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The joint project between the amoeba robot team and other teams developed a
giant liposome based amoeba-type molecular robot prototype whose shape can be changed by DNA signals
by means of integrating various element technologies including molecular actuators and molecular
control systems. As for the molecular actuators, the team developed (1) molecular crutch which
control the connection between giant liposome and molecular motors, (2) photo-induced growth system
of peptide nanofibers propelling giant liposomes with comet tail-like mechanism, (3) reversible
morphological control system of tubulin-encapsulating giant liposomes by hydrostatic pressure, and
(4) calcium concentration dependent morphological changing microtubule networks. As for the
molecular control systems, the team developed (5)photo-sensitive DNA strands attached on
microtubules, (6) microtubule motion pattern controlling system, and (7) particle-based real-time
simulation system to reproduce the motion pattern.



1)

(2)
(3)
(4)
(1)
DNA
(2)
( )
(3)
« )
(4)
(
)
)
«C )
(6)
( )
B) Lt P A o ]
(@A) &P S IL: fi. w ms:;w g\\\\\\m\)\‘\“‘m
! ool —T/ n?@,‘\\m ﬁu
B) poptide nme/ﬁw growah
~ i) g
vy Mmrg' 5 -
- 3 e
1. A

B)

1)

DNA ON/OFF

DNA

)

()
DNA

(4)

DNA

®)

(6) GPU

¢y

DNA

ScienceRobotics [3] IEEE

Spectrum, PopularScience

)



HERAR =
HFFHFII—F Vo~
AT “/ vy r~
Ry ¥ !,'," 4 DNA 52 f = w}
% llr{”l ot
v U
O < 7
\%’," \] < P i
N i
§e ’6\\\‘ kk ﬁg < 4 ’.‘
‘?_ iz i
2 Trly i
e . - .
_ BFIIUF
=
" o ‘E.rv
75y F OFF 955 F ON
TR
a5 DNA
ws
—

2
20um
@)
[13]
Pressure (MPa)
o ?0 A EA DN EH DR
(@&EN) M\ (KKE (0.1 MPa))

) = = D> >
srEonEs P SIEOES
(s2#8) (B R)
®) -DNA
TEM
gm
4
150 p m/h
DNA
150 " dAzo FKFEFKFE
— Conjugate 1 W 9
100-| —— Conjugate 2 LN H“
- —dAy
50 e o
g "
i g
= 0N Conjugate 1
50
H H
100 AV aVal NJ\-
o
-150 . : . .
450 100 50 0 50 100 150 NO.
X/ pm Conjugate 2
4

DNA

DNA

(%)

*

(6) DNA
5
DBCO
DNA

K+ pH

DNA

DNA
DNA
@) GPU
) 100

DNA

4
DNA
Na+*
4 (600
(400 )
DNA




30

Md. Sirgjul [slam, Kaori
Kuribayashi-Shigetomi, Arif Md. Rashedul
Kabir, Daisuke Inoue, Kazuki Sada, Akira
Kakugo” Role of Confinement in the Active
Self-organization of Kinesin-driven
Microtubules” Sensors & Actuators. B.
Chemical accepted
Ai Saito, Tamanna Ishrat Farhana, Arif Md.
Rashedul Kabir, Daisuke Inoue, Akihiko
Konagaya, Kazuki Sada, Akira Kakugo
“Understanding the emergence of collective
motion of microtubules driven by kinesins:
role of concentration of microtubules and
depletion force” RSC Advances in printing
(2017) DOI: 10.1039/C6RA27449H
Yusuke Sato, Yuichi Hiratsuka, Ibuki
Kawamata, Satoshi Murata,
Shin-ichiro M. Nomura,
"Micrometer-sized molecular robot
changes its shape in response to signal
molecules”, Science Robotics,01 Mar
2017: Vol. 2, Issue 4; DOI:
10.1126/scirobotics.aal3735.
Arif Md. Rashedul Kabir, Masaki Ito,
Kyohei Uenishi, Shizuka Anan, Akihiko
Konagaya, Kazuki Sada, Miwa Sugiura,
Akira Kakugo; “An ATP generation system
for in vitro motility assay” Chemistry
Letters, 46(2) (2017) DOI:
http://dx.doi.org/10.1246/cl.160903
Nishigami M., Mori T., Tomita M.,
Takiguchi K., Tsumoto K. Membrane fusion
between baculovirus budded
virus-enveloped particles and giant
liposomes generated using a
droplet-transfer method for the
incorporation of recombinant membrane
proteins. Colloids and Surfaces B:
Biointerfaces 155: 248 — 256 (2017)

DOI:10.1016/j.colsurfb.2017.04.027
Kobayashi S., Terai T., Yoshikawa Y.,
Ohkawa R., Ebihara M., Hayashi M.,
Takiguchi K., Nemoto N. In vitro selection
of random peptides against artificial lipid
bilayers: A potential tool to immobilize
molecules on membranes. Chem. Commun.
53:3458-3461 (2017)

DOI: 10.1039/C7CC00099E

Masaki Ito, Takumi Ishiwata, Shizuka Anan,
Kenta Kokado, Daisuke Inoue, Arif Md.
Rashedul Kabir, Akira Kakugo, Kazuki
Sada. “Construction and Gilding of
Metal-Organic Frameworks and Microtubule
Conjugates” Chemistry Select, 2016, 16,
5358-5362; DOI: 10.1002/slct.201601431.

