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Introduction 
The collision of the asteroid with the Earth is one of the devastating disaster which has been studied by 

many astronomers and researchers. In this thesis, two techniques to deflect an asteroid with unacceptable 
Earth colliding risk away from the original course are proposed and studied. Compared with the method 
proposed before, the effectiveness of the methods has been extended by exploiting the space plasma 
environment. The first method is the kinetic impactor (KI) which sends a spacecraft to impact against the 
target asteroid for deflection. To increase the impact velocity, the electric solar wind sail (E-sail), which 
generates the thrust acceleration force with the interaction between the charged conducting tethers and the 
solar wind plasma stream, is assumed as the propulsion system. Second method is the Coulomb force attractor, 
which tows the asteroid by using the electrostatic attraction between the asteroid and the spacecraft both of 
which are artificially charged.  

Electric solar wind sail kinetic impactor 
The E-sail [1] is the next-generation space propulsion system.  

The E-sail based spacecraft has many long thin conducting tethers 
which are connected to electron guns mounted on the spacecraft main 
body (see also a conceptual sketch shown in Fig. 1). The tethers are 
charged up through the loss of electrons caused by the electron gun 
and interact with the natural solar wind plasma stream. Since the E-
sail enables a spacecraft to generate the thrust force without 
consuming any reaction mass, it can be attractive to increase the 
impact high velocity required by KI technique.  

The advanced solar wind force model is proposed considering 
the configuration of the E-sail base spacecraft. The direction and the magnitude of the solar wind thrust force 
of the E-sail is expressed as a function of the attitude of the E-sail. To reduce the energy required to change 
the direction of the thrust force by changing the attitude of the E-sail, a new orbital maneuvering technique 
not changing the attitude of the spacecraft actively but changing the voltage of the conducting tethers is also 
proposed and investigated. The usage of the maneuvering technique 
has been proven by analytical and numerical approach.  

Finally, numerical simulations of the E-sail KI are performed 
for the scenario created from fictional Earth impactors. The mass of 
the asteroids is assumed to be 9100.1   kg and the mass of the 
projectile mounted on the E-sail is assumed to be 1,000 kg. The 
trajectory of the E-sail to impact to the asteroid is solved in an 
optimal frame work. The results show that the E-sail KI achieves 
deflection distances larger than the Earth radius for Apollo asteroids 
which has a semi-major axis larger than 1 au. Figure 2 is an example 
of the optimized trajectory of the E-sail. Results for the Aten 
asteroid which has the semi-major axis smaller than 1 au, on the 
other hand, the deflection distance achieved by the E-sail KI is 
smaller than the Earth radius. To investigate the characteristics of 
the E-sail KI, trajectory optimization for the solar sail which 
produces the thrust force by reflecting the Sun light with a large thin mirror is also performed. Since the solar 
radiation pressure force is proportional to the inverse of the square solar distance of the spacecraft, the thrust 

Figure 1. A conceptual sketch of 
the E-sail based spacecraft.  

Figure 2. An example of the optimal 
trajectory for E-sail.  
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Functional analysis of cellulose synthase was conducted with recombinant protein. Given its easiness, 
bacterial cellulose synthase is used in this study. First of all, cellulose-synthesizing activity was 
successfully reconstituted in living cell of Escherichia coli by expressing the minimal required subunits 
CesA and CesB of Gluconacetobacter. Then this system, named as “CESEC (cellulose-synthesizing E. 
coli)” was used for checking enzymatic activity of point-mutants, for which site-directed mutagenesis was 
designed based on the structural model of bacterial cellulose synthase published in 2013 [1]. The obtained 
data were consistent with this model and previous data, and furthermore spotlighted the pivotal role of 
sulfur–arene interaction by cysteine in FFCGS motif and surrounding aromatic residues. However, the 
product of CESEC was a non-native structure of cellulose II, indicating that the reconstituted activity was 
incomplete or partially denatured. It is then absolutely required to find missing factor(s) for the native 
cellulose synthase activity. CESEC will be one of the tools useful for identifying such factors by 
reconstitution approach in following researches.  

Introduction 

In general, recombinant protein allows variable experiments to be conducted like site-directed 
mutagenesis and large scale production of protein. It is therefore a useful tool to analyze protein. Cellulose 
synthase is enzyme of hetero-subunit complex in cell membrane. Given high difficulty to handle membrane 
proteins with complex associated however, fewer studies have been conducted for cellulose synthase with 
recombinant protein, and then our understanding of cellulose biosynthesis is limited yet. In this thesis, 
recombinant cellulose synthase was intensively used for exploring its enzymatic mechanism.  

Bacterial model was selected in this thesis given its convenience to use. First, cellulose-synthesizing 
activity was successfully reconstituted in living cell of Escherichia coli by conventional method of 
heterologous expression of protein. This system, which we named as “CESEC (cellulose-synthesizing E. 
coli), was then demonstrated to be useful tool for the study of cellulose synthase: effect of point-mutation 
to the activity was surveyed in order to explore catalytic reaction at the level of amino acid residue.  

