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1. UBI OVERVIEW

1.1 History

UBI, Universal Biology Institute (ZE4 @ F70H%4#), was established in October 2016, in the
Graduate School of Science at the University of Tokyo. UBI contracted with Quantitative
Biology Center in Riken for cooperation agreement (October 2016). Collaborative UBI
(Collaborative Research Organization for Universal Biology, %M @ #EAF 246 H) has been
established in December 2016 to advance collaboration and integrative studies between the
Universal Biology Institute and the Research Center for Complex Systems Biology at the
University of Tokyo.
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1.2 Directors (#i#&E)

Director of Collaborative UBI (‘E# @M 50 JEHA%) was Kunihiko Kaneko (&1
Dec 2016 ~ present).

Directors of Universal Biology (E#5 i@ 7epét B RF7EFL) were Masaki Sano (25
e, Oct 2016 ~Mar 2018) and Hideo Higuchi (£ 1 75 % April 2018 ~present).

1.3 Research Objective

UBI performs theoretical and experimental researches to answer the fundamental question,
“ What is life ? ”. UBI consists of five research groups to answer the question. (i) Theoretical
Group uncovers universal characteristic in living systems taking advantage of dynamical
systems theory and statistical physics. (ii) The goal of Synthesis Group is the construction of
replicating cells in vitro. (iii) Dynamics Reserch Group aims to elucidate universal mechanisms
in development and evolution in biological systems. (iv) Measurement Group develops a
measurement system for single-molecule to single-cell level as well as imaging technique. (v)
Information Integration Group develops information theory for thermodynamics and
replicating system and also explores collective behavior of units with information processing.
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1.4 Organization
The structure of UBI was shown in Fig. 1.

Director, Universal Biology Institute Advisory Committee

Steering Committee

The Universal Biology Institute, Research Center for
Graduate School of Science Complex Systems Biology
Graduate School of Arts and Sciences

Synthesis Group Dynamics Research Group
Information Integration Group
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Fig.1. UBI organization structure (UBI fH##k[X])




1.5 UBI members

UBI members are constituted of the full-time (¥:F), concurrent (3f#{F) and associate (1#77)
members in the University of Tokyo (Table 1). The full-time members were Professor Chikara
Furusawa (7% 77 May 2016 ~ present), Associate Professor Shuji Ishihara (7 J5i75 %, April
2017~ April 2018), Lecturer Sousuke Ito (Jtf#fll#i December 2018 ~ present), Assistant
Professor Nen Saito (July 2016 ~present), and Assistant Professors, Saburo Tsuru % =K
April 2017~present), Tateno Michio (fE# &1 September 2019~present) and Miki Umetani
(M 324 July 2019~present). Research works of core members (full-time and concurrent
members) were described in the next section, “Research Highlights”.

UBI had visiting researchers from abroad and in Japan. They were Naoko Mitarai (Associate
Professor, Niels Bohr Institute, Danish), Tsvi Tlusty (Professor, Institute for Basic Science,
UNIST Korea), Nobuto Takeuchi (Associate Professor, University of Auck land, New Zealand)
and Kyogo Kawaguchi (RIKEN Hakubi Fellow, Kobe, Japan). The visiting researchers stayed
at UBI for typical lengths of 2 weeks through 2 months

Table 1. UBI members
i EA D] i@ Affiliation A IN—TEE
Groupes Name Graduate School of Types of members
T R AR Y mE AN HZERMER B
Theory Chikara Furusawa | Science full-time
RkAIth HERMRF =i
Sosuke Ito Science full-time
&F BE HWEXEHEFR #E
Kunihiko Kaneko Art and Science concurrent
B8R —F HEEEMAER Institue | EfE
Kazuyuki Aihara of Industrial Scinece associate
ME &3 HEaXEHRF R
Atsushii Ikeda Art and Science concurrent
aR F=E HEaXEHRF BT
Shuji Ishihara Art and Science concurrent
FHiRIERPY FH EE HERER #E
Measurement Yasushi Okada Science concurrent
O £5 HERHER #E
Hideo Higuchi Science concurrent
B #H2 EERRFR Eig
Hiroki Ueda Medicine associate
kB <P REXLHER ®E
Moritoshi Sato Art and Science concurrent
Yuich Wakamoto Art and Science concurrent
mE 88 EPRMER EE
Takashi Funatsu Pharmaceutical Scineces | associate




x5 H—8 BEXILHARR i
Junichiro Yajima Art and Science concurrent
ENREERFT HA F= BRRHER i
Dynamic Hiroyuki Takeda Science concurrent
AL E# BRRHER i
Naoki Irie Science concurrent
AH 5 HBEXIEHER i
Kunihiro Ohta Art and Science concurrent
BL B HBEXIEHER i
Tatsuo Michiue Art and Science concurrent
E=H " HREXLHAER 1T
Satoshi Sawai Art and Science concurrent
HERERFY E 8 HERMRF T
Synthesis Hiroaki Suga Science concurrent
Frith 1817 IZRMER EH
Hiroyuki Noji Enginering associate
EHERE IZRMER EH
Takehiko Kitamori | Enginering associate
SH K& HBEXIETHAER i
Taro Toyota Art and Science concurrent
=P S ERMAEA Institue | EiE
Shouji Takeuchi of Industrial Scinece associate
Hig B— BEXIEHAER i
Norikazu Ichihashi | Art and Science concurrent
HiE EiE BEXILHARR i
Miho Yanagisawa Art and Science concurrent
TR #R &R £H Efh B2RHAER i
Inforation Shinya Kuroda Science concurrent
el IRE HEE R R EiE
Akinao Nose Frontier Sciences associate
Mt BE HEaXEHRF R
takashi Tkegami Art and Science concurrent
BE 4 BEXILHAER i
Koji Fukushima Art and Science concurrent
INE Rt S ERMMAER Institue | B
Tetsuya Kobayashi | of Industrial Scinece associate

1.6 Steering Committee (EEZEZL)

The decision of UBI is performed by steering committees of UBI and collabolative UBI. The
committee approves the use of UBI budget, and personal affairs including appointments and
disappointments of UBI members. Steering committees give advices about administration and
directions of UBI. The current committee members are given in Table 2 and 3.



Table 2. Steering committees of collabolative UBI (4=4) 3 i@ M f144%)

E2l] g /B {EE8A Term
Name affiliation/titile/position Fiscal year
KB #= EFZMERE-BUIR 2018-2019
Hiroyuki Takeda Dean, Graduate School of Science
AH HE BAEXIEHARBR-HIR 2018-2019
Kunihiro Ohta Dean, Graduate School of Art and Science
EF HE AYEREHEEMEHRBR BEXUELHARR-HIT | 2018-2019
Kunihiko Kaneko Director, Collaborative Research Organization for
Universal Biology
MO F5 AYEEMHAEEER BXRMRE B 2018-2019
Hideo Higuchi Director, Universal Biology Institute
FH RE BZRMRE HiR 2019-2020
Yasushi Okada Professor, Graduate School of Science
=H 7 BREXEAER - HIR 2019-2020
Satoshi Sawai Professor, Graduate School of Art and Science
AR —% 4 ERINPR AT BR 2018-2019
Kazuyuki Aihara Professor, Institue of Industrial Scinece
Table 3. Steering committees of UBI (4=4) % i M:44A4%)
e g /B T8 Term
Name affiliation/titile/position Fiscal year
*F HE EYETREEEATEER LEXLHAER R | 2018-2019
Kunihiko Kaneko Director, Collaborative Research Organization for
Universal Biology
R F5 EMERMEMARER HEFRMRR-HIR 2018-2019
Hideo Higuchi Director, Universal Biology Institute
Tt 1597 IZRMRE Hiz 2018-2019
Hiroyuki Noji Professor, Graduate School of Enginering
mE N EMEBEARHE BT 2019-2020
Chikara Furusawa Professor, Universal Biology Institute
EH E& HPERMRR % 2018-2019
Yasushi Okada Professor, Graduate School of Science
2| EH HERMRE R 2018-2019

Shinya Kuroda

Professor, Graduate School of Science




2. Research Highlights

*Note: Detail reports of UBI members (Okada, Furusawa, Higuchi, Nose and Ito) in
Department of Physics were attached at the end of this report and in the report of Department
of physcis.

* 5 AR ORI A o8 — (M, HE BO. BEWL 0N IBIL TR Bl
HENAREEOREDEL L UOYHFEELOEERREFEICH Y ETOTHEMITL L2 TS
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I: Theory Group
To answer the fundamental question, “What 1is life?”, we have uncovered universal

characteristic in living systems.

I-A: Universal Laws and Macroscopic Theory [Kaneko and Furusawal

A-i Universal Adaptation Law:

A macroscopic theory for cellular states with steady-growth is presented, based on consistency
between cellular growth and molecular replication, as well as robustness of phenotypes against
perturbations. First, global protein expression changes in {¥it Escherichia coli} after various
environmental perturbations were shown to be proportional across components, across
different types of environmental conditions. In general, adaptive changes in high-dimensional
phenotypes are shown to be restricted so that global relationship across the changes in all
components in a cell is uncovered both through adaptation and evolution.

-Kaneko, K., & Furusawa, C. Macroscopic theory for evolving biological systems akin to
thermodynamics. Annual review of biophysics, 47, 273-290 (2018).

I-A-ii Evolutionary Dimension Reduction

We have proposed that dimension reduction from high-dimensional phenotypic states to a few
degrees of freedom is achieved through evolution, which is essential to understand the
universal proportionality law mentioned above. To examine if such dimension reduction is a
result of evolution, we analyzed a cell model---with a huge number of components, that
reproduces itself via a catalytic reaction network---and confirmed that common proportionality
in the concentrations of all components is shaped through evolutionary processes. We found
that the changes in concentration across all components in response to environmental and
evolutionary changes are constrained to the changes along a one-dimensional major axis,
within a huge-dimensional state space. On the basis of these observations, we propose a theory
in which such constraint in phenotypic changes are achieved both by evolutionary robustness
and plasticity and formulate this proposition in terms of dynamical systems. Accordingly, broad



experimental and numerical results on phenotypic changes caused by evolution and adaptation
are coherently explained."

+ Furusawa C & Kaneko K. Formation of Dominant Mode by Evolution in Biological
Systems,Phys. Rev. E. 97(4), 042410 (2018)

Fig.2 The change of chemical concentrations
with environmental changes in
principal-component space. Component
concentrations at randomly chosen various PC3

L PRt B e PR o

environments are presented using an evolved

reaction network. We found that the changes in
concentration across all components in
response to environmental and evolutionary

changes are constrained to the changes along a

one-dimensional major axis, within a

PC1

huge-dimensional state space.

I-A-iii Transition from exponential-growth to stationary phases

Microorganisms generally go into the ‘sleep phase’ under starved condition. Theory for such
transition is proposed as the breakdown of steady-growth. A general law between the
starvation time and lag-time to recover the cellular growth is derived, as is consistent with
experimental reports..

*Himeoka, Y., & Kaneko, K.. Theory for transitions between exponential and stationary phases:
universal laws for lag time. Physical Review X, 7(2), 021049 (2017).

I-B: Origin of central dogma as a result of symmetry breaking:[Kaneko&Takeuchi]

Through simulations and theory of multi-level evolution, we demonstrated that the central
dogma of molecular biology, i.e., separation of information and function is derived as a general
consequence of symmetry breaking.

- Kaneko,K & Takeuchi, N. "The origin of the central dogma through conflicting multilevel
selection" Proc. Roy. Soc. B, 286: 20191359. (2019)

I-C: Theory for Multicellular Development [Ishiharal

A continuum model of tissue mechanics was formulated using cellular-level mechanical
ingredients and cell morphogenetic processes, including cellular shape changes and cellular
rearrangements. This model incorporates stress and deformation tensors, which can be
compared with experimental data. Focusing on the interplay between cell shape changes and
cell rearrangements, we elucidated dynamical behavior underlying passive relaxation, active



contraction-elongation, and tissue shear flow, including a mechanism for
contraction-elongation, whereby tissue flows perpendicularly to the axis of cell elongation. This
study provides an integrated scheme for the understanding of the orchestration of
morphogenetic processes in individual cells to achieve epithelial tissue morphogenesis.

+ S.Ishihara, P. Marcq, K. Sugimura. From cells to tissue: A continuum model of epithelial
mechanics. Phys. Rev. E 96, 022418 (2017).

+ V. Nier, et al. Kalman inversion stress microscopy. Biophys. J. 115, 1808-1816 (2018).

Fig.3 Cultured HaCaT cells show oscillation in
their collective migration. We developed a
method to quantify internal stress in the cells,
by which we performed correlation analysis
among the velocity, stress, cell shape, and
traction force. Mathematical model was derived
based on the analysis to explain the onset of the
oscillatory motion. (Top) Velocity field of the cell
movement. (Bottom) Oscillating bahavior was

reproduces by the mathematical model.

*QOther studies include prediction of dynamical systems by randomly distributed embedding
method [Aihara group]. Also, Kaneko published ‘Universal Biology’, the first book on this field

(in Japanese).

IT Synthesis Group
The ultimate goal is the construction of replicating cells in vitro. Toward the goal, the following

research has developed by closely collaborating with the Measurement and Theory groups.

