智, 中田栄司, 集光性アンテナ複合体フィコビ
リソームの人工改変と再構成技術開発, 光合成研
究, 101, 2, 81-88, 2025 
 
Presentations 
 
中田栄司, 二酸化炭素を原料にして 機能性分子を
合成する, 京都大学エネルギー理工学研究所附属
エネルギー複合機構研究センター2024 年度 共同研

究・萌芽研究成果報告会, 京都大学宇治キャンパス, 
2025.4.4 
 
中田栄司, DNAー酵素ハイブリッド構造体による酵
素集積状態の構築, 学術変革領域研究(A) 領域会
議, 東京科学大学大岡山キャンパス, 2025.4.5 
 
中田栄司, 蛍光異方性測定で分子間相互作用を測
る, 機能性分子の設計と機器開発, 九州大学馬出キ
ャンパス, 2025.4.16 
 
中田栄司, ナノ構造体を足場に並べた機能性分子
の利活用, 第 35 回関西若手高分子セミナー, 奈良
先端科学技術大学院大学ミレニアムホール , 
2025.5.16 
 
H. Yang, P. Lin, E. Nakata, T. Morii, Construction of an 
artificial CO2-fixing compartment using DNA 
nanostructure as a scaffold, The 19th Annual Meeting of 
Japanese Society for Chemical Biology, 京都大学 桂キ
ャンパス, 2025.6.4-6 
 
Asif Mashal, Lin Peng, 森 井 孝 , 中 田 栄 司 , 
Development of multi-target detectable sensor for 
cellular applications, The 19th Annual Meeting of 
Japanese Society for Chemical Biology, 京都大学 桂キ
ャンパス, 2025.6.4-6 
 
小松原風汰, 中田栄司, Lin Peng, 森井孝, リポソー
ムで区画化した酵素代謝反応システム, 第 19 回バ
イオ関連化学シンポジウム, Kyoto, Japan, 2025.9.2 
 
A. Mashal, P. Lin, T. Morii, E. Nakata, Cellular 
applications of fluorescent biosensor based on DNA 
origami scaffold, 第 19 回バイオ関連化学シンポジウ
ム, Kyoto, Japan, 2025.9.2 
 
中田栄司 , Multiple functional molecules assembled 
nanostructure for bioimaging application, International 
Conference of Bottom-up Biotechnology for 
Understanding and Engineering Living Systems 2025, 
沖縄科学技術大学院大学（OIST）, 2025.11.3-6 
 
中田栄司, DNA ナノ構造体上に構築 する集光性ア
ンテナ再構成系への挑戦, 光合成光捕集タンパク
質複合体に関する研究会, QST千葉本部量子生命棟, 
2025.11.12 
 
A. Mashal, P. Lin, T. Morii, E. Nakata, DNA origami-
based multi-target detectable sensor for cellular 
applications, The 52nd International Symposium on 
Nucleic Acids Chemistry (ISNAC2025), Toyama, Japan, 
2025.11.13 
 
P. Lin, H. Yang, E. Nakata, T. Morii, DNA Nanostructure-
based Biomimetic Compartments for Metabolic 

– 71 –



Pathways, The 52nd International Symposium on 
Nucleic Acids Chemistry (ISNAC2025), Toyama, Japan, 
2025.11.13 
 
M. Asif, Macropinocytosis Under the Microscope: Real-
Time Tracking with DNA Nanostructure Sensors, 第 5
回京都大学エネルギー理⼯学研究所学⽣研究発表
会, 京都大学宇治キャンパス, 2025.12.10 
 
近藤隆之介, DNA ナノ構造体を用いた集光性アン
テナ複合体の再構築, 第 5 回京都大学エネルギー理
⼯学研究所学⽣研究発表会, 京都大学宇治キャン
パス, 2025.12.10 
 
大西寿々音, 超臨界二酸化炭素環境下での Urease 
による尿素合成, 第 5 回京都大学エネルギー理⼯学
研究所学⽣研究発表会, 京都大学宇治キャンパス, 
2025.12.10 
 
梶尾卓巧, DNA ナノ構造体の構造および小分子結
合能に対する連結反応の影響, 第 5 回京都大学エネ
ルギー理⼯学研究所学⽣研究発表会, 京都大学宇
治キャンパス, 2025.12.10 
 
A. Mashal, P. Lin, T. Morii, E. Nakata, Development and 
cellular applications of a DNA nanostructure-based 
multi-target detectable sensor, Pacifichem 2025, ホノル
ル，米国, 2025.12.15-20 
 
中田栄司 , Multiple functional molecules assembled 
nanostructure for bioimaging application, 
Pacifichem2025, Hawaii Convention Center, 2025.12.17 
 
中田栄司, Lin Peng, 森井孝, DNA の利活用：センシ
ングと分子コンビナート, 第 25 回生命化学研究会
～The Final～, ホテルモナーク鳥取, 2026.1.9-10 
 
E. Nakata, M. Asif, Self-Assembled Fluorophore-Based 
Probe for Efficient Detection of Endogenous 
Nitroreductase Activity in Escherichia Coli, Kyoto 
University Symposium for Microbiology and 
Immunology 2026, Horiba Symposium Hall, 5F WEST 
WING, International Science Innovation Building, Kyoto 
University, 2026.1.13-14 
 
中田栄司, DNAー酵素ハイブリッド構造体による酵
素集積状態の構築, 学術変革領域研究(A) 最終報
告会, 東京農工大学 小金井キャンパス 新 1 号館 
グリーンホール, 2026.3.15-16 
 
近藤隆之介 , 小松原風汰 , Peng Lin, Arivazhagan 
Rajendran, 中田栄司, DNA ナノ構造体を用いた集光
性アンテナ複合体の再構築, 日本化学会 第 106 春
季年会, Tokyo, Japan, 2026.3.17 
 
大西寿々音, 大津志歩, 小松原風汰, 八木重郎, 中

田栄司, 超臨界二酸化炭素環境下での Urease によ
る尿素合成, 日本化学会 第 106 春季年会, Tokyo, 
Japan, 2026.3.17 
 
大津志歩 , 小松原風汰 , 大西寿々音 , 中田栄司 , 
Urease の基質選択性のスクリーニング法の開発, 日
本化学会 第 106 春季年会, Tokyo, Japan, 2026.3.17 
 
A. Mashal, P. Lin, T. Morii, E. Nakata, Engineering a 
DNA origami based multi-target detectable sensor for 
intracellular bioimaging, 日本化学会 第 106 春季年
会, Tokyo, Japan, 2026.3.17 
 
楊輝, 林鵬, Surachada Chuaychob, 中田栄司, 森井孝, 
Construction of a CO2-fixing compartment using a shape-
transforming DNA scaffold, 日本化学会 第 106 春季
年会, Tokyo, Japan, 2026.3.17 
 

– 72 –


	AR_2025_.pdf

