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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 2021.

2. Dynamic shape transformation of a DNA scaf-
fold applied for an enzyme nanocarrier

In this study, a three-dimensional DNA scaffold
was designed to enable a dynamic shape transition
from an open plate-like structure to its closed state of
a hexagonal prism structure. A dimeric enzyme xylitol
dehydrogenase (XDH) was assembled on the DNA
scaffold in its open state in a high loading yield. The
enzyme loaded scaffold was subsequently trans-
formed to its closed state by the addition of short DNA
closing keys. The enzyme encapsulated in the closed
state displayed comparable activity to that in the open
state, ensuring that the catalytic activity of enzyme
was well maintained in the DNA nanocarrier (Fig. 1).
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Fig. 1 Schemes representing transformation of XDH-

loaded 3D DNA scaffold.

3. Conditional dependence of enzyme cascade reac-
tion efficiency on the inter-enzyme distance

Cascade enzymes in cellular metabolic reactions
often suffer from unfavorable kinetics of upstream and
downstream enzymes. The kinetic parameters of such
sequential enzymes are suggested to be critical in con-
sidering the inter-enzyme distance dependence of the
cascade efficiencies. In this work, this issue is ad-
dressed by evaluating the reaction kinetics of imbal-
anced cascade enzymes.

An enzyme cascade of XDH and xylulose kinase
(XK), derived from the xylose metabolic pathway,
was constructed on a 3D DNA scaffold with a dy-
namic shape transition ability as described above.
Evaluation of the cascade reaction efficiencies in the
open and closed states revealed little or no inter-en-
zyme distance dependence, presumably due to the far
larger catalytic constant of the downstream enzyme
(Fig. 2). The inter-enzyme distance was not the domi-
nant factor for cascade efficiency when the kinetic pa-
rameters of the cascade enzymes were imbalanced
with the highly efficient downstream enzyme.
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Fig. 2 Schematic representations of the cascade reac-

tion of XDH and XK from a part of xylose metabolic
pathway was loaded on 3D DNA scaffold.

4. Tuning the reactivity of a substrate for SNAP-
Tag expands its application for recognition driven
DNA-protein conjugation

Recognition-driven modification has been emerg-
ing as a novel approach to modifying biomolecular
targets of interest site-specifically and efficiently. Pro-
tein modular adaptors (MAs) are the ideal reaction
model for recognition-driven modification of DNA as
they consist of both a sequence-specific DNA-binding
domain and a self-ligating protein-tag. Coupling a
DNA recognition by DNA-binding domain and a
chemoselective reaction of protein tag could provide a



highly efficient sequence-specific reaction. However,
a MA consisting of a reactive protein-tag and its sub-
strate, for example, SNAP-tag and benzyl guanine, re-
vealed rather nonselective reaction with DNA. There-
fore, new substrates of SNAP-tag have been designed
to realize sequence-selective rapid crosslinking reac-
tions of MA with SNAP-tag (Fig. 3). The reactions of
substrates with SNAP-tag were verified by kinetic
analyses to enable the sequence selective crosslinking
reaction of MA.
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Fig. 3 An illustration of newly designed substrate of
SNAP-tag to realize sequence-selective rapid cross-
linking by MAs with SNAP-tag.

5. A facile combinatorial approach to construct a
ratiometric fluorescent sensor: application for the
real-time sensing of cellular pH changes

Realtime monitoring of the cellular environment,
such as the intracellular pH, in a defined cellular space
provides a comprehensive understanding of the dy-
namics processes in a living cell. Considering the lim-
itation of spatial resolution in conventional micros-
copy measurements, multiple types of fluorophores
assembled within that space would behave as a single
fluorescent probe molecule. Such a character of mi-
croscopic measurements enables a much more flexible
combinatorial design strategy in developing fluores-
cent probes for given targets. Nanomaterials with sizes
smaller than the microscopy spatial resolution provide
a scaffold to assemble several types of fluorophores
with a variety of optical characteristics, therefore ena-
blinging a convenient strategy for designing fluores-
cent pH sensors. In this study, fluorescein (CF) and
tetramethylrhodamine (CR) were assembled on a
DNA nanostructure with controlling the number of
each type of fluorophore. By taking advantage of the
different responses of CF and CR emissions to the pH
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Fig. 4 a DNA origami scaffold assembled with multiple
fluorophores to study intracellular pH change.
environment, an appropriate assembly of both CF and

CR on DNA origami enabled a controlled intensity of
fluorescence emission and ratiometric pH monitoring
within the space defined by DNA origami. The CF and
CR-assembled DNA origami was successfully applied
for monitoring the intracellular pH changes (Fig. 4).

