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Compartmentalized Replication for Directed Evolution of DNA Polymerase and Transcriptional

Regulator

Compartmentalized replication is a powerful method for directed evolution of proteins by using
in vitro compartmentalization (water-in-oil emulsion) for genotype-phenotype linkage and PCR
amplification for selection. This method was first developed for directed evolution of several
DNA polymerases by compartmentalized self-replication (CSR), and then applied to two other
proteins T7 RNA polymerase and tRNA-synthetase by compartmentalized partnered replication
(CPR). However, the utility of CSR and CPR is somewhat limited by low efficiency of emulsion
PCR with the wild-type Tag DNA polymerase so far used. To overcome this problem, in this
study, I first performed engineering of 7th DNA polymerase with improved efficiency by using
CSR. Next I applied this improved DNA polymerase for directed evolution of an

arsenic-responsive transcriptional regulator by using CPR.

(1) In vitro selection of modified DNA polymerase I from Thermus thermophilus (Tth pol) using
CSR.

Although PCR is an essential tool in the biological sciences, several limitations and problems
remain, including long run times, low amounts of product, and false negative results due to
inhibitors. In this study, I developed a 7th DNA polymerase mutant suited for CSR. First I
modified the wild-type Ttk pol by (i) deletion of the N-terminal 5' to 3' exonuclease domain, (i1)
fusion with the DNA-binding protein Sso7d, (iii) introduction of four known effective point
mutations from other DNA polymerase mutants, and (iv) codon optimization to reduce the GC
content. Consequently, I obtained a mutant that provides higher product yields than the

conventional 7aqg pol without decreased fidelity.

(2) Development of a novel dual selection system based on CPR and sacB for directed evolution
of arsenic-responsive transcriptional regulator.

Arsenic is a well-known toxin that holds a constant threat to a large population worldwide. My
ultimate goal is to develop an arsenite-inducible biosensor with the best possible sensitivity and
specificity. In order to evolve the ars operon of E. coli, I intend to apply CPR, in which the ars
operon is coupled with expression of 7th pol mutant described above. First I illustrated the use
of genetic switch in designing the arsenic responsive whole cell biosensor in E. coli. Next, |
developed a dual selection system based on CPR and negative selection using sacB for directed

evolution of arsenic regulator (repressor) gene in this genetic switch.
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L7 W& ZREREZ AT D 723D, BEREMBTELE L URAUTIIZES IO D, RS T TF Z v VR, 2
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Periodic spine screening in teenagers is important for the early detection or monitoring of adolescent
idiopathic scoliosis (AIS), a 3D deformity characterized by an abnormal spinal curve and vertebral rotation. It
is because AIS has potential to be a serious disease by the rapid progress of abnormal curve during the growth
stage.

A typical conventional method of diagnosis of AIS is a radiation method using a radiography. To diagnose
AIS from it, a doctor measures a Cobb angle, which is an abnormal bent angle of spinal curvature, based on
the shape of spine. However, this is an insufficient method that only measures a Cobb angle without vertebral
rotation (VR), which AIS involves. By the development of imaging technology, 3D radiation methods using
computed tomography (CT) have been researched. VR measurement based on CT is accurate whereas
complicate by challenges inherent to manual identification of spinal features. In addition, the radiation
methods are not feasible for use as periodic screening by involving exposure to radiation. As for non-radiation
methods, most are optical methods, are used due to cost effective and appropriate for the screening purpose.
However, these require manual identifications and describe the spine using the surface metrics which cannot
provide pathological diagnosis of the spine. For these reasons, a patient who is classified as abnormal and
expected to have AIS, is recommended to get the radiographic diagnosis for an accurate diagnosis.

Therefore, 1 propose AIS screening system using a Moire image, that estimates the spinal shape and
measures Cobb angle and VR. To estimate the spine from the Moire image, convolutional neural network
(CNN) is used. The CNN estimates 34 spinal positions, 17 centers of vertebrae bodies and 17 tips of spinous
processes including 12 dorsal and 5 lumbar vertebrae. In addition, I propose two measuring methods to
measure the Cobb angle and the VR from the spinal positions. The system can reduce the use of radiation by
proving radiographic diagnoses. In addition, the system is an automatic system which does not need any
human interference like the identification of feature.

Chapter 1 describes the proposal of this thesis, the basic concepts about the spine, and AIS such as spine
structure, what is AIS and its diagnostic criterion and the screening step for the spine.

In Chapter 2, related methods about measuring methods and conventional methods of screening are
described such as radiography (x-ray) and CT method.

In Chapter 3, a generation method for a dataset is explained. Data sets having different spinal features or
different components among deformity levels are tested to find out the optimal dataset.

Chapter 4 describes the detail of two proposed methods for measuring the Cobb angle and the VR angle,
and the validations of the methods. The method for measuring Cobb angle measures bent angles of abnormal
spinal curve from 17 points. The method formeasuring VR measures an axial rotation angle in x-z planes from
2 points in x-y planes. A general model of spinal size is generated and applied to obtain necessary z
information for the VR. These methods optimized for this system, which can measure the Cobb and VR
angles despite the limited point information.