II-A: Coevolution of Cooperation in Synthesized Evolving System [Ichihashil

Important characteristics in life is the evolvability. We have already established in-vitro
evolving system containing several molecule species. To allow for further development of
complexity during the early evolution of life, cooperation among independently replicating
molecules is essential. Generally, this process is vulnerable to parasitic or selfish entities,
which can easily appear and destroy such cooperation. How this fragile cooperation process
appeared and was sustained during the evolution is one of the largest mysteries. Theoretical
studies indicated that spatial structures, such as compartments, allow sustainable replication
and the evolution of cooperative replication, although this has yet to be confirmed
experimentally. In this study, we constructed a molecular cooperative replication system, in
which two types of RNAs, encoding replication or metabolic enzymes, cooperate for their

replication in compartments, and performed long-term replication experiments to examine the



sustainability and evolution of the RNAs. We demonstrated that the cooperative relationship of
the two RNAs could be sustained at a certain range of RNA concentrations, even experiencing
the appearance of parasites. Our results represent the first experimental evidence supporting
the sustainability and robustness of molecular cooperation at the evolutionary timescale.

+ Mizuuchi, R. and Ichihashi, N. Sustainable replication and coevolution of cooperative RNAs
in an artificial cell-like system. Nat Ecol Evol. 2 (10), 1654-1660 (2018).

Fig. 4 Schematic representation of the
translation- coupled cooperative RNA
replication reaction. Rep-RNA encodes
replicase, while NDK-RNA encodes
nucleotide diphosphate kinase (NDK).
Typical secondary structures are shown
(centroid structure by Vienna RNA). The
color of the structure represents the
probability of base pairing (red: more
probable, blue: less probable). Translated
NDK catalyzes CDP to CTP conversion,
producing a substrate for the RNA

replication, and then the translated replicase replicates both RNAs. This system was
encapsulated into microscale water-in-oil droplets. A microscopy image is shown.

II-B: Self-reproduction of supramolecular assemblies [Toyotal

Synthesis of self-reproducing self-assembly is a critical step towards the construction of
chemical systems with autonomous, adaptive, and propagation properties. We have
demonstrated that giant vesicles can grow and produce daughter vesicles by synthesizing and
incorporating phospholipids in situ from ad-hoc precursors. Our model involves acyl chain
elongation via copper(I)-catalyzed azide-alkyne [3 + 2] cycloaddition reaction or hydrolysis of
amphiphilic precursors and the ensuing production of synthetic phospholipids to induce growth
and division. In addition, the dynamics of giant vesicles were compatible with the
encapsulation and transfer of macromolecules as large as DNA to the daughters. This chemical
system provides a useful model towards the implementation of cell-like compartments capable
of propagation and transport of biological materials.

+ J. M. Castro, H. Sugiyama and T. Toyota. Budding and Division of Giant Vesicles Linked to
Phospholipid Production. Scientific Reports, 9, 165 (2019).

+ M. Matsuo, S. Ohyama, K. Sakurai, T. Toyota, K. Suzuki and T. Sugawara, A Sustainable
Self-reproducing Liposome Consisting of a Synthetic Phospholipid. Chemistry and Physics of
Lipids, 222, 1-7 (2019).

+ M. Matsuo, Y. Kan, K. Kurihara, T. Jimbo, M. Imai, T. Toyota, Y. Hirata, K. Suzuki and T.

10



Sugawara, DNA Length-dependent Division of Giant Vesicle-based Model Protocell. Scientific
Reports, 9, 6916 (2019).

Fig.5 Localization and transport of lambda phage DNA
molecules from a mature mother to its bud. Fluorescence H
micrographs of a GV and encapsulated DNA stained by
SYBR Green I. The image was taken ca. 50 min after the
mixing of a dispersion of DNA-containing immature
mothers, a catalytic solution (copper (I) chloride, 10 mM;
ascorbic acid, 20 mM; and deionized water) and reactive
precursors LH (9 mM) and AH/Chol (9/1 mM) .Scale bar,
10 pm.

III Dynamics Research Group
Living organisms have evolved as complex systems capable of actively altering or tracking their
surroundings in space and time. The Dynamics group aim to elucidate universal mechanisms

in development and evolution in biological systems.

III-A Developmental process of a primitive multi-cellular system [Sawail
A primordial example of tissue patterning by cell rearrangement is found in the social amoeba
Dictyostelium discoideum where the organizing center or the “tip” self-organizes as a result of
sorting of differentiating prestalk and prespore cells. By employing microfluidics and
microsphere-based manipulation of navigational cues at the single-cell level, here we
uncovered a previously overlooked mode of Dictyostelium cell migration that is strictly directed
by cell—cell contact. The cell—cell contact signal is mediated by E-set Ig-like domain-containing
heterophilic adhesion molecules TgrB1/TgrC1 that act in trans to induce plasma membrane
recruitment of the SCAR complex and formation of dendritic actin networks, and the resulting
cell protrusion competes with those induced by chemoattractant cAMP. Furthermore, we
demonstrate that both prestalk and prespore cells can protrude toward the contact signal as
well as to chemotaxis toward cAMP; however, when given both signals, prestalk cells orient
toward the chemoattractant, whereas prespore cells choose the contact signal. These data
suggest a model of cell sorting by competing juxtacrine and diffusive cues, each with potential
to drive its own mode of collective cell migration.

* T Fujimori, A. Nakajima, N. Shimada & S. Sawai. Tissue self-organization based on collective
cell migration by contact activation of locomotion and chemotaxis. Proc. Natl. Acad. Sci. USA,
116, 4291-4296 (2019)

Fig.5 Contact-mediated cell orientation in Dictyostelium. (A) Cis-acting transmembrane
protein TgrB1l and TgrC1 interaction induces prolonged activation of SCAR/WAVE and actin

1



polymerization. (B) The resulting
contact-dependent cell orientation is

overridden by chemotaxis in prestalk

cells but not in prespore cells. (C) A

new model of how cell segregation B i C

ip prespore prestalk -+ contact follwoing

|
o
3

prestalk prespore
P gt
‘ B

takes place by cell-type specific — chemotaxis

preference  of guidance  cues.
Prestalk are guided by diffusive

chemoattractant and prespore by

cell-cell contact.

III'-B  Evolution
ITI-B-i Evolution-development relationship [Irie]

Developmental hourglass as in the figure is one of the key topics in the evolution-development.
To understand it, we have focused on re-usage of genes into different biological processes. The
re-usage is known to contribute to the evolution of novel phenotypes, whereas some argued that
this kind of re-usage of genes in turn could lead to constrained status, or less evolvability. Here
we, for the first time, obtained empirical evidences to support this double-edged sword aspect of
gene recruitments. By analyzing developmental transcriptome of 8 animal (chordate) species,
we found that developmental stages with more pleiotropic (genes expressed in variety of tissues
and developmental stages) correlates with evolutionary conservation. This could explain why
basic anatomical features such as bodyplan is highly conservative throughout evolution,
because the body plan emerges during the conserved mid-embryonic stages, and the
mid-embryonic stages had more pleiotropic genes than other stages. As far as we know, this is
one of the few empirical evidences to support the classical notion; "more complex organisms are
less evolvable".

« H. Hu, et al. (N. Irie at the last corresponding author). Constrained vertebrate evolution by
pleiotropic genes. Nature Ecology & Evolution,1, 1722—-1730 (2017).

S Y. Uchida, M. Uesaka, T. Yamamoto, H.

[ %— X Takeda and N. Irie.Embryonic lethality is not
z sufficient to explain hourglass-like
conservation of vertebrate embryos. EvoDevo
9:7 (2018)

Pleiotropic
constraint

Fig.6 Potential contribution of hourglass-like
conservation of vertebrate mid-embryos by
pleiotropic constraints. Vertebrate

mid-embryonic molecular components are

<«— Divergence —>

highly pleiotropic (grey and black circles) and

12



specific growth rate (1/h)

are shared (blue vertical line) by other developmental process. This ‘chained’ status makes it
difficult for pleiotropic genes to change even at the gene regulation level, leading to
conservation of a mid-embryonic developmental system that is largely composed of pleiotropic
genes.

III-B-ii Bacterial evolution to environmental stresses [Furusawal
In adaptive evolution, an increase in fitness to an environment is frequently accompanied by
changes in fitness to other environmental conditions, called cross-resistance and sensitivity.
Although the networks between fitness changes affect the course of evolution substantially, the
mechanisms underlying such fitness changes are yet to be fully elucidated. Herein, we
performed high-throughput laboratory evolution of Escherichia coli under various stress
conditions using an automated culture system and quantified how the acquisition of resistance
to one stressor alters the resistance to other stressors. We demonstrated that resistance
changes could be quantitatively predicted based on changes in the transcriptome of the
resistant strains. The integration of transcriptome and genome data enabled us to clarify the
bacterial stress resistance mechanisms and evolutionary constraints on stress resistant
evolution.

« T. Horinouchi, S. Suzuki, H.
;/{smmc Kotani, K. Tanabe, N. Sakata, H.

i /] growth rate

Isoltion of Transcriplomeanalysis Shimizu, C. Furusawa. Prediction

resistant strain

Genome re-sequencing

of Cross-resistance and Collateral
Quantification of cross-protection  Sengitivity by Gene Expression
profiles and Genomic Mutations.
Sci. Rep., 7, 14009 (2017)

Fig. 7 Laboratory evolution under

environmental stress. £ coli cells

were cultured under 11 stress

conditions by using the automated

culture system. Selected clones

from adapted populations were

sequenced, and transcriptional

profiles were quantified to analyze
phenotype-genotype relationships.

III-C Experiments to accelerate evolution
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III-C-i Ultraviolet (UV) mutagenesis [Furusawa and Tsurul
UV mutagenesis is a widely used technique to increase bacterial mutation rates in laboratory
experiments. We constructed an automated UV irradiation device for microbial cell culture and
demonstrated that this growth feedback control avoided extinction and enabled accumulation
of mutations in bacterial genomes at a rapid rate for a long period. Whole-genome sequencing
revealed the high accumulation rate, neutrality, and spectrum of UV-induced mutations. These
results indicate that our automated device is useful in accelerating mutation accumulation over
a long duration.
+A. Shibai, Y. Takahashi, Y. Ishizawa, D. Motooka, S. Nakamura, B.W. Ying, S. Tsuru. Mutation
accumulation under UV radiation in Escherichia coli. Scientific Reports, 7, 14531, 1-12 (2017).
« A. Shibai, S. Tsuru, T. Yomo. Development of an automated UV irradiation device for
microbial cell culture, SLAS Technology, 24(3), 342-348 (2018)

ITI-C-ii Taqing system to accelerate evolution [Ohtal
DNA double-strand break (DSB)-mediated genome rearrangements are assumed to provide
diverse raw genetic materials enabling accelerated adaptive evolution; however, it remains
unclear about the consequences of massive simultaneous DSB formation in cells and their
resulting phenotypic impact. Here, we establish an artificial genome-restructuring technology
by conditionally introducing multiple genomic DSBs in vivo using a temperature-dependent
endonuclease Taql. Application in yeast and Arabidopsis thaliana generates strains with
phenotypes, including improved ethanol production from xylose at higher temperature and
increased plant biomass, that are stably inherited to offspring after multiple passages.
High-throughput genome resequencing revealed that these strains harbor diverse
rearrangements, including copy number variations, translocations in retrotransposons, and
direct end-joinings at Taql-cleavage sites. Furthermore, large-scale rearrangements occur
- frequently in diploid yeasts (28.1%) and

p,;:g:'d tetraploid plants (46.3%), whereas

haploid t d diploid plant

S aploi y(?a's s an iploid p an‘s

C)C):C =l undergo minimal rearrangement. This
D . .

o) => — genome-restructuring system (TAQing

% system) will enable rapid genome

breeding and aid genome-evolution
studies.

Heat activation “\@ + Muramoto N, Oda A, Tanaka H,

) < — Nakamura T, Kugou K, Suda K,
D e Kobayashi A4, Yoneda S, Ikeuchi A,
— <= | Sugimoto H, Kondo S, Ohto C, Shibata T,
- C‘: » Mitsukawa N, Ohta K.Phenotypic

diversification by enhanced genome
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restructuring after induction of multiple DNA double-strand breaks. Nat Commun.
18;9(1):1995(2018)

Fig.8 Schematic diagram of the TAQing system. A Taql-expression vector was introduced into
yeast cells, followed by transient heat activation of Taql (inactive, blue circle; active, red circle)

to generate DSBs in vivo. Red and blue ovals represent homologous chromosomes.

IV Measurement Group

By developing a measurement system from single-molecule to single-cell level, as well as
imaging technique, we have uncovered universal characteristics therein that also contribute to
biological functions.

IV-A: Molecular-level (Molecular Machine)

IV-A-i Kinesin-binding-triggered conformation switching of microtubules for polarized
transport [Okadal

Kinesin-1, the founding member of the kinesin superfamily of proteins, is known to use only a
subset of microtubules for transport in living cells. This biased use of microtubules is proposed
as the guidance cue for polarized transport in neurons, but the underlying mechanisms are still
poorly understood. Here, we report that kinesin-1 binding changes the microtubule lattice and
promotes further kinesin-1 binding. This high-affinity state requires the binding of kinesin-1 in
the nucleotide-free state. Microtubules return to the initial low-affinity state by washing out
the binding kinesin-1 or by the binding of non-hydrolyzable ATP analogue AMPPNP to
kinesin-1. X-ray fiber diffraction, fluorescence speckle
microscopy, and second-harmonic generation microscopy, as
well as cryo-EM, collectively demonstrated that the binding of
nucleotide-free kinesin-1 to GDP microtubules changes the
conformation of the GDP microtubule to a conformation

resembling the GTP microtubule.