6. Stabilization and structural changes of 2D DNA
origami by enzymatic ligation

The low thermal stability of DNA nanostructures
is the major drawback in their practical applications.
Detailed analyses of the conditions for the enzymatic
ligation of the staple strands in 2D square lattice DNA
origami provided optimized conditions to enhance the
thermal stability of DNA nanostructures (Fig. 5).
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Fig. 5 Enzymatic ligation of staple strands in DNA ori-
gami scaffold.

7. Topologically-Interlocked Minicircles as Probes
of DNA Topology and DNA-Protein Interactions

The topologically-interlocked minicircle rotaxane
and catenane inside a frame-shaped DNA origami
were synthesized. To probe the DNA-protein interac-
tions, restriction reactions were carried out on the pre-
pared interlocked structures and other DNAs with dif-
ferent topologies (Fig. 6).

This collaboration work with Prof. Y. Kwon
(Ewha Womans University, Korea) was started when
she was appointed as a visiting professor of IAE (FY
2013).
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Fig. 6 An illustration of topologically-interlocked mini-
circles in DNA origami scaffold.

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 T.M.
(No.17H01213), E.N. (No.19H04653 and 20H02860)
and S.N. (No.18K14335). And these works were also
supported by JST CREST Grant Number
JPMJCRI18HS to T.M.



Collaboration Works

FRHZE, Ghent University («/LF—), BZERAY DNA
&

FHZFE, HHRKT], Rajendran Arivazhagan, Ewha
Womans University (#[E), ~KRA Y AT —ERIEH
®D 1 5r15HA

HHZE, hEBE, POSTECH (B&E), HF54 77
UV —|C X B8 % RNP o — B3

I, hEHE, POSTECH (B&[E), AMHEMWE
PEERECHRET I — DR

#HZ, Rajendran Arivazhagan, Vanderbilt University
School of Medicine (7 XU #H), rKRA IV AT—F
TER D5 THEiE

I, FH % E], Seoul National University (F&[E),
HHAE PN EE SR AR R D& 2L

KIEFER, HIEE, FEEAN, BEEZ, T A0
EREKER, f Y FRUTFRE, 74 U BEVRET 4
V=R, XN FAEZRKFEN AR, T4 AEL
K%, BT oK, WERLSFEREE B.
TIOT o T 7V R R

Financial Support

1. Grant-in-Aid for Scientific Research
ST, HEARIFFE(B), DNA )/ &0 ER
B AR LI & 2 m bR /e B R E S DS S

2. Others

AAE, PIEROTREERE, MIgPERERIEZ TR
Ket oY — DR %

Publications

L. Marongiu, F. Mingozzi, C. Cigni, R. Marzi, M.D. Gi-
oia, M. Garre, D. Parazzoli, L. Sironi, M. Collini, R.
Sakaguchi, T. Morii, M. Crosti, M. Moro, S. Schurmans,
T. Catelani, R. Rotem, M. Colombo, S. Shears, D. Pros-
peri, I. Zanoni, Inositol 1,4,5-trisphosphate 3-kinase B
promotes Ca2+ mobilization and the inflammatory ac-
tivity of dendritic cells, Science Signaling, 14, 676,
eaaz2120, 2021

N. Yoshikawa, S, Yamazaki, Y. Kakimoto, S. Eguchi, R.
Yokoyama, N. Kanchisa, N. Tohnai, E. Nakata, H. Ta-
kashima, Emission Properties of 1,10-phenanthroline
Derivatives Induced by Protonation of a Nitrogen Atom,
Journal of Molecular Structure, 1242, 130728, 2021

E. Nakata, H. Hirose, K. Gerelbaatar, J.V.V. Arafiles, Z.
Zhang, S. Futaki, T. Morii, A facile combinatorial ap-
proach to construct a ratiometric fluorescent sensor: ap-
plication for the real-time sensing of cellular pH chang-
es, Chemical Science, 12, 23, 8231-8240, 2021

P. Lin, H. Dinh, E. Nakata, T. Morii, Dynamic Shape
Transformation of a DNA Scaffold Applied for an En-
zyme Nanocarrier, Frontiers in Chemistry, 9, 697857,
2021

A. Rajendran, K. Krishnamurthy, A. Giridasappa, E.
Nakata, T. Morii, Stabilization and structural changes of
2D DNA origami by enzymatic ligation, Nucleic Acids
Research, 49, 14, 7884-7900, 2021