Reconstitution of cellulose-synthesizing activity in E. coli [2] 

Expression vector of bacterial cellulose synthase 
was constructed by cloning cesA and cesB genes of 
Gluconacetobacter xylinus JCM9730, which are the 
minimally required subunits of bacterial cellulose 
synthase. These two genes are in a same gene cluster, 
and then introduced into the vector as it is, together 
with the upstream sequence of cesA gene 
(Shine-Dalgarno sequence or ribosomal binding site). 
In addition, c-di-GMP, a small cyclic nucleotide, is 
another essential factor for cellulose synthesis in 
bacteria. For producing c-di-GMP in the cell, 
expression vector of DGC (diguanylate cyclase or 
c-di-GMP synthase) was constructed by inserting the 
gene into pBAD33 vector, which can be maintained 
together with pQE. These two plasmid DNA were 
then introduced into an E .coli strain XL1-Blue 
(Figure 1) and then transformant by carrying both 
plasmids were selected by antibiotics.  

 
Figure 1. A schematic diagram of CESEC, 

cellulose-synthesizing E. coli 
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acceleration magnitude of the solar sail rapidly increased when the spacecraft spirals inward to impact against 
Aten asteroid. On the other hand, the thrust force of the E-sail varies as the inverse of the solar distance and 
thus the E-sail experiences a small reduction on thrust when the spacecraft spirals outward to impact against 
Apollo asteroid. These results show that the E-sail KI is more effective to deflect Apollo asteroids.  

Coulomb force attractor 
The gravitational tractor [2] which tows the asteroid by using 

the gravitational attraction between a target asteroid and a massive 
spacecraft has been proposed and studied. The Coulomb force 
attractor extends the towing force by an electrostatic attraction 
between the asteroid and the spacecraft. Both the spacecraft and the 
asteroid are artificially charged and the electrostatic force is 
introduced.  

The Coulomb force attractor cannot be used without charging 
the asteroid artificially. To study the charging mechanisms of a 
conductive asteroid, three-dimensional asteroid charging model is 
developed based on the finite element method. The voltage of the asteroid is formulated based on the three 
dimensional mesh to model the realistic shape of the asteroid. Current flows which are caused by the space 
plasma surrounding the target asteroid are modeled as the equivalent current sources. They are, currents 
caused by the primary electrons and protons, the secondary electron current caused by the incidence of the 
primary particles, photoelectron currents caused by the Sun illumination. To solve this non-linear problem, 
a numerical solver has also been developed. Our tool successfully works to solve the natural charging 
phenomenon of a conductive asteroid as shown in Fig. 3. The results for artificial charging cases show that 
the asteroids composed with conductive material can be charged artificially.  

The dynamics of the charged spacecraft in the vicinity of the 
charged asteroid is also formulated. The equations of motion are 
formulated for the rotating reference frame fixed in the initial 
heliocentric motion of the centroid of the asteroid. By 
numerically integrating these equations, it is demonstrated that 
the electrostatic attraction is effective to extend the change in the 
position and velocity of the asteroid. The achievable deflection 
distances between the asteroid and the Earth at the predicted Earth 
impact date are also calculated for fictional Earth impactor to 
investigate the effectiveness of the Coulomb force attractor. An 
8.73×107 kg of asteroid artificially charged -20 kV is assumed 
to be a target. The spacecraft is charged up to 20 kV and the mass 
is assumed to be 500 kg. The eccentricity of this asteroid is 
assumed to be about 0.2. Such small asteroid is difficult to be 
deflected by using the gravitational attraction. In addition, achievable deflection distance is not so affected 
by the change in time to start towing. The result shown in Fig.4 tells that the Coulomb force attractor can 
extend the deflection distance of the asteroid with a small mass and small eccentricity efficiently.  
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Figure 4. Comparison of the
achievable deflection distances by 
two methods. 

Figure 3. Natural charging 
analysis for a conductive asteroid. 
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Functional analysis of cellulose synthase was conducted with recombinant protein. Given its easiness, 
bacterial cellulose synthase is used in this study. First of all, cellulose-synthesizing activity was 
successfully reconstituted in living cell of Escherichia coli by expressing the minimal required subunits 
CesA and CesB of Gluconacetobacter. Then this system, named as “CESEC (cellulose-synthesizing E. 
coli)” was used for checking enzymatic activity of point-mutants, for which site-directed mutagenesis was 
designed based on the structural model of bacterial cellulose synthase published in 2013 [1]. The obtained 
data were consistent with this model and previous data, and furthermore spotlighted the pivotal role of 
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recombinant cellulose synthase was intensively used for exploring its enzymatic mechanism.  
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activity was successfully reconstituted in living cell of Escherichia coli by conventional method of 
heterologous expression of protein. This system, which we named as “CESEC (cellulose-synthesizing E. 
coli), was then demonstrated to be useful tool for the study of cellulose synthase: effect of point-mutation 
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synthase. These two genes are in a same gene cluster, 
and then introduced into the vector as it is, together 
with the upstream sequence of cesA gene 
(Shine-Dalgarno sequence or ribosomal binding site). 
In addition, c-di-GMP, a small cyclic nucleotide, is 
another essential factor for cellulose synthesis in 
bacteria. For producing c-di-GMP in the cell, 
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