- Shima T, Morikawa M, Kaneshiro J, Kambara T, Kamimura .
S, Yagi T, Iwamoto H, Uemura S, Shigematsu H, Shirouzu M, @ Btubu.,n Mubu.,n
Ichimura T, Watanabe TM, Nitta R, Okada Y, Hirokawa N.
Kinesin-binding-triggered  conformation  switching  of

Low affinity, GDP-conformation

KIF5C binding

microtubules contributes to polarized transport. J Cell Biol. it
threshold

217:4164-4183, 2018 (~10%) <‘ {‘(ésétééf

Metastable
(t~3 min)

. . . . High affinity, GTP-like conformation
Fig.9 Schematic model of the conformational changes in the
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microtubule triggerd by kinesin-binding. The binding of KIF5C to B-tubulin will push this
subunit to rotate around the T7 loop, leading to the elongation of the axial pitch (top, blue and
black arrows). The lattice structure of the microtubule will restrict the conformation and the
arrangement of tubulin subunits so that the conformational changes of the microtubule will
take place in a cooperative manner (bottom). The conformational changes of the microtubule
will be recognized by the interaction between kinesin’s LL11-a4 junction and the H3' helix of

a-tubulin (top, green arrow).

A-ii Unified Walking Model for Dimeric Motor Proteins [Higuchil A

Dimeric motor proteins, kinesin-1, cytoplasmic dynein-1, and
myosin-V, move stepwise along microtubules and actin filaments
with a regular step size. The motors take backward as well as

forward steps. The step ratio r and dwell time t, which are the ratio of

the number of backward steps to the number of forward steps and the

time between consecutive steps, respectively, were observed to
change with the load. To understand the movement of motor proteins,
we constructed a unified and simple mathematical model to explain
the load dependencies of r and of t measured for the above three types
of motors quantitatively. Our model consists of three states, and the
forward and backward steps are represented by the cycles of
transitions visiting different pairs of states among the three,
implying that a backward step is not the reversal of a forward step.
Each of r and t is given by a simple expression containing two
exponential functions. We reanalyze the data to obtain r and t of
native dynein to make up the insufficient data to fit them to the
model. Our model successfully describes the behavior of r and t for all
of the motors in a wide range of loads from large assisting loads to
superstall loads.

+ K. Sasaki, M. Kaya, and H. Higuchi. A unified walking model for
dimeric motor proteins Biophys. J.115, 1-12 (2018.11)
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Fig.10 Dependencies of the (A) step ratio r, (B) dwell time t, and (C) velocity v on the load L for
kinesin. The experimental data (symbols) were compared with the theory (solid lines)

*Other studies include discovery and analysis of Tetrahon, novel type of mobile element was

isolated from the genome of medaka fish [Yajima group] and live-cell single-molecule imaging

of the cytokine receptor MPL [Funatsu groupl.
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IV-B: Cell-level [Wakamoto]

IV-B-i Single-cell measurement on cell growth-division process: (in partial collaboration with
Theory group)

Cellular populations in both nature and the laboratory are composed of phenotypically
heterogeneous individuals that compete with each other resulting in complex population
dynamics. Predicting population growth characteristics based on knowledge of heterogeneous
single-cell dynamics remains challenging. By observing groups of cells for hundreds of
generations at single-cell resolution, we reveal that growth noise causes clonal populations of
Escherichia coli to double faster than the mean doubling time of their constituent single cells
across a broad set of balanced-growth conditions. We show that the population-level growth
rate gain as well as age structures of populations and of cell lineages in competition are
predictable. Furthermore, we theoretically reveal that the growth rate gain can be linked with
the relative entropy of lineage generation time distributions. Unexpectedly, we find an
empirical linear relation between the means and the variances of generation times across
conditions, which provides a general constraint on maximal growth rates. Together, these
results demonstrate a fundamental benefit of noise for population growth, and identify a

growth law that sets a "speed limit" for proliferation.

+ M. Hashimoto, T. Nozoe, H. Nakaoka, R. Okura, S. Akiyoshi,
K. Kaneko, E. Kussell, Y. Wakamoto, Noise-driven growth
rate gain in clonal cellular populations. PNAS 113,
3251-3256 (2016).

Fig.11 Single-cell lineage trees for E. coli growing in a
constant environment. E. coli cells were cultured in a custom
microfluidic device, dynamics cytometer, for 5000 min under
the constant flow of a culture medium. The bifurcation
indicates cell division, and the endpoints the flow-out of the
cells from the observation channel in the device. The

magenta and cyan lines show the single-cell lineages that

lasted in the observation channel throughout the ,‘.

T T T T
. 0 1000 2000 3000 4000 5000
observation. Time (min)

IV-B-ii Trade-off between aging and growth

Replicative aging has been demonstrated in asymmetrically dividing unicellular organisms,
seemingly caused by unequal damage partitioning. Although asymmetric segregation and
inheritance of potential aging factors also occur in symmetrically dividing species, it
nevertheless remains controversial whether this results in aging. Based on large-scale
single-cell lineage data obtained by time-lapse microscopy with a microfluidic device, in this
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report, we demonstrate the absence of replicative aging in old-pole cell lineages of
Schizosaccharomyces pombe cultured under constant favorable conditions. By monitoring more
than 1,500 cell lineages in 7 different culture conditions, we showed that both cell division and
death rates are remarkably constant for at least 50-80 generations. Our measurements
revealed that the death rate per cellular generation increases with the division rate, pointing to

a physiological trade-off with fast growth under balanced growth conditions.

H. Nakaoka, Y. Wakamoto, Aging, mortality, and the fast growth trade-off of
Schizosaccharomyces pombe. PLoS Biology 15, 2001109 (2017).

Fig.12 The linear relationship between
division rate and death rate of S. pombe 121
under several steady growth conditions. S.
pombe cells were cultured in a microfluidic
device, mother machine, and we quantified
the division rate and the death rate in each

condition. The red line 1is the linear

Death rate (x10° min)

regression for the relation. The positive

x-intercept, r*(min), indicates the division 0
rate below which the death rate becomes Division rate (x10 min)

Zero.

IV-B-iii Raman spectroscopy to characterize cellular states

Raman microscopy is an imaging technique that has been applied to assess molecular
compositions of living cells to characterize cell types and states. However, owing to the diverse
molecular species in cells and challenges of assigning peaks to specific molecules, it has not
been clear how to interpret cellular Raman spectra. Here, we provide firm evidence that
cellular Raman spectra and transcriptomic profiles of Schizosaccharomyces pombe and
Escherichia coli can be computationally connected and thus interpreted. We find that the
dimensions of high-dimensional Raman spectra and transcriptomes measured by RNA
sequencing can be reduced and connected linearly through a shared low-dimensional subspace.
Accordingly, we were able to predict global gene expression profiles by applying the calculated
transformation matrix to Raman spectra, and vice versa. Highly expressed non-coding RNAs
contributed to the Raman-transcriptome linear correspondence more significantly than mRNAs
in S. pombe. This demonstration of correspondence between cellular Raman spectra and

transcriptomes is a promising step toward establishing spectroscopic live-cell omics studies.
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+ K. J. Kobayashi-Kirschvink, H. Nakaoka, A. Oda, K. F. Kamei, K. Nosho, H. Fukushima, Y.
Kanesaki, S. Yajima, H. Masaki, K. Ohta, Y.
Wakamoto, Linear Regression Links

Cells Cultured in
Various Conditions

Transcriptomic Data and Cellular Raman
Spectra. Cell Systems 7, 104-117.E4 (2018).

Cellular Raman Spectra Transcriptomic Data
for each condition for each condition

Fig. 13. characterization of cellular states

V. Information Integration Group

Information is essential to biological systems. v
To aim at understanding information process
in biology, we developed information theory 2 Raman
. . fza) Spectra g , P
for thermodynamics and replicating system. ; «ﬁ‘ /
Furthermoe, by considering the interacting @ \Expression 3
. . . . . Profiles
units with processing information, we study LoA1 Estimated

the collective behaviors of active agents.

V-A Information geometry for thermodynamics [Ito]

We have discussed several relationships between thermodynamics and information theory,
which are applicable to information processing in biological systems. Especially, we have
studied relationships between thermodynamics and information geometry, to understand
trade-off relationships between thermodynamic cost and the accuracy of biological systems.
These trade-off relationships are called as thermodynamic uncertainty relationships (TURs),
which are classical thermodynamic generalizations of the uncertainty relationship in quantum
mechanics. We illustrate these trade-off relationships by using the enzyme reaction and
autocatalytic reaction. We have also derived a generalization of the second law of
thermodynamics with information theory based on the projection theorem in information
geometry, and a generalization of the Glansdorff-Prigogine criterion for stability. These results

25 : reveal deep connections between thermodynamics and geometry.

+ S. Ito "Stochastic thermodynamic interpretation of information
geometry" Physical Review Letters 121, 030605 (2018).

Fig.14 Schematic of the statistical manifold in information
geometry. To consider the geodesic length D, the square of line
element ds”*2, and the length L, we have obtained the trade-off
relationship between thermodynamic cost and the speed of the
transition in biochemical reaction, such as the enzyme reaction.
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V-B Information Theory for a system with replication and evolution[Kobayashil

Based on the experimental result by Wakamoto’s group, we have derived and developed
information-theoretic reformulation of evolutionary processes by using pathwise formulation.
From this approach, we have obtained fluctuation relations for fitness of a phenotypically
heterogeneous population in a stochastically changing environment. We also developed
methods to analyze cellular lineages obtained by long-term tracking experiments of microbial
growth. We have also made information-theoretic approach to immunology, including the
proposal of reinforcement learning framework for T cells.

+ Y. Sughiyama, and T. J. Kobayashi. Fitness response relation of a multitype age-structured
population dynamics. Phys. Rev. E, 99, 012413 (2019)

V-C Collective behavior of active units
V-C-i collective dynamics of active agents [Tkegamil

We explored the possibility of large-scale Alife models. In particular, taking the example from
Cohen’s LIFE and from Craig’s boid model, we search for (

top-down causation will be discussed based on these . .
simulation results.

+ T. Tkegami et al.,: Life as an emergent phenomenon:

studies from a large-scale boid simulation and web data,

Phil.Roy.Soc.,375, pp.1-15, 2017

Fig. 15 Large-scal boid simulation

the emergent phenomena in large scales. By simulating
the swarm size up to 500,000 agents by utilizing the
GPGPU technique, a qualitative change in swarm
formation was found in larger swarms. The concept of

V-C-ii Collective dynamics in neural progenitor cell cultures [Sano and Kawaguchil

We reported on the collective dynamics of cultured murine neural progenitor cells (NPCs or
neural stem cells) that give rise to cells in the central nervous system. At low densities, NPCs
moved randomly in an amoeba-like fashion. However, NPCs at high density elongated and
aligned their shapes with one another, gliding at relatively high velocities. Although the
direction of motion of individual cells reversed stochastically along the axes of alignment, the
cells were capable of forming an aligned pattern up to length scales similar to that of the
migratory stream observed in the adult brain. The two-dimensional order of alignment within
the culture showed a liquid-crystalline pattern containing interspersed topological defects with

winding numbers of +1/2 and—1/2 (half-integer due to the nematic feature that arises from the
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head—tail symmetry of cell-to-cell
interaction). We identified rapid cell
accumulation at +1/2 defects and the
formation of threedimensional mounds. We
propose a generic mechanism for the
instability in cell density around the defects
based on the active matter model.

"Kyogo Kawaguchi, Ryoichiro Kageyama,
Masaki Sano, Topological defects control,
Nature 545, 327-331 (2017).

Fig. 16. Collective dynamics of neural

progenitor cell.

*QOther studies include small-volume effect for information processing in spine [Kuroda group]
and regulation of locomotion through feedback circuits in Drosophila larvae [Nose groupl.
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3 UBI Activities and Future plan

3.1 Annual activities

Speakers are invited for the UBI-seminar (Number of UBI-seminar: 6 times in 2016 fiscal year,
8 times in 2017, 18 times in 2018, 12 times in April-Nov. 2019). About half of seminars (21
times out of 44) were presented in English by speakers from abroad. UBI also had Internal
research seminar in which two young speakers presented their recent works every month. In
May, Joint symposium between biophysics course in department of physics and UBI is held for
students and young scientists. In August, UBI members have lectures for junior and senior
high school students at Open Campus.

3.2 International meetings

UBI had International meetings including workshop and symposium. International
Symposium on Universal Biology was held in November 2016 at The University of Tokyo. LMU
(Germany)-UBI Joint Workshop on Statistical and Biological Physics was held in October 2018
at The University of Tokyo. 1st and 2nd Joint Symposium between Mechanobiology (National
University of Singapore) and UBI were held in April 2018 and September 2019 at National
University of Singapore and The University of Tokyo, respectively. Joint UBI-NanoLSI
(Kanazawa University) workshop, Trends in Molecular Biophysics of Living Cells, was held in

November 2019 at Kanazawa University.

3.3 Special education for freshman and sophomore CF¥ 1, 2 EAITxT 2 LZ2EEBRE )

UBI prepared special experience curriculum for freshman and sophomore. About 20 students
took the curriculum every semester. Each student belongs to one of the laboratories in UBI
members (one or two students in each lab.) and performed basic research works. Some students
continued the works and presented their works at internal and international academic
conferences. A few students published the original papers. Especially, senior student,
Yamagishi, who published one paper and submitted another during the undergraduate student,
won the highest award among The University of Tokyo President’s awards (only one student
wins this award every year).