10.

11.

12.

13.

14.

15.

16.

Daisuke Inoue, Takahiro Nitta, Arif Md.
Rashedul Kabir, Kazuki Sada, Jian Ping

Gong, Akihiko Konagaya, and *Akira
Kakugo “Sensing Surface Mechanical

Deformation Using Active Probes Driven by
Motor Proteins” Nature communications,
2016, 7:12557; DOI: 10.1038/ncomms12557
(2016).

Masaki Ito, Arif Md. Rashedul Kabir, Md.
Sirajul Islam, Daisuke Inoue, Shoki Wada,
Kazuki Sada, Akihiko Konagaya, *Akira

Kakugo  “Mechanical  Oscillation of
Dynamic  Microtubule  Rings” RSC
Advances, 73, 69149-69155; DOI:

10.1039/c6ral6613j. (2016)

Gregory Gutmann, Daisuke Inouey, Akira
Kakugo, and * Akihiko Konagaya
“Particle-based Live Controlled Microtubule
Gliding Assay Simulation with the
Lennard-Jones Potential on GPU” New
Generation Computing, Vol. 13 (2)
:108-116 (2016)

Gregory Gutmann, Daisuke Inoue, Akira

Kakugo, *Akihiko Konagaya, “Real-time
3D Microtubule  Gliding  Simulation
Accelerated by  GPU Computing”

International Journal of Automation and
Computing, 2 (2016), 1-9
Yamada S., Isogai T., Tero R.,
Tanaka-Takiguchi Y., Ujihara T., Kinoshita
M., Takiguchi K. Septin interferes with the
temperature-dependent domain formation
and disappearance of lipid bilayer
membranes. Langmuir 32: 12823-12832
(2016)
DOI: 10.1021/acs.langmuir.6b03452
Hayashi M., Nishiyama M., Kazayama Y.,
Toyota T., Harada Y., Takiguchi K.
Reversible morphological control of
tubulin-encapsulating giant liposomes by
hydrostatic pressure. Langmuir
32:3794-3802 (2016)
DOI:10.1021/acs.langmuir.6b00799.
Oda Y., Sadakane K., Yoshikawa Y.,
Imanaka T., Takiguchi K., Hayashi M.,
Kenmotsu T., Yoshikawa K. Highly
concentrated ethanol solutions: Good
solvents for DNA as revealed by
single-molecule observation.
ChemPhysChem 17:471 — 473 (2016)
DOI:10.1002/cphc.201500988.
Nishiyama M, Takiguchi K., Hayashi M.
High-pressure microscopy for controlling
microtubule dynamics.

51:118 — 121 (2016)
http://microscopy.or.jp/jsm/wp-content/uplo
ads/publication/kenbikyo/51 2/contents.htm
1




17.

18.

19.

20.

21.

22.

23.

24.

Vol. 324,
94-97 (2016). DOI:10.2142/biophys.56.094

Daisuke Inoue, Bulbul Mahmot, Arif Md.
Rashedul Kabir, Tamanna Ishrat Farhana,
Kiyotaka Tokuraku, Kazuki Sada, Akihiko
Konagaya, and *Akira Kakugo “Depletion
Force Induced Collective Motion of
Microtubules Driven by Kinesin” Nanoscale
7, 18054-18061, (2015). ( )

Arif Md. Rashedul Kabir, Daisuke Inoue,
Yauri Kishimoto, Jun-ichi Hotta, Keiji Sasaki,
Noboru Kitamura, Jian Ping Gong, Hiroyuki
Mayama, and_Akira Kakugo*; “Drag force
of um-sized objects with different surface
morphologies in flow with small Reynolds
number” Polymer Journal 47, 564-570
(2015)

Shoki Wada, Arif Kabir, Masaki Ito, Daisuke
Inoue, Kazuki Sada, *Akira Kakugo, “Effect
of length and rigidity of microtubules on the
size of ring-shaped assemblies obtained
through active self-organization” Soft matter
11, 1151-1157 (2015).

Shoki  Wada, Arif Kabir, Ryuzo
Kawamura,Masaki Ito, Daisuke Inoue,
Kazuki Sada, *Akira Kakugo, “Controlling
the Bias of Rotational Motion of
Ring-Shaped  Microtubule  Assembly”
Biomacromolecules 12;16(1):374-8 (2015 )

Kato N., Ishijima A., Inaba T., Nomura F.,
Takeda S., Takiguchi K. Effects of lipid
composition and solution conditions on the
mechanical properties of membrane vesicles.
Membranes 5: 22-47 (2015)

DOI: 10.3390/membranes5010022.