Chapter 5 describes the used structure of (CNN) and the evaluations of CNN results. The evaluations are
implemented by the two proposed measuring methods.

In Chapter 6, conclusions and future works of this thesis are described.
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Strong Coupling Effects in the BCS-BEC Crossover Regime of a Rare-earth Fermi Gas with an
Orbital Feshbach Resonance

In this thesis, I theoretically investigate normal-state properties of an ultracold rare-earth Fermi gas
with an orbital Feshbach resonance (OFR). Recently, OFR has been observed in a !"*Yb Fermi gas.
Including the two-band character of this system, as well as pairing fluctuations caused by a tunable
pairing interaction associated with OFR within the framework of a 7-matrix approximation, I clarify
strong-coupling corrections to single-particle excitations in the BCS (Bardeen-Cooper-Schrieftfer)-
BEC (Bose-Einstein condensation) crossover region.

After an introduction of cold Fermi gas physics, I present our formulation. For a model two-band
Fermi gas, I first include pairing fluctuations within a standard 7-matrix approximation. Effects of
an experimentally inaccessible deep bound state are then removed from the theory, in order to
correctly describe a '’*Yb Fermi gas with OFR.

Using this amended strong-coupling 7-matrix approximation, I evaluate the single-particle density
of states, as well as the single-particle spectral weight, in the normal state near the superfluid phase
transition temperature 7¢. In the open channel, these quantities are shown to exhibit the pseudogap
phenomenon in the crossover region. On the other hand, such a many-body phenomenon does not
occur in the closed channel, due to the presence of a band gap between this channel and the open
channel. In the closed channel, instead, strong pairing fluctuations induce non-vanishing intensity in
the negative energy region of these single-particle quantities.

I also examine the photoemission spectrum, which is observable in cold Fermi gas physics. When
the system is spatially uniform, I show that the above-mentioned strong-coupling phenomena can be
observed by the photoemission-type experiment. In the presence of a harmonic potential, on the
other hand, treating this trapped geometry in the local density approximation, I clarify that the
detailed pseudogap structure in the open channel is smeared out by the spatial inhomogeneity.
However, strong-coupling corrections to single-particle excitations can still be seen in both the open
and closed channels as the appearance of the photoemission-spectral intensity in the negative energy
region.
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Fabrication of paper-based analytical devices by chemometrical approach

Since the rediscovery of paper-based analytical devices (PADs), various studies on

applicable sensing mechanisms, patterning techniques, assay reagent deposition methods, and
signal readout approaches have been performed, but the importance of chemometrical
approaches on device efficiency is often disregarded. Therefore, in spite of their high potential
for practical application, PADs have not been commercialized. Chemometrics as a chemical
discipline has the ability to overcome the remaining weak points such as device optimization,
data analysis, and image processing.
In this regard, this thesis is aiming to address the potential of chemometrics in fabrication of
reliable and sensitive PADs for point-of-care diagnosis. The main focus of this research is on the
development of PADs assisted by design of experiments, along with an investigation on image
processing and data analysis.

Chapter 1 consists of two parts. The first part describes a brief review of paper-based
analytical devices, and the second part introduces chemometrical techniques.

Chapter 2 describes a comparative study of different experimental designs including
Box-Behnken design, central composite design, and D-optimal design in optimization of
paper-based analytical devices. For this purpose, a simple colorimetric method using methyl
orange as an indicator and isoniazid as an analytical target has been utilized. The mentioned
designs were employed to optimize a single device, and the advantages and disadvantages of
each design have been practically investigated. In this work, in order to minimize the errors
caused by manual detection zone selection and to accelerate the color values analysis, a
MATLAB-based algorithm was developed and employed.

Chapter 3 describes a chemometrics-assisted colorimetric uric acid assay on inkjet-printed
microfluidic paper-based analytical devices (WPADs). For this purpose, design of experiments,
data analysis, and image processing methods were employed in the uPAD development. In the
optimization step, due to experimental constraints, a Box—Behnken design was utilized. In the
data analysis step, a partial least squares discriminant analysis (PLS-DA) based on image
profiles was successfully implemented as an automatic procedure for outlier classification.

Chapter 4 describes fabrication of a paper-based isoniazid assaying analytical device
optimized by central composite design. The design of experiments approach contributed to
reduce the total amount of required experiments and therefore, to time and cost savings. For this
purpose, a seven-factor experimental design consisting of a total of 46 experiments was used for
investigation of the impact of all probable factors on the device efficiency, simultaneously.

Chapter 5 summarizes the results of this thesis and gives an outlook on future developments.
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design) DOMEIAFFEICBI L TR L, /4 Y =7 ¥ &0t 5 & Lz PADs OBFFERIFIZ DWW Tk
NRTW%. PADs ETOA V=7 ¥ R, HEERIETH DL AT LA L VOB IS0
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DI=H®D PADs DBIFEICAEII L TV D, ZD &5 2205, b aREFDHE~HIRT 26D T
b0, Tk THEEFGTHEIARDRIBY. LoT, KiXXoFEHIIEL (T.5) O%Ar
HZTLEEDBH LD ERDD.