3.4 Budget
UBI is run basically on the University budget. The University budgets were 55 (2016), 55
(2017), 58 (2018) and 59 (2019) million yen. Full time members (5{E#(E) have acquired
external funds; 10 (2017), 27 (2018) and 62 (2019) million yen. (1 million yen %= 9 thousands
US dollar)

3.5 Future plan
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3.5.1 Future plan of research works

Elucidating the underlying mechanisms universal to all living organisms is one of the ultimate
purposes of biological research. By further developing measurement tools, machine learning,
we aim at establishing a research field to understand universal features in life, together with
developing a theory under the spirit of physics. For it we gather scientists in university of
field across broad disciplines. We keep five groups we have set up. The research plan for

each group is presented below, whereas we expand tight collaboration among the groups.

Theory Group

We have uncovered some universal statistical laws on adaptation and evolution, suggesting
that robust biological systems that include a huge number of components are described by few
macroscopic variables. With collaboration with experimental groups, we identify how such
dimension reduction is shaped through evolution. Then we intend to explore the possibility of
macroscopic description a la thermodynamics in physics. By also resorting to single-cell
measurement developed by Wakamoto’s group, we intend to extract ‘equation of state’ of a cell,
described by few degrees of freedom such as growth-rate, activity, and so forth. With such
macroscopic potential theory, we describe robustness and plasticity in biological systems
quantitatively, and how robustness (to noise and environmental changes) and plasticity
(dynamic transferability between various states) are compatible in biological systems. We
explore a theory for multicellular system, to characterize development that involves both
chemical and mechanical interactions. Equations to govern multi-cellular development will be

formulated in collaboration with Dynamics group.

Synthesis Group

The analysis-by-synthesis approach (i.e., synthesize an entity first, and then analyze) is an
effective strategy for studying complex systems such as living organisms, because deductive
analysis of such a system from first principles is often difficult. The ultimate goal of the group
is the synthesis of replicating cells that can evolve. For it, we aim at (1) construction of vesicle
that grow and divide (2) in-vitro and in-vesicle reaction systems of multiple components that
include metabolism and synthesis of enzymes and DNA, and membrane (3) understanding
physics of chemistry of intracellular processes that sustain themselves and (4) reconstruction of
cellular functions and biological phenomena,. In collaboration with Theory group and

Measurement group, we unveil universal characteristics that minimal cells have to satisfy.

Dynamics Group

Living organisms are complex with hierarchy in space and time. Cells form a community by
secreting metabolites whereas they move to form a multicellular organism. The Dynamics
group aim to elucidate the physical and evolutionary mechanisms by which such complex

dynamics in cells and multicellular tissues are formed. Through detailed quantitative analysis
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and modeling of basic spatiotemporal dynamics in movement, deformation, polarization, and
division of a single cell and tissues in addition to genome-wide comparisons, the group will
explore common logics across the seemingly diverse type of molecule or species of organism, in
collaboration with all other groups. This will also uncover reversibility/irreversibility in the
differentiation from pluripotent stem cells. Next, in collaboration with Theory group, universal
laws in phenotypic evolution will be explored, which describe constraint and direction in

evolution.

Measurement Group

We seek to quantitatively understand the structures and functions of cells and life. We will
develop high-resolution high-throughput measurement of molecular and cellular processes, and
whole organisms, with developing novel techniques based on physics. Then, reduction
techniques from high-dimensional data will be developed together with Theory and
Information groups, by taking advantage of machine learning, statistical physics and
information theory. We will uncover how biological adaptation and function are represented

in high-dimensional cellular states.

Information

Matter, energy, force, space, and time are the fundamental constituent concepts of physics. In
order to understand life, however, it is imperative to add the concept of information. We will
formulate non-equilibrium thermodynamics in terms of information and apply the information
thermodynamics to biological processes such as signaling, axis and adaptation. Learning and
evolution are formulated in terms of information. Together with Theory and Synthesis groups,
we also study the origin of information needed for life system, i.e., by investigating how life, a
mere aggregation of matter, acquires and generates information. The study of the group will
also cover 1) relationship between information and matter/energy; 2) concerted spatio-temporal
dynamics of information and life; 3) relationship between information and evolution dynamics;
4) the origin of biological autonomy and self-reference. The studies of the group will allow for

development of new information control techniques and learning algorithms.

3.5.2 Future plan of UBI organization.

Full-time members (AL H)

UBI has three full-time PI and two assistant professors in 2016-2018 and two PI and four
assistant professors in 2019. To strengthen the research work and organization of UBI, UBI
plan to acquire PI position(s) who studies the boundary field of biology and theoretical
biophysics.

Collaboration beyond the research field
To explore the universal biology as the new field, collaboration and discussion beyond the
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research areas is crucial. The discussion and collaboration between UBI members were fruitful
to explore the new field, because UBI members were graduated from many departments,
physics, biology, biochemistry, chemistry, medicine and engineering. Actually, some papers
described in Research Highlight were performed by the collaborations between different fields.
UBI plan to encourage the collaboration and discussion with the new institute for Physics of
Intelligence (N ¥ ) and International Research Center for Neurointelligence in the

University of Tokyo by promoting seminar and workshop.

Internationalization

The aim of UBI is to form the core of excellence to lead the worldwide works of universal biology
that uncover the common and universal mechanism between living things. To reach the aim, it
1s important to cultivate the universal biology assiduously collaborated and discussed with
researchers in top institutes in the world. UBI has a plan to cooperate with the top institutes
(Institute for Advanced Study, Princeton University, USA; Institute for Universal Biology,
University of Illinois at Urbana-Champaign USA; Curie Institute, France; Niels Bohr Institute,
Demark; Mechanobiology Institute, National University of Singapore, Singapore). UBI
members have collaborated with the researchers in the top institutes. In this plan, UBI
prepares one-position for ~4 visiting professors who stay at UBI each quarter year. The
visiting professors discuss and collaborate with UBI member's groups. In the other plan, UBI
apply the budget from Core-to-Core Program in Japan Society for the Promotion of Science that
promotes the international research works. UBI exchange students, young scientists and PIs
between the institutes participating in the Core-to-Core Program.

Education

The integrated education system from freshmen in undergraduate course to students in
graduate program was created by the collaboration between research groups in Komaba and
Hongo Campuses. In the integrated education, students learn how to understand biological
phenomenon from the viewpoint of mathematics and physics. To encourage the students in
learning the universal biology, UBI plan to give the certification of completing Universal
Biology program of to the students who finish the several courses related to the universal
biology. UBI also plan to have a basic research seminar targeting undergraduate and master
students.
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4. List of Achievements

4.1 Honors, Awards and Professional Society Memberships
4.1.1 Principal Investigators
1. TINBTR. UNESCO Netexplo Award winner 2019 (2019).
2. SR MRETAZ AW 7 a BB OMP & X 7 oA, KPEtms #
20 [A57 HA ISR E, (2018).
3. WNRFERE. NAFIAT 1 v 7 BT 2AEMWELFRONE, BRDOKEZFRY: F 2 BEIRHF
=/ #, (2018).
4. FHEEE. PR 29 FE SCHRM P RERER FEAME R RBEMEE L ~— R & L7 B4
WEEDOBHIE] (2017) .
5. KHIH., HABMLRFEH 89 KA Best Papers B EH BB RV A XD 7 Afili)
(2017) .
6. & M. HARAN—F—KE 2016 FFHE (2016).
#H. Max Bergmann Medal 2016 (2016).
W,  B22WEEET V) T —T b =)L RAZNVE [T F N Hdlh & L7 Al
AR OBH%E ) (2016)

b m

4.1.2 Staffs in UBI-member groups

1. R FH =W EFIER). E&N ATP A A —2 2 7 % AWM O R RE O Z2 [ A BS o f#
#r. BARLEMWEY S TS E (2019).

2. WA (M BATATIER). Ml oD = 1L 2 —IRRE 0O E S L — Mg dT & "TREC 972 ATP v
P—ut ¥ X7 E"QUEEN", 2 71 Bl H AMAY 2 - 5 19 BIERER Y2 G RES, B
FEHREFHE  (2019).

3. WFHHE CEABIZD . KMIEHERFAIAEME Bty Y —v 7 A7 = rn—. (2019).

4. /NEAY CKREMBIZ). KEEEREIFAIAME Hi=r Y —v 7 A7 21—, (2019)

5. M (EABhED) . ~ A 27 v - F 7 T30 A& 1 5 TR MBS 2 T AR RS 1 O RS REfiE
Br & BRI ARSI HRCEHM S (2019).

6. PhAJEEE (Frubr B 0AF%ER.) CHEMINAS %2 E (2019).

7. RZE (BHFBIE) . &0 RO EIEOBRZ - eI X DB -ESIR F AR e U — 0k
AZ ZIED LR Y P AF v a3 o oiBifEfl#E, 5 68 Blma PPk RE, EHRA
Z—H (—BmM) (2019).

8. IEBETHE (WNEMBIZD . 7 uPA LAY & mo FIRMDNE BV IR, H8EIY 7 h~X
—HF7E4s, (2018).

9. JEZ TR (WIENFBI#) . Micrometric Confinement Induces Anomalous Diffusion in

Semi-dilute Polymer Solution, International Symposium on Fluctuation and Structure out
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of Equilibrium 2017 (SFS2017), "~ A % —H, (2017).

4.2 Publications
4.2.1 Refereed Original Papers and Conference Proceedings with review

1.

10

11.

12.

Naohiko Shimada, Hirotaka Kinoshita, Takuma Umegae, Satomi Azumai, Nozomi Kume,
Takuro Ochiai, Tomoka Takenaka, Wakako Sakamoto, Takayoshi Yamada, Tadaomi Furuta,
Tsukuru Masuda, Minoru Sakurai, Hideo Higuchi, and Atsushi Maruyama. Cationic
Copolymer-Chaperoned 2D-3D Reversible Conversion of Lipid Membranes Advanced
Materials (2019)

. Takumi Washio, Seine A. Shintani, Hideo Higuchi, Seiryo Sugiura and Toshiaki Hisada.

Effect of myofibril passive elastic properties on the mechanical communication between

motor proteins on adjacent sarcomeres. Scientific Reports 9:9355 (2019).

. Y. Li, H. Kokubu, and K. Aihara. Explicit Transversality Conditions and Local Bifurcation

Diagrams for Bogdanov - Takens Bifurcation on Center Manifolds. Physica D, Vol.39,
pp.52-65 (2019).

T. Miyaji, N. Sviridova, K. Aihara, T. Zhao, and A. Nakano. Human Photoplethysmogram
through the Morse Graph: Searching for the Saddle Point in Experimental Data, Chaos,
Vol.29, No.4, 043121 (2019).

K. Koizumi, M. Oku, S. Hayashi, A. Inujima, N. Shibahara, L. Chen, Y. Igarashi, K. Tobe, S.
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&iZE . Chikara Furusawa

1 Education and Professional Experiences

Education
1995 B.S. (Physics)  Meiji University

1997 MSc. (Physics) The University of Tokyo
2000 Ph.D. (Physics) The University of Tokyo

Professional Appointments

1999—-2001 JSPS Research Fellow The University of Tokyo
2001—2003 Special Postdoctoral Scientist RIKEN

2003—2012 Associate Professor Osaka University

2011— Team Leader RIKEN

2016— Professor The University of Tokyo

2 Research Highlights

Highlights of our research achievements are as follows:

(1) A dynamical system model of stem cell differentiation: One important issue in
developmental biology is the understanding of differences between multipotent stem cells from
differentiated cell types. We have performed computer simulations of the developmental process
to screen for the gene regulatory networks that can generate cell-type diversity through stem cell
differentiations. We found that those stem cells that both proliferate and always differentiate
exhibit oscillatory expression dynamics, and that regulating the differentiation frequency of these
stem cells causes a robust number distribution of cell types. These findings can explain the recently
observed heterogeneity and dynamic equilibrium of the cellular states in stem cells (Furusawa and
Kaneko, Science 2012; Suzuki, Furusawa and Kaneko, PLoS One 2012).

(2) Study on the emergence of low-dimensional dominant mode in evolutionary dy-
namics: A reduction in high-dimensional phenotypic states to a few degrees of freedom is es-
sential to understand biological systems. In this study, we show evolutionary robustness causes
such reduction which restricts possible phenotypic changes in response to a variety of environ-
mental conditions. To examine if such dimension reduction is a result of evolution, we analyzed
a cell model?with a huge number of components, that reproduces itself via a catalytic reaction
network?and confirmed that common proportionality in the concentrations of all components
is shaped through evolutionary processes. We found that the changes in concentration across all
components in response to environmental and evolutionary changes are constrained to the changes
along a small number of ”dominant modes,” within a huge-dimensional state space. From these
observations, we propose a theory in which such constraints in phenotypic changes are achieved
both by evolutionary robustness and plasticity and formulate this proposition in terms of dy-
namical systems (Furusawa and Kaneko, Phys Rev. E 2018; Kaneko and Furusawa, Annu. Rev.
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Biophys. 2018). Accordingly, broad experimental and numerical results on phenotypic changes

caused by evolution and adaptation are coherently explained.

(3) Phenotype-genotype analysis of bacterial adaptive evolution: Technological advances
enabled us to quantify the phenotypic and genetic changes in their adaptive evolution. Here, to
analyze nature of phenotypic and genetic changes in microbial adaptive evolution, we performed
laboratory evolution experiments of E. coli under addition of various antibiotics and obtained drug-
resistant strains (Suzuki et al., Nature Comm. 2014). The results of phenotypic and genotypic
analyses demonstrated that the resistance to antibiotics can be quantitatively predicted by expres-
sion levels of small number genes, which suggested that the expression changes were restricted to
a low dimensional dynamics which is consistent with the phenomenological laws mentioned above.
The existence of an epigenetic memory that has a much longer time-scale than their generation
time and contributes to the adaptive phenotypic changes was also suggested (Horinouchi et al.,
BMC Evo. Biol. 2015).