M. Sawai, S. Matsumoto, Y. Mimura, Y. Imai, S. Yama-
zaki, N. Kanehisa, N. Tohnai, E. Nakata, H. Takashima,
Circularly polarized luminescence (CPL) characteristics
of hydrophobic pyrene derivatives/y-cyclodextrin
(y-CD) complexes in aqueous solution dissolved by
grinding, Journal of Inclusion Phenomena and Macro-
cyclic Chemistry, 2021

P. Lin, H. Dinh, E. Nakata, T. Morii, Conditional de-
pendence of enzyme cascade reaction efficiency on the
inter-enzyme distance, Chemical Communications, 57,
85, 11197-11200, 2021

N. Yoshikawa, S. Yamazaki, A. Nishiyama, Y. Yamashi-
ta, N. Kanehisa, N. Tohnai, E. Nakata, H. Takashima,
Structures, atomic charges, emission properties and DFT
studies of biquinoline derivatives induced by protona-
tion of a nitrogen atom, Journal of Molecular Structure,
131990, 2021

Z. Zhang, E. Nakata, H. Dinh, M. Saimura, A. Rajen-
dran, K. Matsuda, T. Morii, Tuning the Reactivity of a
Substrate for SNAP-Tag Expands Its Application for
Recognition-Driven DNA-Protein Conjugation, Chem-
istry-A European Journal, 27, 18118-18128, 2021

H. Kimura, N. Nagasato, N. Kato, M. Kojima, C.
Enomoto, E. Nakata, H. Takashima, Photophysical and
elecron-transfer reaction properties of
tris(2,2’-bipyridine)ruthenium(Il)-based inhibitors that
covalently bound to the active site of chymotrypsin,
Photochemistry and Photobiology, 6, 100027, 2021



T. Hara, Y. Takatsuka, E. Nakata, T. Morii, Augmenta-
tion of an Engineered Bacterial Strain Potentially Im-
proves the Cleanup of PCB Water Pollution, Microbiol-
ogy Spectrum, 9, 3, €01926-21, 2021

Presentations

TH%TF], HHE BEEL 1 HFTOU5H—
A S DNIEBBRE OB LT T—, % 38 BEIRHD
REFIEX ¥ VA EERRE, 74 BE,
2021.7.1

T. Morii, Spatially organized assembly of enzymes on
DNA  nanostructures, Pacifichem2021,  Online,
2021.12.19.

K. Krishnamurthy, A. Rajendran, E. Nakata, T. Morii,
Development of stable DNA nanomaterials for bioener-
getic applications (Poster), 5 12 Bl R /L ¥ —F T 5
MAFERS AT UL, 074 ik,
2021.9.7-8

P. Lin, H. Dinh, E. Nakata, T. Morii, Enzyme cascade
reactions on a dynamic DNA scaffold, The 15th Sympo-
sium on Biorelevant Chemistry, Online, 2021.9.8-10

K. Krishnamurthy, A. Rajendran, E. Nakata, T. Morii,
Enhanced stability and structural changes of DNA ori-
gami by enzymatic ligation (Poster), The 15th Sympo-
sium on Biorelevant Chemistry, Online, 2021.9.8-10

S. Zhang, E. Nakata, T. Morii, DNA Origami as scaf-
folds to assemble quantifiable channel proteins on artif-
ical organelles (Poster), The 15th Symposium on Bio-
relevant Chemistry, Online, 2021.9.8-10

H. Konish, H. Dinh, E. Nakata, H. Atomi, T. Morii,
Folding of the multimer RuBisCO on the DNA
nanostructure scaffold (Poster), The 15th Symposium on
Biorelevant Chemistry, Online, 2021.9.8-10

S. Tajima, E. Nakata R. Sakaguchi, M. Saimura, Y. Mori,
T. Morii, The construction strategy of AFP-based bio-
sensors using the putative structural change (Poster),
The 15th Symposium on Biorelevant Chemistry, Online,
2021.9.8-10

P. Lin, H. Dinh, E. Nakata, T. Morii, Enzyme cascade
reactions on a DNA scaffold with shape transformation,
The 48th International Symposium on Nucleic Acids
Chemistry, Online, 2021.11.10-12

K. Krishnamurthy, A. Rajendaran, E. Nakata, T. Morii,
Synthesis enhancing the stability of 2D DNA origami by
enzymatic ligation (Poster), The 48th International
Symposium on Nucleic Acids Chemistry, Online,
2021.11.10-12