M. Furutani, A. Uemura, A. Shigenaga, C.
Komiya, A. Osaka, K. Matsuura, A
photoinduced growth system of peptide
nanofibres addressed by DNA hybridization,
Chem. Commun., Vol. 51, 8020-8022 (2015).
DOI: 10.1039/C5CC01452B

Akira C. Saito, Toshihiko Ogura, Kei
Fujiwara, Satoshi Murata, Shin-ichiro

M. Nomura, "Introducing
Micrometer-Sized Artificial Objects
into Live Cells:A Method for
Cell-Giant Unilamellar Vesicle
Electrofusion”, PL0oS ONE 9(9):
106853 (2014, Sept.). DOI:

10.1371/journal.pone.0106853
Gregory Gutmann, Daisuke Inoue, Akira
Kakugo, Akihiko Konagavya: Real-time 3D

Microtubule Gliding Simulation, Life
System  Modeling and  Simulation,
Communications in  Compuer and

Information Science, vol. 461, pp.13-22

25.

26.

27.

28.

29.

30.

(2014)

Masaki Ito, Arif Md Rashedul Kabir,
Daisuke Inoue, Takayuki Torisawa, Yoko
Toyoshima, Kazuki Sada, *Akira Kakugo
“Formation of Ring-Shaped Microtubule
Assemblies through Active
Self-Organization on Dynein” Polymer
Journal, (2013) doi:10.1038/p;.2013.89

Daisuke Inoue, Arif Md. Rashedul Kabir,
Hiroyuki Mayama, Jian Ping Gong, Kazuki
Sada and *Akira Kakugo ”Growth of Ring
Shaped Microtubule Assemblies through
Stepwise Active Self-Organisation”
Soft-Matter, 9, 7061-7068 (2013) (Emerging
Investigators Issue).
Takiguchi K., Negishi M.,
Tanaka-Takiguchi Y., Hayashi M.,
Yoshikawa K. Specific transformation of
assembly with actin filaments and
molecular motors in a cell-sized
self-emerged liposome. Orig. Life Evol.
Biosph., 44: 325-329 (2014)
DOI: 10.1007/s11084-014-9395-0
Takahashi T., Nomura F., Yokoyama Y.,
Tanaka-Takiguchi Y., Homma M.,
Takiguchi K. Multiple membrane
interactions and versatile vesicle
deformations elicited by melittin. Toxins 5:
637-664 (2013)
DOI:10.3390/toxins5040637
Tanaka-Takiguchi Y., Itoh T., Tsujita K.,
Yamada S., Yanagisawa M., Fujiwara K.,
Yamamoto A., Ichikawa M., Takiguchi K.
Physicochemical analysis from real-time
imaging of liposome tubulation reveals the
characteristics of individual F-BAR domain
proteins. Langmuir 29: 328—336 (2013)
DOI:10.1021/1a303902q
Susumu Aoyama, Masahiko Shimoike,
Yuichi Hiratsuka, Proceedings of the
National Academy of Sciences of the
United States of America (PNAS), 110
(41), 16408-16413 (2013)doi:
10.1073/pnas.1306281110

60
Afrin T.,Kabir AMR.,Sada K. KakugoA.,
Mechanical deformation induced
modulation of biochemical functions of
microtubule
2016 10 24-26

> B

~aR-arsarEnTohlk~]
2017 2017 1
6



65 2016
5 25

Yuichi Hiratsuka, Takahiro Nitta,

2016/9/24
4
DNA
(2016) 77
2015 336
__ATP
2014 908

Daisuke Inoue, Arif Md.
RasheduKabir, Kazuki Sada, Jian
Ping Gong, Akira Kakugo “Soft
Actuators: Materials, Modeling,
Applications, and Future Perspectives,
Chapter 36. ATP-Driven Bio-Machine”,
Springer, (2014) 507

2016-184948

2015-185058

2015 9 18
2014-59898
2014 3 24
1

2010-108505
2014 12 2

http://ww._molecular-robotics.org/

¢y

&)

®

*

2017 3 7 IEEE Spectrum

Sato et.al, Science Robotics

http://spectrum. ieee.org/the-human-
os/biomedical/devices/celllike-robo
t-programmable-with-dna

2016 10 31

2016 4 12

Hayashi  Langumuir2016

KONAGAYA, Akihiko

KAKUGO, Akira

KUZUYA, Akinori

TAKIGUCHI, Kingo

NOMURA, Shinichiro

HIRATUSKA, Yuichi

MATSUURA, Kazunori

TOYOTA, Taro

HAYASHI, Masahito