3 Selected Papers

e C. Furusawa and K. Kaneko, Science 338, 215 (2012)
This paper has been cited 138 times.

S. Suzuki et al., Nature Comm. 5, 5792 (2014)
This paper has been cited 133 times.

C. Furusawa and K. Kaneko, Phys. Rev. Lett. 108, 208103 (2012)
This paper has been cited 38 times.

T. Miyamoto et al., PLoS Comp. Biol. 11(8), e1004476 (2015)
The paper has been cited 32 times.

e S. Ohno et al., Bioinformatics 30(7), 981-7 (2014)
The paper has been cited 31 times.

4 Honors, Awards and Professional Society Memberships

2012, Chikara Furusawa, Fermentation and Metabolism Research Award, Japan Bioindustry

Association.

2012, Chikara Furusawa, Outstanding Paper Award, The Biophysical Society of Japan.

5 Research Plan

Future research plans are as follow:
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(1)High-throughput bacterial experimental evolution under various conditions: Our
theoretical and computational analyzes suggested that a phenotype of replicating cells are re-
stricted to relatively low-dimensional dynamics. To verify the theoretical predictions and to
unveil universal laws of adaptive evolution, we are planning to perform a systematic experimental
evolution of E. coli cells under hundreds of stress conditions. For this purpose, we have developed
an automated system for experimental evolution. This system enables us to maintain thousands
of independent culture series in a fully automated manner (Horinouchi et al., Jour. Lab Auto.
2014), which is the most high-throughput system for laboratory evolution at present. We will per-
form a genome-wide analysis of phenotypic and genotypic changes occurred during the adaptive
evolution experiments. By integrating these high-dimensional data, we will analyze the structure
and dimensionality of “possible phenotype/genotype space” in the high-dimensional state space
of E. coli, by using appropriate machine learning methods. We expect that the comprehensive
analysis of phenotype-genotype mapping during the adaptive evolutions will provide the nature

of phenotypic and genotypic plasticity.

(2) Analysis of interplay between adaptive dynamics at different time-scales: The pro-
cess of adaptive evolution is maintained by cellular dynamics of different time-scales. These include
expression dynamics, epigenetic dynamics, and evolutionary dynamics with genomic alternations.
For robust adaptive evolution, the appropriate interplay between the dynamics of different time-
scales should be critical. In this study, by using the theoretical analysis computational model of
replicating cells, we will analyze how such dynamics interplays between different time-scale main-
tains robustness and plasticity in biological systems, and how such dynamics can be represented
by a small number of macroscopic variables. Furthermore, based on the high-dimensional data
acquired of phenotypic and genetic changes in bacterial adaptive evolution mentioned above, we
are planning to decode the macroscopic state variables representing plasticity and robustness. We
expect the construction of a macroscopic state theory will provide an effective method for the
prediction and control of adaptive evolution in biological systems.

(3) Understanding the plasticity and robustness of multicellular systems: Recently,
high-dimensional quantifications of biological dynamics, such as single-cell RNA-Seq analysis of
developmental process (e.g., Wagner et al., Science 2018) have become possible. Although such
large-scale data have enough information to describe plasticity and robustness of complex cellular
dynamics, methods for analyzing such high-dimensional data of biological dynamics are still in
developmental stages. Here, by using such high-dimensional data of developmental dynamics, we
will decode a small number of essential degrees of freedom representing stem cell differentiation
dynamics. Furthermore, we will reconstruct an epigenetic landscape represented by the essen-
tial degrees of freedom, which controls the differentiation dynamics of stem cells, as proposed by
Waddington. The landscape should dynamically change via cell-cell communications. Analyzing
the dynamics of the landscape helps us understand how phenotypic plasticity (e.g., fluctuations
and oscillations in the expression dynamics) and cell-cell communication coordinate robust devel-
opmental processes. Based on this understanding, we will develop a method that can control the
cellular state by modifying the landscape using chemical or physical perturbations.
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(2017).

T. Horinouchi, S. Suzuki, H. Kotani, K. Tanabe, N. Sakata, H. Shimizu, C. Furusawa: Prediction of
Cross-resistance and Collateral Sensitivity by Gene Expression profiles and Genomic Mutations, Sci.
Rep. 7(1), 14009 (2017).

T. S. Hatakeyama, C. Furusawa: Metabolic dynamics restricted by conserved carriers: Jamming and
feedback, PLoS Comp. Biol. 13(11), 1005847 (2017).

A. Shibai, Y. Takahashi, Y. Ishizawa, D. Motooka, S. Nakamura, B. W. Ying, S. Tsuru: Mutation
accumulation under UV radiation in Escherichia coli, Sci. Rep. 7(1), 14531 (2017).

S. Takano, B.J. Pawlowska, I. Gudelj, T. Yomo, S. Tsuru: Density-Dependent Recycling Promotes the
Long-Term Survival of Bacterial Populations during Periods of Starvation, mBio 8(1), 1-14 (2017).

C. Furusawa, T. Horinouchi, T. Maeda: Toward prediction and control of antibiotic-resistance evolu-
tion, Curr. Opin. Biotechnol. 54, 45-59 (2018).

K. Kaneko and C. Furusawa: Macroscopic Theory for Evolving Biological Systems Akin to Thermo-
dynamics, Annu. Rev. Biophys. 47, 273-290 (2018).

C. Furusawa and K. Kaneko: Formation of Dominant Mode by Evolution in Biological System, Phys.
Rev. E 97(4), 042410 (2018).

K. Tokuyama, Y. Toya, T. Horinouchi, C. Furusawa, F. Matsuda, H. Shimizu: Application of adaptive
laboratory evolution to overcome a flux limitation in an Escherichia coli production strain, Biotechnol.
Bioeng. 115(6), 1542-1551 (2018).

T. Hirasawa, M. Saito, K. Yoshikawa, C. Furusawa, H. Shimizu: Integrated Analysis of the Tran-
scriptome and Metabolome of Corynebacterium glutamicum during Penicillin-Induced Glutamic Acid
Production, Biotechnol. Jour. 13(5), e1700612 (2018).

A. Germond, T. Ichimura, T. Horinouchi, H. Fujita, C. Furusawa, T. M. Watanabe: Raman spectral
signature reflects transcriptomic features of antibiotic resistance in Escherichia coli, Comm. Biology
1, 85 (2018).

K. Okamoto, A. Germond, H. Fujita, C. Furusawa, Y. Okada, T. M. Watanabe: Single cell analysis
reveals a biophysical aspect of collective cell-state transition in embryonic stem cell differentiation,
Sci. Rep. 8(1), 11965 (2018).

T. Komori, A. Shibai, H. Saito, Y. Akeno, A. Germond, T. Horinouchi, C. Furusawa, S. Tsuru:
Enhancement of K-strategy evolution in histidine utilization using a container with compartments,
Genes Cells 23(10), 893-903 (2018).

A. Shibai, S. Tsuru, T. Yomo: Development of an Automated UV Irradiation Device for Microbial
Cell Culture, SLAS Technol. 10, 1-7 (2018).

T. Maeda, T. Horinouchi, N. Sakata, A. Sakai, C. Furusawa: High-throughput identification of the
sensitivities of an Escherichia coli ArecA mutant strain to various chemical compounds, Jour. An-
tibiot.72(7), 566 (2019).

65



[73] C. Furusawa, T. Horinouchi, T. Maeda: Toward prediction and control of antibiotic-resistance evolu-
tion, Curr. Opin. Biotech. 54, 45-49 (2019).

[74] A. Shibai, T. Maeda, M. Kawada, H. Kotani, N. Sakata, C. Furusawa: Complete Genome Sequences
of Three Star-Shaped Bacteria, Stella humosa, Stella vacuolata, and Stella Species ATCC 35155,
Microbiol. Resour. Announc.8(32), e00719 (2019).

[75] T. Yamaguchi, S. Teraguchi, C. Furusawa, H Machiyama, T. M. Watanabe, H. Fujita, S. Sakaguchi,
T. Yanagida: Theoretical modeling reveals that regulatory T cells increase T cell-interaction with
antigen-presenting cells for stable immune-tolerance, Int. Immunol. in press.

[76] A. Shibai, K. Satoh, M. Kawada, H. Kotani, I. Narumi, C. Furusawa: Complete Genome Sequence of
a Radioresistant Bacterial Strain, Deinococcus grandis ATCC 43672, Microbiol. Resour. Announc., in
press.

< Review Papers >

[77] K. Yoshikawa, C. Furusawa, T. Hirasawa, and H. Shimizu: Design of Superior Cell Factories Based on
Systems Wide Omics Analysis, Systems Metabolic Engineering p. 57-81 (edited by C. Wittmann and
S. Y. Lee), Springer (2012).

[78] C. Furusawa, T. Horinouchi, T. Hirasawa, and H. Shimizu: Systems Metabolic Engineering: The
Creation of Microbial Cell Factories by Rational Metabolic Design and Evolution, Adv. Biochem.
Eng. Biotechnol. 131, 1-23 (2013).

[79] 2B, S WEISHELIXED L S ISR I 2D ? ~H#ALFERIC L 2T T 0 —F~ MlATY 33(6),
666-669 (2014).

[80] Hi¥EES: MM DEREMEAL, FARDRY: 65(5), 452-453 (2014).

[81] Y. Iba, N. Saito: A. Kitajima: Multicanonical MCMC for Sampling Rare Events, Annals of the
Institute of Statistical Mathematics, 66, issue3, (2014)

(82]) Yaz NWEH, S RET, HEES: MY OBEISERRFE DB & T DI, EYT¥E2 93(9), 536-538
(2015).

[83] dEES), e AREE Y2 NEIH: KGR EERZ V7285 T FELE» S OHUEWERMEA 7 =X LD
fifiE, N A B A TV A A VA AR — 74(2), 138-140 (2016).

[84] C. Furusawa: Analysis of Drug Resistance Using Experimental Evolution, Yakugaku Zasshi 137(4),
373-376 (2017).

[85] T. Horinouchi, T. Maeda, C. Furusawa: Understanding and engineering alcohol-tolerant bacteria using
OMICS technology, World Jour. Microb. Biotech. 34(11), 157 (2018).

[86] <&FIRE, M) HIL & EIZH T D v 7 DBGGER-REAZORIOTHIR L 17 5 e EBGR-, HA
PR R 2236 74(3), 137-145 (2019).

< Books >

[87] H¥ESI: MEALAITIRI N3k R OEIMEAG D E T IR AEED K S IZHEEN 7, LD E T
J LTS (RBIEZE ) |, FAT « AVFHERL (2015).

[88] Hi¥ES, RIHEH, e NEM: RN TOREHBELERS AT LD, REREZHNM (S8 Z
RIZAIXTORY "h23%->TL % (EEM W) |, £ L (2017).

(89] wi¥EEl: #ALFEROERAEY T, ERAEYT UMARE  #) |, [LZEFEA (2018).

< Patent Applications >
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[90]

[91]

[92]

[93]

R. Fujii, T. Shirai, T. Araki, K. Amano, Y. Matsumoto, T. Tateno, N. Takebayashi, T. Morishige,
H. Takahashi, M. Wada, H. Shimizu, C. Furusawa, T. Hirasawa, T. Hidesaki, A. Endo, D. L. Ju-
rgenlohmann, A. Madhavan, S. S. Chong: Microorganism having carbon dioxide fixation pathway
introduced thereinto. Patent Application W02013018734

K. Amano, T. Shirai, H. Takahashi, J. Hirano, Y. Matsumoto, N. Takebayashi, M. Wada, H. Shimizu,
C. Furusawa, T. Hirasawa: Isopropyl alcohol-producing bacterium having improved productivity by
gntr destruction, United States Patent Application 201302808044

Y. Matsumoto, J. Hirano, T. Morishige, T. Shirai, H. Takahashi, K. Amano, N. Takebayashi, M. Wada,
H. Shimizu, C. Furusawa, T. Hirasawa: Highly Productive Isopropyl Alchol-Producing Bacterium,
United States Patent Application 20130005008

HHEEE, HEEDY, Y2 NEE, BT, R REEL, BIAAE, NREEH: A&7 VRN VER A K&
O DBE FHik, FFH 2016-230548

Invited Presentations at International Conferences

Chikara Furusawa: Oscillatory protein expression dynamics generates robust and irreversible differen-
tiation dynamics of stem cells, iCeMS Symposium on Theoretical and Computational Biology, Kyoto
(2013).

Chikara Furusawa: Oscillatory protein expression dynamics generates robust and irreversible differen-
tiation dynamics of stem cells, 8th Asian Biophysics Association (ABA) Symposium, Jeju (2013).

Chikara Furusawa: Oscillatory Protein Expression Dynamics Generates Robust and Irreversible Dif-
ferentiation Dynamics of Stem Cells, The 4th Symposium on Systems and Synthetic Biology(TriSys),
Hong-Kong (2013).

Chikara Furusawa: Oscillatory protein expression dynamics generates robust and irreversible differen-
tiation of stem cells, 3rd International Conference on Tissue Science & Regenerative Medicine, Valencia
(2014).

Chikara Furusawa: Creating stress tolerant bacterial cells by experimental evolution, 5th Asian Sym-
posium on Innovative Bio-production and Biorefinery, Tainan (2014).

Chikara Furusawa: Toward Understanding of Adaptive Evolution: Computational Analysis and Ex-
perimental Evolution, QBiC Symposium: High-dimensional data for the design principles of life, Osaka
(2015).