Z. Zhang, E. Nakata, H. Dinh, M. Saimura, K. Matsuda,
T. Morii, Design of DNA sequence-specific modular
adaptors by tuning the reactivity of protein-tag substrate
(Poster), The 48th International Symposium on Nucleic
Acids Chemistry, Online, 2021.11.10-12

K. Gerelbaatar, E. Nakata, H. Hirose, S. Futaki, T. Morii,
DNA nanostructure-based fluorescent pH sensor for
cellular pH change (Poster), The 48th International
Symposium on Nucleic Acids Chemistry, Online,
2021.11.10-12

H. Konishi, H. Dinh, E. Nakata, H. Atomi, T. Morii,
Construction of a RubisCO assembly on 3D DNA scaf-
fold(Poster), The 48th International Symposium on Nu-
cleic Acids Chemistry, Online, 2021.11.10-12

A. Rajendran, S. Park, E. Nakata, Y. Kwon, T. Morii,
Probing DNA topology and DNA-protein interactions
by using topologically-interlocked DNA structures
(Poster), The 48th International Symposium on Nucleic
Acids Chemistry, Online, 2021.11.10-12

S. Zhang, E. Nakata, T. Morii, DNA origami as a scaf-
fold to assemble membrane proteins on an artificial
compartment (Poster), The 48th International Sympo-
sium on Nucleic Acids Chemistry, Online,
2021.11.10-12

K. Krishnamurthy, A. Rajendran, E. Nakata, T. Morii,
Ligation of DNA Origami Nanostructures by Enzymatic
and Chemical Approach (Poster), The International
Chemical Congress of Pacific Basin Societies 2021,
Online, 2021.12.16-21

K. Gerelbaatar, E. Nakata, Z. Zhang, T. Morii, Devel-
opment of DNA nanostructure-based ratiometric fluo-
rescent pH sensor (Poster), The International Chemical
Congress of Pacific Basin Societies 2022, Oline,
2021.12.16-21

A. Rajendran, K. Krishnamurthy, E. Nakata, T. Morii,
Cosolvent improves the enzymatic ligation of DNA ori-
gami, AARLFSE 102 BEFEE, 40741 Vg,
2022.3.23-26

HUgZsy, FHE%T, KWOWT, FRIESE, ZR4E,
HIFE, B R E AW —BILERE A
I oY —ICBIT D EMICEHEE, BARLFERE
102 BEFES, 71 U BifE, 2022.3.23-26



P. Lin, H. Dinh, E. Nakata, T. Morii, Effect of the or-
dered hydration layer for the enzymatic reactions on
DNA scaffold, HAMLFERE 102 BFFR, 47
A B, 2022.3.23-26

Z. Zhang, E. Nakata, H. Hirose, S. Futaki, T. Morii, Or-
thogonal FRET reporters on dextran for the real-time
sensing of lysosomal proteases, H A LFREE 102 F
FER, A7 4 Bk, 2022.3.23-26

/NEEZZH, H. Dinh, FH%FE], ZHHZE, BRAFEE, 3
RT DNA 7/ #1E(R %2 7= cOo2 B E(LEER D&
b, B LFERE 12 BEFFEE, 71 VB,
2022.3.23-26

S. Zhang, E. Nakata, T. Morii, DNA origami as a scaf-
fold to assemble membrane proteins on an artificial
compartment, A A({LFEEE 102 BEER, 74
> BRfE, 2022.3.23-26

K. Krishnamurthy, A. Rajendaran, E. Nakata, T. Morii,
Stabilization of DNA origami nanostructures by chemi-
cal ligation, HARLFERE 102 EFEFFER, T 71~
BRI, 2022.3.23-26

B R, MBS, P.Lin, /NG, FEZE],
HHE GREEZEROFEEREIC L 2BEEFK
KIGO#I#E, BARLFERE 102 BRES, A0 T74
~ B, 2022.3.23-26

b b, FHXKF], H#H FE DNA-Z I H
DEASEIZNE SN T-BEEOFEMETM, BALE
S0 HBEELE, T4 B, 2022.3.23-26

W. Hou, S. Nakano, S. Tajima, M. Shimizu, M. Saimura,
E. Nakata, T. Morii, Direct observation of the r(CUG)
repeats in DM1 and MBNLI1 aggregation complexes,
BAEFEESE 102 BFEER, 7714 VR,
2022.3.23-26

K. Gerelbaatar, E. Nakata, H. Hirose, S. Futaki, T. Morii,
Expanding the detectable pH range of DNA nanostruc-
ture-based fluorescent pH sensors, HA{LZFEE 102
FRES, T4 Bk, 2022.3.23-26





