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1. Introduction

A transition to renewable energy technologies re-
quires new chemistry to learn from nature. Nature has
developed fantastic solutions to convert the solar en-
ergy to the chemical energy and to utilize them in the
exceptionally efficient manners for almost 3 billion
years. It is our challenge to understand the efficient bi-
oenergetic processes of nature and to construct bio-in-
spired energy utilization systems. The research inter-
ests in our group focus on the design of biomacromol-
ecules and their assemblies for molecular recognition,
catalysis and signal transduction in water, the solvent
of life. We take synthetic, organic chemical, biochem-
ical and biophysical approaches to understand the bi-

ological molecular recognition and chemical reactions.

Proteins and protein/nucleic acids assemblies are ex-
plored to realize biomimetic function of biological
systems, such as visualization of cellular signals by
fluorescent biosensors, directed self-assembly of pep-
tides and proteins to build up nanobiomaterials, tailor-
ing artificial receptors and enzymes based on the com-
plex of RNA and a peptide or a protein, and reconsti-
tution of the functional assemblies of receptors and en-
zymes on the nanoarchitectures. Followings are main
research achievements in fiscal year 2020.

2. Enhanced enzymatic activity exerted by a
packed assembly of a single type of enzyme

Enzymes are often spatially organized within the
cell, either in close proximity on the cell membrane or
confined inside a micro-compartment. Such environ-
ments are believed to play key roles in enabling the
extraordinary efficiency and specificity of sequential
metabolic enzymatic reactions. A typical example is
the hetero oligomeric assembly of enzymes. Compart-
mentalization also regulates the spatial organization of
enzymes. In spite of being crucial for cellular func-
tions, enzymatic reactions in such highly packed states
have not been fully addressed.

In this work, we apply a protein adaptor to assemble
a single type of monomeric enzyme, carbonic anhy-
drase, on a DNA scaffold in a packed state with less

than a few nanometers inter-enzyme distance or dis-
persed state and show that the esterase reaction pro-
ceeds faster in the packed than in the dispersed state
(Figure 1).
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Fig. 1 Schematic representations of four ZS-CAs in the
packed (upper image) and dispersed (lower image)
states.

In the packed assembly, the reaction is accelerated
more prominently for substrates with higher hydro-
phobicity and is more tolerant of inhibitors (Figure 2).

When another enzyme xylose reductase was assem-
bled in the packed state, a similar acceleration of the
reaction in the packed state over the dispersed state
was also observed (Figure 3). We propose that the en-
tropic force of water increases local substrate concen-
tration within the domain confined between enzyme
surfaces, thus accelerating the reaction. Our finding
offers a new insight on the efficiency of reaction by
single type of enzyme in the packed state. The water-
entropy effect increases as the enzyme structure be-
comes less flexible in the packed assembly. Therefore,
a greater effect is expected within the spatially more
constrained cellular compartments. Our system pro-
vides a reasonable model of enzymes in packed state;
this would help in engineering artificial metabolic sys-
tems.
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Fig. 2 Time-course profiles of the esterase reactions of
ZS-CA (4 nM) on DNA scaffold with p-NPA was moni-
tored at 348 nm.
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Fig. 3 Time course profiles for the reaction of ZS-XR

on DNA scaffold monitored by the oxidation of NADH

at 340 nm.

3. Evaluation of the role of the DNA surface for en-
hancing the activity of scaffolded enzymes

Enzymes have been widely applied in the chemical,
medical and food industries. Immobilizing enzymes
of interest on the surface of a carrier provides the sim-
plest yet useful method for practical enzyme applica-
tions. Immobilized enzymes often display higher ac-
tivity and stability than their free form; however, the
exact mechanism for enhanced activity is still under
debate. The catalytic enhancements of enzymes
loaded on DNA nanostructures have been attributed to
the characteristics provided by highly negative
charges on the surface of the DNA scaffold, such as
the modulation of the local pH near enzymes.

In this study, two enzymes with different pH prefer-
ences, xylose reductase (XR) and xylitol dehydrogen-
ase (XDH), were individually assembled on a DNA
scaffold through a modular adaptor. Catalytic en-
hancements were observed for both the scaffolded XR
and XDH over the respective free enzyme. The differ-
ent optimal pH profiles of XR (pH 6.0) and XDH (pH
8.0), the neutral or net negative charge of their sub-
strates and cofactors indicated that neither the local pH

change nor the surface—substrate or —cofactor electro-
static attractive interactions accounted for the increase
in the activities of the assembled enzymes. We also
suggest that the improved stability or reduced adsorp-
tion of scaffolded enzymes alone is not the determin-
ing factor for enhancing the activity of enzymes on the
DNA scaffold.
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Fig. 4 Schematlc representatlons and comparison of
the activity of the free and scaffoled XR (left) and XDH

(right).

4. RNA-Peptide Conjugation through an Efficient
Covalent Bond Formation

RNA-peptide (RNP) complex is a good scaffold for
construction of the receptor-based fluorescent sensors.
We have reported the method for construction of RNP
sensors that show the fluorescent intensity change
upon binding the targeted molecule. We also have de-
veloped the method for formation of covalent linkage
between RNA and peptide in order to improve the sta-
bility of RNP sensor. A representative method was ap-
plied for the formation of Schiff base or dihydroxy-
morpholino linkage between a dialdehyde group at the
3’-end of sugar-oxidized RNA and a hydrazide group
introduced at the C-terminal of peptide subunit
through a flexible peptide linker. In this study, we in-
vestigated effects of the solution pH and contribution
of the RNA and peptide subunits to the conjugation
reaction by using RNA and peptide mutants. The reac-
tion yield reached 90% at a wide range of solution pH
with reaction within 3 hours. The efficient reaction
was mainly supported by the electrostatic interaction
between the RNA subunit and the cationic peptide
subunit of RNP scaffold.
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