Chikara Furusawa: Phenotypic Convergence in Experimental Evolution of Antibiotic Resistant Bac-
teria, 2nd Symposium on Complex Biodynamics & Networks, Tsuruoka (2015).

Chikara Furusawa: Toward Understanding of Adaptive Evolution: High-throughput Laboratory Evo-
lution and Computational Analysis, International Symposium on Universal Biology, Tokyo (2016).

Chikara Furusawa: Toward Understanding of Adaptive Evolution: Theoretical Analysis and Microbial
Laboratory Evolution, 5th International Symposium of the Mathematics on Chromatin Live Dynamics,
Hiroshima (2017).

Chikara Furusawa: Phenotypic diversity and constraints in microbial adaptive evolution, Les Houches
School “Evolution of Diversity”, France (2018).

Chikara Furusawa: High-throughput Laboratory Evolution of E. coli to Unveil Phenotypic Plasticity
and Constraint, 1st Asia Evo., China (2018).

Chikara Furusawa: High-throughput laboratory evolution of E. coli: toward understanding of pheno-
typic plasticity and constraint, Euro EvoDevo2018, Ireland (2018).

Chikara Furusawa: High-throughput Laboratory Evolution of E. coli to Unveil Phenotypic Plasticity
and Constraint, 46th Naito Conference, Sapporo (2018).
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[14] Nen Saito: Self organization via membrane deformation and reaction diffusion: 3D modeling for
macropinocytosis of ameboid cell, LMU-UT Joint Workshop ,Tokyo (2018).
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8 Teaching Accomplishment

8.1 Organization of Professional Societies

2011-, HEES), nEHIEMER R, AAREYYEE S

8.2 Organization and Advisory of Conferences

2012, Chikara Furusawa, Organizing committee, QBiC Symposium: High-dimensional data for
the design principles of life

2016, Chikara Furusawa, Organizing committee, International Symposium on Universal Biology

9 OQOutreach
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10 Committee Service

10.1 University Committees
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11 Internationalization Statistics

Number Country

Foreign students advised
Bachelor Course 3 India, USA
Master Course 0
Doctor Course 0
Foreign researchers hosted 0

Students sent abroad France

O =

Researchers sent abroad

Foreign visitors ) France, Germany, Denmark, UK
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Pk Rl (EMZEMMEME). Sosuke Ito

1 Education and Professional Experiences

Education
2010 B.S. (Physics)  The University of Tokyo

2012 MSc. (Physics) The University of Tokyo
2015 Ph.D. (Physics) The University of Tokyo

Professional Appointments
2012—2015 JSPS Research Fellowships for Young Scientists (DC1) The University of Tokyo

2015—2017 JSPS Research Fellowships for Young Scientists (PD)  Tokyo Institute of Technology

2017—2018 Assistant Professor Hokkaido University
2018— PRSETO researcher JST
2018— Lecturer The University of Tokyo

2 Research Highlights

We have mainly discussed connections between thermodynamics and information theory which
are applicable to biochemical systems. Based on thermodynamics for stochastic processes (stochas-
tic thermodynamics), we have newly found several relationships between thermodynamics and
information theory for mesoscopic systems such as chemical reaction in biological cells and the
Brownian particles. We here show research highlights of our recent results as follows.

We have generalized the second law of thermodynamics for autonomous information processing,
which can solve the paradox of the Maxwell’s demon. For example, we have used the Bayesian
network to describe the complex information processing and generalized the second law of ther-
modynamics with information flow on this network [7]. In this generalization, information flow is
quantified by the transfer entropy and the directed information which are well known measures
of causal information flow. Then, our result gives a thermodynamic interpretation of the transfer
entropy and the directed information.

We have also discussed an application of this generalized second law to the biochemical signal
transduction of E. coli bacterium chemotaxis [5]. In this application, we focus on the information
flow from the kinase activity (CheA) and the methylation level of the receptor in E. coli cell. As a
result, we can quantitatively show that the generalized second law gives the informational bound
of the robustness of the sensory adaptation.

We have additionally obtained several thermodynamic and informational results related to this
generalized second law of thermodynamics with information flow. For example, the second law
of thermodynamics has been generalized not only for the Bayesian network, but also for the
Markov jump process [6]. We then have obtained the generalization of the Onsager reciprocal
relationship for autonomous information processing with information flow for the Markov jump
process [2]. We have also proposed informational and thermodynamic measure of causality based
on the generalization of the second law of thermodynamics, that is called as the backward transfer
entropy [3].
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Recently, we have consider another type of relationship between thermodynamics and infor-
mation theory based on geometry. To consider a differential geometric theory of information
well known as information geometry, we have tried to construct information geometric theory of
thermodynamics which are applicable to biochemical systems. For example, we have obtained a
classical thermodynamic generalization of the uncertainty relationship between energy and speed
(the quantum speed limit) [1]. This uncertainty relationship is applicable to the biochemical

reaction such as the enzyme reaction.

3 Selected Papers

e S. Ito and T. Sagawa, Physical Review Letters, 111, 180603 (2013)
This paper has been cited 123 times in Google scholar.

S. Ito and T. Sagawa, Nature communications, 6, 7498 (2015)
The paper has been cited 80 times in Google scholar. This work has been highlighted in
natureasia.com as a featured paper.

N. Shiraishi, S. Ito, K. Kawaguchi, T. Sagawa, New Journal of Physics 17, 045012 (2015)
The paper is an invited paper. The paper has been cited 40 times in Google scholar.

S. Ito, Scientific reports 6, 36831 (2016)
The paper has been cited 18 times in Google scholar.

S. Ito, Physical Review Letters, 121, 030605 (2018)
The paper has been cited 12 times in Google scholar.

4 Honors, Awards and Professional Society Memberships

2015 The Research Award for Ph. D. Students of Faculty of Science, The University of Tokyo
2015 11th Early Career Award in Biophysics in Japan
2017 11th Young Scientist Award of the Physical Society of Japan

5 Research Plan

In a near future, we would like to develop a fundamental theory of thermodynamics with infor-
mation geometry as a general framework to understand a thermodynamic aspect of information
processing in living systems. To clarify the deep connection between information geometry and
thermodynamics, we can consider biological systems in information geometry, which is used in the
fields of the artificial intelligence, the machine learning, and neural networks. We would like to
understand the design principle of living systems as a machine of information transmission driven
by thermodynamic resources.

To develop it, we will reconsider several laws of thermodynamics and recent results of thermo-
dynamics with information, from a view point of information geometry at first. To reconsider it,
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we have obtained several relationships between thermodynamics and information geometry. For
example, we will reconsider the thermodynamic theory of stability well known as the Glansdorff-
Prigogine criterion for stability from a view point of information geometry. This theory is the old
theory in 1970s, but it can be generalized in a modern form based on our theory of information
geometry and thermodynamics.

Moreover, we would like to make a fundamental theory of the phase transition, dynamical sys-
tem of chemical reaction, and chaos based on thermodynamics of information geometry. This
fundamental theory would help to understand biological systems, which is constructed by dynam-
ical system of chemical reactions. We would like to reconsider informational aspects of the well
known phenomena from a view point of information geometry.

We also would like to make a statistical method to measure informational and thermodynamic
quantities from biological experimental data, e. g., the statistics of trajectories of time series such
as the FRET signal and the motion of colloidal particles. For example, we would like to make
a method to measure several informational and thermodynamic quantities such as the mutual
information, the transfer entropy, the integrated information, the entropy production, the partial
entropy production, dynamic information flow, thermodynamic efficiency, the Fisher information
and efficiencies of thermodynamic uncertainty relationships.

Based on the above plan, we would like to ask a fundamental question, i.e., how biological
system can reduce thermodynamic cost and maintain an efficient system. The answer of this
question would reveal the universality of living things.
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6 Publications and Patents

< Refereed Original Papers >

1] S. Tto, Phys. Rev. Lett. 121, 030605 (2018)

2] S. Yamamoto, S. Ito, N. Shiraishi and T. Sagawa, Phys. Rev. E 94, 052121 (2016)
3] S. Ito, Sci. Rep. 6, 36831 (2016)

] N. Matsumoto, K. Komori, S. Ito, Y. Michimura and Y. Aso, Phys. Rev. A 94, 033822 (2016)
] S. Ito and T. Sagawa, Nat. Commun. 6, 7498 (2015)

] N. Shiraishi, S. Ito, K. Kawaguchi and T. Sagawa, New J. Phys. 17, 045012 (2015)
]

]

]

|

]
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S. Tto and T. Sagawa, Phys. Rev. Lett. 111, 180603 (2013)

K. Ashida, K. Hotta and K. Oka, iScience 19, 191 (2019)

K. Ashida, T. Kato, K. Hotta and K. Oka, Neuroscience letters 706 68 (2019)

K. Ashida and K. Oka, Biochemical and biophysical research communications 508, 690 (2019)

T. Yoshimizu, H. Shidara, K. Ashida, K. Hotta and K. Oka, The Journal of experimental biology 221,
182790 (2018)
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9
10
11

[
[
[
[
[
[
[
[
[

< Conference Proceedings >
< Review Papers >

[12] S. Ito, BUSSEI KENKYU DENSHIBAN, 6(4), 064232 (2017)
[13] S. Ito and T. Sagawa, NTHON BUTSURI GAKKAISHI, 72, 9 (2017).
[14] S. Ito, SEIBUTSU BUTSURI, 56, 232 (2016).

< Books >
[15] S. Ito, “Information Thermodynamics on Causal Networks and its Application to Biochemical Signal
Transduction”, Springer, 2016. (ISBN: 978-981-10-1664-6)

[16] S. Ito and T. Sagawa, “Information flow and entropy production on Bayesian networks” As a chapter
of M. Dehmer, F. Emmert-Streib, Z. Chen, X. Li, Y. Shi (Eds.), “Mathematical Foundations and
Applications of Graph Entropy”, Wiley, 2016. (ISBN: 978-3-527-33909-9)

< Patent Applications >

7 Invited Presentations at International Conferences

[1] S. Ito, “Thermodynamics of information geometry”, Data analysis and machine learning in dynamical
systems, Tokyo, Japan, May. 27-29, 2019.

[2] S.Tto, “Stochastic thermodynamics of information”, Frontiers of complex systems science: soft matters,
statistical physics, and big data, Taipei, Taiwan, Jan. 22-23, 2018.

[3] S. Ito, “Thermodynamics of information on biochemical signaling networks”, Deciphering complex
energy landscape and kinetic network from single molecules to cells: a new challenge to make theories
meet experiments, Dijon, France, Sep. 3-8, 2017.

[4] S. Ito, “Information flow and entropy production on Bayesian networks”, Data Science Challenges: a
Complex Systems Perspective, Torino, Italy, Oct. 14-17, 2015.
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[5]

S. Ito, “Maxwell’s demon in biochemical signal transduction with feedback loop: the role of information
flow in biological communication”, Conference on Sensing, Information and Decision at the Cellular
Level, Trieste, Italy, Jul. 14-17, 2015.

S. Ito, “Maxwell * s demon in biochemical signal transduction with feedback loop”, Focus Meeting of
the Kyoto Winter School for Statistical Mechanics, Kyoto, Japan, Feb. 16-17, 2015.

S. Ito, “Information thermodynamics reveals the robustness of biochemical signal transduction”, Bridg-
ing the gap between matter and life -Discussion with Prof. Albert Libchaber-, Tokyo, Japan, Jun. 6,
2014.

S. Ito, “Information Thermodynamics on Causal Networks”, Frontier of Statistical Physics and Infor-
mation Processing -Perspectives from Nonequilibrium Behaviors-, Kyoto, Japan, Jul. 11-14, 2013.
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8 Teaching Accomplishment

9 Contribution to Academic Community

9.1
9.2

9.3

10

Editorial Activities
Organization of Professional Societies

Organization and Advisory of Conferences

Outreach
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2018 £ 3 H 2 H BRETO AR I 7 —: “Stochastic thermodynamics of information”,
ARAYA Seminar, ARAYA Inc.
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11 Committee Service
11.1 External Committees

11.2 University Committees

12 Internationalization Statistics

Number Country
Foreign students advised
Bachelor Course 0
Master Course 0
Doctor Course 0
Foreign researchers hosted 0

Students sent abroad 0
Researchers sent abroad 0
Foreign visitors 1 Germany
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Individual reports of UBI members belonging to
Department of Physics, Graduate School of Science

(2012~2019)

Concurrent members (GE/T)

Hideo Higuchi
Yasushi Okada
Akinao Nose
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’O FEB. Higuchi Hideo

1 Education and Professional Experiences

Education
1981 B.S. (Physics)  Waseda University

1983 MSc. (Physics) Waseda University
1988 Ph.D. (Physics) Waseda University

Professional Appointments
1983—-1992 Assistant Professor The Jikeikai University School of medicine

1992—1997 Group reader JST ERATO Yanagida Biomotoron project
1997—-2004 Associate Professor Tohoku University

2004—2008 Professor Tohoku University

2008—present  Professor The University of Tokyo

2 Research Highlights

Human and mammalian bodies have a structural hierarchy in order of bio-molecule, cell, or-
gan and body. Therefore, to understand each hierarchy and relationship between hierarchy. we
investigated the dynamic function of purified protein molecule by single molecule technology, the
function of molecules or organelle in cell and the vesicle movement of neutrophil in mouse.
Single Molecules: Cytoplasmic dynein is a molecular motor moving toward the minus end of
microtubules. The swing of the dynein linker is supposed to be cruicial to walking of dynein.
However, there is no measurement of the displacement generated by the swing. We investigated
the displacement of microtubules driven by the swing of single molecules of single-headed dynein
by optical tweezers [Kinoshita et al. Scientific Rep 2018]. The displacement of swing by dynein
was 8.3 nm which is close to tubulin spacing in microtubule, indicating that dynein is able to walk
only by the swing of dynein lever.

