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This laboratory is working on a new frontier of research that fuses biological science and engineering. Incorporating
polymer chemistry, analytical chemistry, biochemistry, and molecular biology, we study new materials comprised of
biological components and develop novel methodologies for bioanalysis, medical diagnosis, and artificial systems that
regulate biological processes. Our work has been applied to research and developments in biomaterials science, medical
engineering, life sciences, environmental science and micro/nanoscience. As an example, we newly prepared DNA-vinyl
polymer conjugates that were used in a DNA biosensor, affinity electrophoresis, a SNPs-responsive diagnostic
nanoparticle, a stimuli-responsive antisense drug, and an artificial gene regulation system. Our work might be more
accurately called : DNA engineering.

1. Biomaterials science

(1) Synthesis of DNA-polymer conjugate and its applications
Poly(N-isopropylacrylamide) (PNIPAAmM) prepared via reversible addition-fragmentation chain transfer polymerization
was conjugated with single-stranded DNA (ssDNA) to obtain a diblock copolymer of PNIPAAmM and ssDNA
(PNIPAAmM-6-DNA) with narrow molecular weight distribution. When an aqueous solution of PNIPAAmM-6-DNA was
heated above the lower critical solution temperature, the block copolymers self-assembled to form a polymeric micelle with
a dehydrated PNIPAAmM core surrounded by ssDNA shell. The diameter of micelle was determined to be 76.7 nm from
dynamic light scattering measurement. When the complementary ssDNA was added to the dispersion of micelle to form
full-matched double helices on the surface, the micelles spontaneously formed aggregates with diameter of 1.5 mm or
above. On the other hand, no aggregation was observed when the terminal-mismatched ssDNA was added to the
dispersion. The unique behavior of polymeric micelle will be applied to novel gene diagnosis.

(2) Non-cross-linked aggregation mechanism of DNA-linked nanoparticle
As similar to the case of the micelle of PNIPAAmM grafted with ssDNA, ssDNA-linked gold nanoparticle decreases its
colloidal stability when the complementary DNA is added into the dispersion of nanoparticle to form dsDNA. We
examined the non-cross-linked aggregation mechanism of these DNA conjugate materials using solution small-angle X-ray
scattering (SAXS). It was found that the gold particles with dsDNA aggregates with a certain structural order in the
presence of NaCl or MgClz. The interparticle distance between the gold particles varied with the length of dsDNA. For
PNIPAAmM grafted with ss DNA, the SAXS showed that the graft polymer forms colloidal particles with a dehydrated
PNIPAAmM core surrounded by ssDNA, and the coil-globule transition is reversible. In addition, we confirmed that the
nanoparticles aggregate after hybridization with full-matched DNA.

(3) Synthesis and nanobiology of bio-based materials
Biodegradable and bio-based polymers have attracted academic and industrial interest as one of solutions to
environmental problems. The research on these polymers has been carried out in viewpoints of (1) establishment of their
effective production, (2) regulation of their biodegradation rate, and (3) production of the polymers with desirable
properties and functions.
Regarding the research on the regulation of the biodegradation rate, the interaction between poly[(R)-3-hydroxybutyrate]
(PHB), which is one of the representative bio-degradable polymers, and its depolymerase by a combination of PCR random
mutagenesis and an in vivo screening system has been investigated in order to identify the amino acid residues relating to
the PHB adsorption. In this study, we prepared several PHB depolymerase mutants with high purity to investigate how
these amino acids contribute to the enzymatic adsorption. We purified the enzyme from the soluble fraction of
recombinant E .coli, and approximately 10 mg of the enzyme was yielded from the cells grown in 1 L culture medium.
Binding property of PHB depolymerse to biodegradable polymer was examined by surface plasmon resonance (SPR) and
atomic force microscopy. These analyses indicated that the PHB depolymerase has a higher affinity to biodegradable
polymers such as P(3HB) and PLLA than other non-degradable polymers. The unbinding force in AFM measurement
was found to depend on the loading rate of AFM cantilever tip, and an energy landscape of the PHB
depolymerase-polymer surface was elucidated.
For the production of a novel functional polypeptide, we carried out enzyme-catalyzed polymerization by taking advantage
of substrate recognition by PAAhydrolase-1 from Pedobacter sp. KP-2 and successfully synthesized an unnatural
poly(b-aspartate) using the hydrolase.