-36-




Thesis Abstract

Registration
“KOU” No0.4953 Name PARK, Jun-Yong
Number

Thesis Title
Functional Nanofiber and Nanocoating for Biological Application

Biological field has been developed for improving our daily life aiming at the application for
industrial or medical field. This thesis proposes two cases of application suitable for medical
application. First, how to do the fastest hemostasis when we injured, and surgical procedure. Rapid
hemostasis after injury may promise not only fast curing our body but making activities easier than
bleeding situation. Second, medical instruments, such as used in operation and medical treatment,
have a difficulty in tissue adhering on the surface and high surface temperature.

Chapter 1 describes introduction and overview of this dissertation and thesis outline.

In daily life and medical field, rapid hemostasis is most significant factor for preventing death
and fast wound healing. For that purpose, calcium carbonate composite and nanofiber with
human-friendly materials to achieve advance in rapid hemostasis are investigated.

Chapter 2 describes the calcium carbonate composite with rapid blood coagulability by coating
the surface of particle using LbL self-assembly method. By controlling the surface structure and
coating multilayers, artificial calcium carbonate composite was developed. The calcium carbonate
composite possesses faster blood coagulability than that of the pure calcium carbonate and
cuttlefish bone.

Chapter 3 describes the nanofiber with calcium carbonate and natural material for improving

blood coagulability. The use of natural material, the changed surface wettability of nanofiber from
hydrophobicity to hydrophilicity in blood contact angle. Especially, in this chapter, more specific
blood coagulation test by performing animal experiment using nanofiber mat was demonstrated.
In medical field, there is significant problem in using metallic medical devices for hemostasis
because of the tissue adhesion. Hereafter, Chapter 4 and 5 describes anti-adhesion coating for
medical devices to solve obstacles of hemostasis caused by adhesion of tissue on the medical
devices.

Chapter 4 describes application of anti-adhesion for metallic surface against biological surface
through surface wettability. At first, the problems of adhesion with the metallic surface and
biological surface was confirmed. To solve these problem, superhydrophobic material was coated
on the metallic surface. The superhydrophobic surface showed good anti-adhesion property against
water containing biological surface. Next, the mechanism on the change of adhesion force was
discussed based on the mechanical model using surface free energy.

Chapter 5 describes advancement in coating film on the metallic surface against oil and water
for anti-adhesion. As reported in Chapter 4, superhydrophobic surface is weak against oil media.
From this reason, the omniphobic surface was developed. This surface is strong not only against
water solution but also oil.

Chapter 6 summarizes of this study and describes future work.
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Real-time 3D Reconstruction of Dynamic Scenes Using Moving Least Squares

Three-dimensional (3D) reconstruction is an actively researched area of computer vision. The general objective in
this field is to construct digital models of real objects and scenes. With the advent of RGB-D cameras and
increase in graphics card processing power, the focus of reconstruction has recently shifted from static to dynamic
content and from offline to online systems. In the current state-of-the-art works many difficulties remain:
multi-camera scene capture requires use of bespoke hardware, fast motions and big topology changes cannot be
correctly handled and large scenes cannot be reconstructed due to memory constraints or too computationally
expensive reconstruction methods. This thesis addresses all of these issues and proposes novel methods as

solutions.

To avoid capturing scenes using custom and expensive hardware this thesis proposes capturing scenes for
reconstruction using low-cost consumer-grade RGB-D cameras. As a drawback, the consumer devices lack
capability of synchronizing camera shutters. This issue is mitigated algorithmically by developing a novel depth
frame interpolation method that allows generating new temporally consistent depth data. As a byproduct, this

method can be used to generate synthetic slow-motion 3D reconstruction videos.

Two novel real-time 3D reconstruction methods, ZipperMLS and FusionMLS, that allow reconstructing both
highly dynamic and very large scenes are proposed. Both are based on moving least squares (MLS) surface
estimation technique and produce triangle meshes as output. The methods differ considerably in the way geometry
is handled. ZipperMLS reconstruction method belongs to the explicit surface reconstruction methods family.
Triangle meshes are directly generated from depth maps and then merged. To smooth surfaces a new projection
operator is contributed for MLS that is suitable for direct meshing of depth maps. To merge meshes, the concept
of mesh zippering from previous work is re-engineered to work as highly parallelizable algorithm suitable for
execution on GPUs. FusionMLS reconstruction method belongs to the volumetric reconstruction methods family.
It uses MLS to estimate signed distance function (SDF) at each voxel location and marching cubes method to
generate triangle mesh of the scene. The main novelty of the method is packing surface estimation and mesh
generation into a single process. That allows very low memory usage and fast reconstruction.

The developed 3D reconstruction methods can be used in various applications. A diminished reality system is
demonstrated as a practical example. Diminished reality is part of mixed reality research field and its purpose is to
hide, i.e. diminish, user selected objects from captured scenes. Diminishing complex objects can be demonstrated

as the proposed reconstruction methods are very general.

Presented 3D reconstruction and application implementations are completely GPU-based and work in real time.
The results shown in this thesis, obtained with real data, demonstrate the effectiveness of the proposed methods

and its advantages compared to state-of-the-art works.
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