Model for single molecules: We constructed the unified mathematical model for processive
molecular motors, dynein, kinesin and myosin-V. Our model consists of three states, and the
forward and backward steps are represented by the cycles of transitions visiting different pairs of
states among the three states [Sasaki et al. Biophys. J. 2018]. Our model successfully describes
the behavior of step ratio of forward to backward steps and the stepping time for all of the motors
in a wide range of loads from large assisting loads to superstall loads.

Multiple molecules: To understand the molecular mechanism of muscle contraction, we mea-
sured forces generated by synthetic myofilaments, in which 17 myosin molecules interact with
single actin filament [Kaya et al. Nature Comm. 2017]. We found the synchronization of myosin
power stroke that helps generation of large force.

Vesicle transport in cells: The transports of vesicles in cells are driven by the motor proteins.
To understand the trajectory form of the transport, we tracked the vesicles by labeling it with
fluorescence quantum dots [Opt. Exp. 2018]. We found an acute rotational movement of an endo-
cytic vesicle with a pitch of 1 micrometer along microtubules in cells. It is expected that vesicles
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encountered any obstacles and rotated to avoid it. We also found that the vesicle transport is
an excellent indicator of cell activity. Vesicle movement in cells was decreased with increase in
the cell damage induced by reactive oxygen species (ROS) of fluorescence dye [Sakuma et.al. Sci.
Technol. Adv. Mater. 2016]. The motilities of kinesin and dynein were also reduced by the ROS.
We evaluated quantitatively cell damage or cell activity by calculating the vesicle motility which
reflects activity of the motor proteins.

Vesicle transport in mouse: Neutrophils play an essential role in the innate immune response.
We developed a new non-invasive technique for the in vivo imaging of neutrophils labeled with
quantum dots. The quantum dots were endocytosed into vesicles in the neutrophils, allowing us
to track the vesicles at 80 frames/s with ~20 nm accuracy [Kikushima et al. Scientific Rep. 2013].
Intriguingly, the vesicles containing quantum dots were transported at higher speed than the in
vitro velocity of a molecular motor such as kinesin or dynein.

3 Selected Papers

e K. Sasaki, M. Kaya, and H. Higuchi. A unified walking model for dimeric motor proteins
Biophys. J.115, 1-12 (2018)
This work proposes the unified working model that explained movement of many molecular

motors.

e Motoshi Kaya, Yoshiaki Tani, Takumi Washio, Toshiaki Hisada and Hideo Higuchi. Coordi-
nated force generation of skeletal myosins in myofilaments through motor coupling. Nature
Communications 8,16036 (2017)

The paper has been cited 22 times for two years. This work solved the mechanism of spon-
taneous oscillation of cardiomyocyte.

e Takumi Washio, Toshiaki Hisada, Seine A. Shintani and Hideo Higuchi. Analysis of sponta-
neous oscillations for a three state power stroke model. Physical Review E. 95, 022411(2017)
This work solved the mechanism of spontaneous oscillation of cardiomyocyte.

e Kohsuke Gonda, Minoru Miyashita, Hideo Higuchi, Hiroshi Tada, Tomonobu M  Watan-
abe, Mika Watanabe, Takanori Ishida, Noriaki Ohuchi. Predictive diagnosis of the risk of
breast cancer recurrence after surgery by single-particle quantum dot imaging. Scientific
Reports 5, 14322 (2015).

In this paper, we developed a useful monoclonal antibody (Inventers of Patent, Gonda,
Higuchi, Ohuchi, Takeda) that was sold commercially (Novus Biologicals).

e Kenji Kikushima, Sayaka Kita and Hideo Higuchi* A non-invasive imaging for the in vivo
tracking of high-speed vesicle transport in mouse neutrophils. Scientific reports 3:1913 (2013)
This is the first report of noninvasively imaging of vesicles in mice.
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4 Honors, Awards and Professional Society Memberships

5 Research Plan

We plan to verify the unified model for motor proteins by experiment, extend the skeletal myosin
work to cardiac one, investigate the beating mechanism of sperm flagella and verify the generality
of vesicle fluctuation method for index of cell activity.

Experimental evidence for the unified model: The unified mathematical model for proces-
sive molecular motors predicted the behavior of step ratio of forward to backward steps and the
stepping time for kinesin, dynein and myosin-V in a wide range of loads from large assisting loads
to superstall loads. However, experimental data is limited in the range of load and some data had
large errors. It is, therefore, crucial to clarify the step ratio and dwell time of motors under a wide
range of load. We will measure stepping motion of single molecule of motors at high temporal
resolution to obtain the data with small errors.

Cyclic force generation of cardiac myosin: Molecular structure of cardiac muscle is the
similar to that of skeletal muscle, while cyclical contraction of cardiac muscle is clearly different
from skeletal one. We will elucidate the molecular mechanism of how dynamics of cardiac myosin
molecules contributes to heart function by measuring forces of synthetic B -cardiac myosin fila-
ments using optical tweezers. In preliminary work, the stepping ratio of cardiac myosin is much
lower than that of skeletal myosin and the peak forces generated by cardiac myofilaments were 2
times higher than those observed in skeletal myofilaments. We will reveal the function of cardiac
myosin specialized for cyclical contraction.

Beating mechanism of sperm flagella: The beating of sperm flagella is generated by axonemal
dynein with regulation. The knowledge of the beating mechanism is still very limited at molec-
ular level. We plan to measure force generation of dynein attached on a doublet microtubule to
understand the collective force generation of an ensemble of dynein in axoneme, bundle of doublet
microtubules and single doublet microtubule. In the preliminary work, the force generated by
dynein ensemble was ~15 pN perm of double. The 15pN will be generated ~3 dynein molecules
as reported value of purified dynein. The dynein containing in doublet per onem is ~100. These
indicate that only 3% of dynein generates force. We will understand how such low population of
dynein generates beating motion.

Generality of vesicle fluctuation method: We evaluated quantitatively cell damage or ac-
tivity by calculating the vesicle motility or fluctuation for two kinds of cells. We do not know
the vesicle fluctuation is general index for cell activity. We plan to verify generality of the vesicle
fluctuation for general cells (cancer cells, frog cells and yeast) and damages (heat, pH, toxin and
ROS).
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Invited Presentations at International Conferences

Motoshi Kaya (2012) Application of optical tweezers to understand molecular mechanism of muscle
contractions. International Symposium on Nanomedicine, Nagoya University, Japan (Mar. 2012)

Higuchi H. and M Kaya Single molecule biophysics in an in vivo and in vitro. Japan-Taiwan joint
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Kaya, M. Force generation mechanism of single skeletal myosin molecules in myofilaments. The 50th
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Yongtae Hwang, Hideo Higuchi. Motoshi Kaya. Property of Cardiac Myosin Assemble Measured by
Optical Trapping. A3 Foresight 9th Meeting. Yokohama, Japan (Sep.2017)

Yoshimi Kinoshita, Hideo Higuchi. Step sizes and rate constants of single-headed dynein measured
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8 Teaching Accomplishment
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LERE—  TIRWEMERICB 232V 1 07D ATy THEE)| /%4 Young best
presentation award  (2018.5.12)

Hwang Yongtae  Collective behaviors of cardiac myosins for effective cardiac function. 5§

56 BB RFRBEE  (2018.9.15)

k& M Traction Force of Neural Stem Cells under Collective Migration was Modeled
using the Orientation Field of Cell Alignment 28 57 [MAE¥Y Y 2F s FAERKRE
(2019.9.27)

9 Contribution to Academic Community

9.1

9.2

9.3

Vice president of the society of Nano Science and Technology (2016-present)

Session chair of nanomedicine and nanobiology in the society of Nano Science and Technology
(2009-2016)

Editorial Activities
Organization of Professional Societies

Organization and Advisory of Conferences

Member of advisory committee of ISSPIC (International Symposium on Small Particles and
Inorganic Clusters) 2013—2014

Organizer of 3rd International symposium on Nanomedicine molecular Science.

Organizer of 2nd joint symposium between Mechanobiology Institute (National University
of Singapore) and Universal Biology Institute (Univ. Tokyo) 2019
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Committee Service
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11.1 External Committees

11.2 University Committees
e President of Universal Biology Institute (Graduate School of Science) 2018 4F —present
o HIRMZERIF ¥ VSRR HIE S &
o HIFRMERNA AV A TV AERER &R
o HZERAFSURLE A dt [T ES =

12 Internationalization Statistics

Number Country

Foreign students advised

Bachelor Course 0
Master Course 2 Korea
Doctor Course 2 Korea
Foreign researchers hosted 0
Students sent abroad 2 USA, Germany
Researchers sent abroad 2 USA, Switzerland
Foreign visitors 9 Germany, USA, Singapole, France
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[MHE E&E. Yasushi Okada

1 Education and Professional Experiences

Education
1993 B.S. (Medicine)  The University of Tokyo

2011 Ph.D. (Medicine) The University of Tokyo

Professional Appointments
1994—1997 JSPS Research Fellow (DC1) The University of Tokyo

1995—2011 Assistant Professor The University of Tokyo
2011— Team Leader RIKEN
2016— Professor The University of Tokyo

Visiting, Guest Appointments
2012—  Guest Professor Osaka University

2017— Visiting Professor Kobe University
2018— VIsiting Professor National Institutes of Natural Sciences

2 Research Highlights

We are trying to understand the dynamics of the protein molecules working in the living cells,
especially motor proteins undergoing the intracellular transport. For that purpose, we have been

working on the development of the imaging technologies as well as their biological applications.

2.1 Development of imaging technologies
2.1.1 Super-resolution microscope

For the development of the microscopes, we have been working on the super-resolution micro-
scope for the observation of the fast dynamics in the living cells. Our original super-resolution
microscope, the spinning-disk super-resolution microscope or SDSRM [19] has enabled us to ob-
serve dynamic processes of fine structures in living cells at 100 frames per sec per plane.

Special fluorescent dyes are required for the further improvement in the spatial resolution. We
are, therefore, collaborating with chemists for the development of new fluorescent dyes suitable
for the super-resolution live-cell imaging. For example, HMSIR is a self-blinking dye which is ideal
for the single molecule localization microscopy [23, 5]. PREX710 is an extremely photostable near
infrared dye, and is very suitable for the long-term in vivo imaging and single-molecule imaging
[11]. MitoPB Yellow stains the inner membrane of mitochondria specifically and is very suitable
for the super-resolution STED imaging. The inner membrane structure or cristae was clearly

observed in living cells [2].
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2.1.2 Improvement of single-molecule imaging optics for living cells

Total internal reflection fluorescence (TIRF) optics has been widely used for single-molecule
imaging but it has several drawbacks. It illuminates the sample from one side. Thus, the gener-
ated evanescence field is highly polarized and only half of the fluorescent molecules are excited.
Secondly, the excitation laser is focused to a single point on the back focal plane of the objective
lens. Thus, the area of homogeneous illumination is limited and can be sensitive to the speckle
pattern noise, which collectively results in a small field of view. Moreover, the power of the excita-
tion laser cannot be increased, because the focused laser beam can damage the objective lens. We
have developed a new illumination optics which we call as the ring-TIRF system. The excitation
laser beam is shaped as an annular ring pattern on the back focal plane of the objective lens, so
that the sample is illuminated homogeneously from all directions. Thus, a homogeneous large field
of view without polarization bias is achieved. Furthermore, the introduction of a higher power
laser enabled us to accelerate the frame rate of the single molecule imaging to 1000 frames/sec.

The ring-TIRF microscope was successfully applied for the live cell super-resolution imaging
of the structure and the dynamics of the genome DNA in the nucleus [16], the dynamics of
the transcription factors such as nanog, and the measurement of the protein-protein interaction
kinetics in the cytoplasm of living cells.

2.2 Study of axonal transport

The axonal transport is one of the most sophisticated intracellular transport system. We have
been working on this sytem for more than 20 years, but still many basic questions have remained
unanswered. For example, it has not been clear how many molecules of motor protein are required
to transport a single cargo vesicle in the axon. We have solved this question by applying the
fluctuation theorem of non-equilibrium statistical physics [9].

We have also examined the navigation mechanisms in this transport system. A neuron typically
has a single axon and more than dozens of dendrites, but the axonally transported cargos are
transported into the axon. We have identified that the microtubules, the rail polymer for the
transport, can take two different conformations. Binding of kinesin-1, the motor protein for the
axonal transport, triggers the cooperative conformational changes in the microtubule, which serves
as the road sign for the following kinesins [8].

3 Selected Papers

e S. Hayashi & Y. Okada, Molecular Biology of the Cell, 26: 1743-1751 (2015)
This work was selected and highlighted as the cover for this issue. Commendation for Science
and Technology was awarded to this work by MEXT.

e C. Wang et al., Proceedings of the National Academy of Science USA. 116: 15817-22 (2019)
This works was highlighted in PNAS, Scientific American and other news media.

e K. Hayashi et al., Molecular Biology of the Cell, 29: 3017-3025 (2018)
A successful combination of physics theory and biological experiments.
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e S. Uno et al., Nature Chemistry 6: 681-689 (2014)
This paper is cited 131 times.

e T. Shima et al., Journal of Cell Biology 217: 4164-4183 (2018)
This paper got 2 recommendations in F1000Prime.