(4) Chemistry and engineering of protein folding
To become functionally active, newly synthesized amino acids chains must fold to unique three -dimensional structures.
Recent evidences have shown that many newly synthesized proteins require molecular chaperone proteins to reach their
native state efficiently. In order to solve the molecular mechanism of chaperone-assisted protein folding, we have studied
the mechanism of prefoldin. Prefoldin is a molecular chaperone that captures a protein-folding intermediate and transfers
it to a group 11 chaperonin for correct folding. We have found that prefoldin can enhance refolding of denatured lysozyme
at relatively low temperatures, possibly due to weak affinity to substrate protein. Based on this finding, we have
developed prefoldin-assisted protein refolding system using prefoldin- immobilized Sepharose gel.
A number of proteins and peptides have been found to aggregate into fibrils that cause various diseases. Amyloid 3 peptide
(A B) forms typical fibrils and is known to cause Alzheimer’s disease (AD). However, the pathological mechanism is still
unknown. We have found that molecular chaperone prefoldin induces a formation of highly toxic soluble Af oligomer in
vitro due to specific binding of prefoldin to soluble oligomers. Now we are investigating its molecular mechanism in vivo.
Insulin is a small protein hormone and known to form amyloid fibrils under destabilizing conditions. We have found that
insulin forms thin and flexible filaments in a presence of a reducing agent, Tris (2-carboxyethyl) phosphine hydrochloride
(TCEP). Cell toxicity of the novel insulin filaments was much lower than that of insulin fibrils. Now we are investigating
its application for cell culture matrix.

(5) Photoregulation of functional nucleic acids by photochromic nucleoside
Azobenzene derivatives have been incorporated into functional nucleic acids to control activities by light illumination.
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Although such photoactivation systems have shown reversibility, the active/inactive ratio was not sufficiently high, due to
the installation of the bulky azobenzen chromophore which may influence the active-state conformation. Therefore, if the
photoisomerization function was directly installed to a biomolecule instead of attaching a photochromic compound, it
would lead to a more powerful photoswitching method. We have successfully developed a photochromic 2'-deoxyguanosine,
8-styryl-2’-deoxyguanosine (8STG). This compound shows a very rapid and highly efficient reversible E-Z
photoisomerization upon illumination at specific wavelength. In addition, E-Z photoisomerization can be iteratively
performed by alternate illumination with monochromic 254 nm and 370 nm light without any side reactions.

2. Micro/nanotechnology-based analytical systems

(1) Micro/nanotechnology-based analytical systems
Towards facile quantification of point gene mutation, we have been developing an affinity capillary electrophoresis using a
polyethylene glycol-DNA diblock copolymer (PEG-6-DNA) as a mobility shift reagent. The wild type of single-stranded
DNA (ssDNA), which is complementary to PEG-6-DNA, migrates more slowly than its single-base mutant type, resulting
in the observation of two distinct peaks on the electropherogram. In this fiscal year, we clarified the relationship
between the electrophoretic mobility of target sSDNA, and the association constant of the complex via hybridization of
target ssDNA and PEG-4-DNA. In addition, we succeeded in separating folded sample ssDNAs at room temperature by
using PEG-6-PNA as a novel mobility shift reagent.

(2) Affinity microchip electrophoresis
We have been developing a microchip for affinity capillary electrophoresis (ACE). So far, we often encountered difficulty in
sequence recognition of long (> 100 bases) DNA samples because of the secondary structures. To overcome this problem,
we have introduced “helper” DNA, which prevents formation of the secondary structure, to on-chip ACE. For three point
mutations of CYP2D6 gene, sequence recognition was successful only when the helpers were used.

(3) Nanoparticle-based genetic analysis on a microchip
DNA duplex-modified gold nanoparticles adsorb onto a DNA duplex-modified flat surface without molecular cross-linking.
The understanding of the phenomenon was taken in place by changing the base pairings of the DNA terminal at the flat
surface. The strongest attraction force appeared when the termini have fully-matched base-pairings. Mismatches at the
terminus exert a weak attraction but had an interesting tendency: purine bases exert greater attraction force than
pyrimidine bases. This tendency suggests that the helix stacking interaction would be the main mechanism of adsorption.

(4) Functional microchip using microelectrodes
We have been developing functional and highly integrated microchip for bioanalysis utilizing AC electrokinetic
phenomena which become obvious under microscale electric fields. We observed demixing of fluids in microchannels under
AC electric fields with specific experimental conditions including solution composition and electrode configuration. As a
result, hydrophobic biomolecules such as lipids were selectively concentrated near the electrodes.

(5) Electrophoresis of membrane-associated biomolecules using bilayer-coated particles

A method for electrophoretic separation of membrane-bound biomolecules has been developed by utilizing a packed bed of
bilayer-coated particles as an electrophoretic medium. The inherent large surface-to-volume ratio and redispersibility of
the particle bed facilitate large-scale separation and easy manual collection of the fractions, respectively. We carried out
proof-of-concept experiments using charged lipids as the samples for separation.

(6) A Method of DNA Sequencing based on Intermolecular Electron Tunneling
STM molecular imaging of DNA has potential for a rapid sequencing of full-length genomes. However, it is a challenge to
image a DNA strand with STM because of its self-aggregations on STM substrates. The main problem is the weakness of
the interaction between the phosphate group of DNA and the substrates. In this fiscal year, we utilized imidazolium
ionic-liquid as DNA solvents and achieved STM molecular images of DNA strands under ambient conditions. The
imidazolium cation selectively bound and neutralized the phosphate anions that prevent the DNA strand from stable
absorptions with the substrates. The neutralized imidazolium-bound DNA strands strongly attached to the hydrophobic
STM substrates so that double-stranded DNA images were easily obtained. This ionic liquid-assisted STM imaging of
DNA would be applicable to sequencing of genomes, and evaluating of DNA/RNA secondary structures and DNA/protein
interactions.

3. Bio-sensing Materials and Devices

(1) Development of bio-nano sensors based on 2DEG-FET structure for cell activity measurements
The final goal of this research is to develop biosensors with which cell viabilities can be detected in a long-term
measurement. In this year, we executed long-term measurements on TiO2/2DEG-FETSs (two dimensional electron gas field
effect transistors) we have developed, with cell culture on their gate surfaces. The obtained Vgs signal shows a temporal
evolution with a good correspondence to the cell viability of cultured cells, i.e., decrease in Vgs was observed for the period
of cell adhesion and expansion on the gate surface and increase in VVgs for the period of cell damage and death. The origin
of Vgs change is not clear at this moment, but we consider the origin should be such as the emission of ionic species or
fragile proteins from the cells.

(2) Chemistry and engineering of protein folding
Upconverting (UC) phosphors (UCPs) are ceramic materials doped with rare earth ions. These materials can absorb and
upconvert infrared (IR) radiation to emit visible light and are potentially useful reagents for use in bioimaging. In order to
utilize UC nanoparticles as bioimaging probes it is important to prevent aggregation of UCP molecules in aqueous milieu.
We have covalently attached poly(ethylene glycol) (PEG) to the surface of Er- doped Y203 (Er-Y203) nanoparticles in order
to improve their dispersion stability in aqueous milieu. The UC emission properties and cell toxicity of PEG-modified
Er-Y203 (PEG-Er-Y203) nanoparticles were also examined to assess the potential use as bioimaging probes.

(3) Development of biosensors using functional nucleic acids



We have been developing biosensors using functional nucleic acids (aptamer, ribozyme, aptazyme and so on) to detect
various molecules. In last fiscal year, we used an aptazyme and an anti-RBS (ribosome binding site) sequence to construct
an artificial riboswitch that functions in vitro. Because this riboswitch regulates the downstream gene expression in
response to the cofactor of the aptazyme, the cofactor can be easily detected by the use of reporter gene (e.g.
b-galactosidase) as the regulated downstream gene. In this fiscal year, we performed in vivo (£. coli) application of this
aptazyme-based riboswitch sensor. Although this riboswitch did not function well in vivo at normal temperature (37 °C) in
spite of its high activity in vitro at this temperature, it worked well at lower temperature (23 °C). We also improved the
switching efficiency by constructing a cascading system.
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