4 Honors, Awards and Professional Society Memberships

2017 Commendation for Science and Technology by MEXT.

5 Research Plan

5.1 Development of imaging technologies — Molecular resolution at sub-millisecond

frame rates

Bridging the gap between the molecular and the cellular levels is one of the BDR missions.
The current spatial resolution of our microscope is still much larger than molecules. Furthermore,
the molecules in the cell are moving very rapidly, so that the imaging speed should be increased
proportionally to the increased spatial resolution. We are, therefore, starting the development
of several new microscopes. One is to track the trajectories of a single fluorescent molecule at
10,000 frames per second or more. This frame rate is required to measure the dynamics of protein
molecules in the cytoplasm. Conventional single-molecule imaging could only observe the protein
molecules bound to some fixed structures such as membranes or cytoskeleton. The development
of photostable fluorescent dye is required to track the molecule for longer time at this frame rate,
and we will continue the current collaboration with chemists.

The third key emerging technology for imaging is the computational image processing. Machine-
learning or neural-network based image processing technologies would enable us to overcome the
conventional limits of the optics or the fluorescent dyes/molecules. Through the STEPS program,
we have started collaboration with computer scientists in Moscow Univ.

5.2 Study of axonal transport — Physics in the crowded environment of living

cytoplasm

The results of the force estimation from the fluctuation theorem [9] indicated that more than
1000x stronger drag force is exerted on the axonally transported vesicles from the crowded cyto-
plasm than in vitro. However, the velocity is even faster in vivo than in vitro, though kinesin has
been shown to slow down in the crowded solution in vitro. Our working hypothesis is that this
apparent paradox might be resolved through the understanding of the crowded environment of
the cytoplasm of living cells. The new microscope discussed in the previous section was primarily
designed for this study. Here, the theoretical physics would play important roles. Our force mea-
surement is dependent on the modern theory of non-equilibrium physics. The movement of the

molecular motor can be theoretically analyzed by using the information thermodynamics. The
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characterization of the crowded environment of the cytoplasm and its interaction with kinesin
would require new theory of non-equilibrium information thermodynamics. So we have started
a new collaborative project along with theoretical physicists. The project has been approved by
MEXT and supported by Grant-in-Aid for Scientific Research on Innovative Areas.
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MRS, RZERE DNA#E X NI HE, RO ARNASRRIEORGEG%, K 2019-074004

Invited Presentations at International Conferences

Okada Y. “Dissecting molecular mechanisms by optical microscopy in living cells and in vitro.” Cold
Spring Harbor Conferences Asia, Cross-scale biological structure 2019.

Okada Y. “Super-resolution live-cell imaging 2019: new optics, new dyes, and new algorithms.” The
46th Annual Meeting of Microscopical Society of Canada, 2019

Okada Y. “Mechanisms of axonal transport investigated by high-speed and high-resolution imaging.”
15th Annual German-Japanese Colloquium, 2019

Okada Y. “Live cell imaging technologies for single-cell analysis How can imaging meets genomics ”
Human Genome Meeting 2018
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Okada Y. “Development and application of high-speed super-resolution and single-molecule imaging
for cell biology studies’ ’SPIE BioS, 2018

Okada Y. “Development and application of high-speed super-resolution and single-molecule micro-
scopes for nanomedicine” International Symposium on Nanomedicine (ISNM2017), 2017

Okada Y. “Imaging technologies for single cell analysis” Human Cell Atlas Asia Meeting, 2017

Okada Y. “Current limitations in super-resolution fluorescence microscopy for biological specimens:
how deep can we go from the cover glass?” Biomedical Imaging and Sensing Conference 2017
(BISC2017), 2017

Okada Y. “Regulation of the conformational polymorphism of microtubule and its physiological role
in the regulation of kinesin-based intracellular transport ” , IGER International Symposium on “Now
in actin study: Motor protein research reaching a new stage ” , 2016

Okada Y. “Development and application of high-speed super-resolutoin microscope ” The 31st Inter-
national Congress on High-Speed Imaging and Photonics, 2016

Okada Y. “Neuronal Biophysics”, Discussion Leader, Gordon Research Conference, “Single Molecule
Approaches to Biology 7, 2016

Okada Y. “Development and application of spinning disk super-resolution microscope for the high
spatio-temporal resolution imaging of dynamic cellular components in living cells” The 43rd Annual
Meeting of Microscopical Society of Canada, 2016

Okada Y. “Dissecting kinesin regulation through single molecule in cellulo measurements” Janelia
Conference, 2015

Okada Y. “Ultrafast superresolution fluorescence imaging with spinning disk confocal microscope optics
” 9th Asian Biophysics Association Symposium, 2015

Okada Y. “Atomic mechanism for the intracellular navigation of molecular motor, kinesin.” Joint
Weizmann-MBI Mechanobiology Conference, Singapore, 2013

Okada Y. “Structural basis for the polarized axonal transport by kinesin-1” The 4th Taiwan-Japan
Symposium on Nanomedicine, 2013

Okada Y. “Structural basis for the polarized axonal transport by kinesin-1” UK-Japan Symposium
for Mechanochemical Cell Biology, 2012

Okada Y. “From single molecule to in vivo imaging ” Leica Meets Science, 2012
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8 Teaching Accomplishment

2019 Early Carrier Award, the Biophysical Society of Japan Hideyuki Yaginuma.
2019 Young Scientist Award, Japanese Society for Cell Biology Hideyuki Yaginuma.
2018 Young Scientist Award, Japanese Society for Cell Biology Tetsuro Ariyoshi.
2015 Young Scientist Award, Japanese Society for Cell Biology Akira Takai.

9 Contribution to Academic Community

9.1 Editorial Activities

Associate Editor, Cell Structure and Function 2014—

9.2 Organization of Professional Societies

Representative of the Japanese Society of Microscopy 2017—
Exective board member of Japan Society of Cell Biology 2016—

9.3 Organization and Advisory of Conferences

Committee chair for Naito Conference 2021

President, the 73rd Annual Meeting of the Japan Society for Cell Biology 2021

Organizing committee member, the 57th Annual Meeting of the Biophysical Society of Japan
2019

Program committee member, Joint Annual Meeting of 71st JSCB and 19th PSSJ, 2019

Executive committee member, the 61st Symposium of the Japanese Society of Microscopy, 2018

Session organizer, Gordon Conference on “Single molecules approaches to biology” 2016

Organizer, QBiC International symposium 2016

Organizer, RIKEN Symposium, the 4th Molecular Motor Meeting, 2014

10 Outreach
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11 Committee Service

11.1 External Committees

Research Area Advisor, PREST “Quantum Bio”, JST 2017—2022

11.2 University Committees

HZZMARENEZRE S B 2018 4F —
Community office member of IRCN 2019—
HEARFEOEEZA 2019 4 -

12 Internationalization Statistics

Number Country

Foreign students advised

Bachelor Course 6 USA, Denmark
Master Course 3 Germany, Russia
Doctor Course 1 UK
Foreign researchers hosted 6 Singapore, Finland
Students sent abroad 2 USA, Germany
Researchers sent abroad 0
Foreign visitors 20 USA, Singapore, UK, France, Germany, Sweden, Taiwan
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BE#E HERE. Akinao Nose

1 Education and Professional Experiences

Education
1984 B.S. (Science) Kyoto University

1986 MSc. (Physics) Kyoto University
1989 Ph.D. (Physics) Kyoto University

Professional Appointments
1989—1989 Postdoctoral Researcher Kyoto University

1989—1993 Postdoctoral Researcher University of California at Berkeley, U.S.A.

1993—-1998 Research Associate National Institute for Basic Biology
1998—2007 Associate Professor The University of Tokyo
2007— Professor The University of Tokyo

2 Research Highlights

We are interested in the mechanisms of how the neural circuits develop and function to generate
specific behavior, by using the nervous system of the fruit fly Drosophila as a model. In this
organism, the relative simplicity and highly sophisticated genetic techniques allow one to identify
and manipulate specific neurons. To dissect the circuit logic, we use a variety of genetic and
biophysical techniques. For example, we use calcium imaging to record the activity of specific
population of neurons. By using optogenetics, we manipulate the activity of specific neurons
with light at high resolution. Connectomics (reconstruction from 3D electron microscopy images)
allows determination of neuronal wiring diagrams at the cellular and synaptic level. Recent

research highlights are summarized below.

(1) Circuit mechanisms for motor pattern generation: Animals move by adaptively coordinating
the sequential activation of muscles. We aim to reveal novel circuit mechanisms for the propagation
of muscle contraction, using the peristaltic locomotion of Drosophila larvae as a model. One
circuit motif we identified was a feed-forward circuit, which consists of an intersegmental chain
of synaptically connected neurons, alternating excitatory (a27h) and inhibitory (GDL), necessary
for wave propagation and active in phase with the wave (Fushiki et al., eLife, 2016). Another
circuit motif was a feed-back motif that mediates phase-coupled delay in motor activation. The
central component of the circuit is a pair of higher-order premotor excitatory interneurons (Ifb-
fwd) present in each abdominal neuromere that intersegmentally provides feedback to the adjacent
neuromere during motor propagation (Kohsaka et al., Nat. Comm., 2019).

(2) Circuit mechanisms for action selection: How animals adaptively respond to sensory stimuli
by choosing an ethologically relevant behavior is a fundamental question in neuroscience. We
investigate this problem by using the body-location specific tactile responses in Drosophila lar-
vae. Larvae escape by backward locomotion when touched on the head, while they crawl forward
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when touched on the tail. We identify a class of segmentally repeated second-order somatosen-

sory interneurons, that we named Wave, whose activation in anterior and posterior segments

elicit backward and forward locomotion, respectively. Anterior and posterior Wave neurons ex-

tend their dendrites in opposite directions to receive somatosensory inputs from the head and

tail, respectively. Downstream of anterior Wave neurons, we identify premotor circuits including

the neuron A03ab, which together with Wave, is necessary for the backward locomotion touch

response. Thus, Wave neurons match their receptive field to appropriate motor programs by

participating in different circuits in different segments (Takagi et al., Neuron, 2017).

3 Selected Papers

Kohsaka H, Takasu E, Morimoto T and *Nose A. A Group of Segmental Premotor Interneu-
rons Regulates the Speed of Axial Locomotion in Drosophila Larvae, Current Biology 24,
2643-2651 (2014).

(Journal Impact Factor 9.1, Citation 32)

Fushiki, A., Zwart M.F., Kohsaka, H., Fetter, R.D., *Cardona, A., *Nose, A. A circuit
mechanism for the propagation of waves of muscle contraction in Drosophila. eLife 10,
7554 /eLife.13253 (2016).

(Journal Impact Factor 7.6, Citation 48, Introduced by an “INSIGHT” article of the journal)

Takagi S, Cocanougher BT, Niki S, Miyamoto D, Kohsaka H, Kazama H, Fetter RD, Truman
JW, Zlatic M, Cardona A, *Nose A. Divergent Connectivity of Homologous Command-like
Neurons Mediates Segment-Specific Touch Responses in Drosophila. Neuron 96(6):1373-
1387 (2017).

(Journal Impact Factor 14.4, Citation 10)

Matsunaga T, Kohsaka H, *Nose A. Gap junction-mediated signaling from motor neurons
regulates motor generation in the central circuits of larval Drosophila. J Neurosci. 37:
2045-2060 (2017).

(Journal Impact Factor 6.0, Citation 12, selected as a “featured article” in the issue of the
journal)

Kohsaka H, Zwart M, Fushiki A, Fetter R, Truman J, Cardona A, *Nose A. Regulation of
forward and backward locomotion through intersegmental feedback circuits in Drosophila
larvae. Nat. Commun. 10(1):2654. (2019).

(Journal Impact Factor 11.9, Citation 0)
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4 Honors, Awards and Professional Society Memberships

Member: The Biophysical Society of Japan

Member: Society for Neuroscience

Member: The Japan Neuroscience Society

Member: Japanese Society of Developmental Biologists
Member: The Molecular Biology Society of Japan

5 Research Plan

We focus on the ”small-scale neurocircuity” in the larvae of fruitfly and try to understand the
logic of brain information processing. We try to identify neural circuits that function as units of
brain information processing and analyze their structural and functional connectivity by cellular
imaging, optogenetics, connectomics and mathematical modeling. We use machine learning and
other computational methods to analyze the dynamics of population activity of neurons. We also
study how neural circuits form during development via activity-dependent processes such as the
sensory feedback.
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Publications and Patents

< Refereed Original Papers >

[1]

2]

Fukui A, Inaki M, Tonoe G, Hamatani H, Homma M, Morimoto T, Aburatani H and *Nose A. Lola
regulates glutamate receptor expression at the Drosophila neuromuscular junction. Biology Open 1,
362-375 (2012).

Matsunaga T, Fushiki A, Nose A, *Kohsaka H. Optogenetic Perturbation of Neural Activity with
Laser Illumination in Semi-intact Drosophila Larvae in Motion. J Vis Exp. 2013 Jul 4;(77), 50513
(2013).

Fushiki A, Kohsaka H, *Nose A. Role of sensory experience in functional development of Drosophila
motor circuits. PLoS One. 2013 Apr 19;8(4), 62199 (2013).

Okusawa S, Kohsaka H, *Nose A. Serotonin and downstream leucokinin neurons modulate larval
turning behavior in Drosophila. J Neurosci. 34, 2544-2558 (2014).

Kohsaka H, Takasu E, Morimoto T and *Nose A. A Group of Segmental Premotor Interneurons
Regulates the Speed of Axial Locomotion in Drosophila Larvae, Current Biology 24, 2643-2651 (2014).

Ttakura Y, Kohsaka H, Ohyama T, Zlatic M, *Pulver SR, *Nose A. Identification of Inhibitory Premo-
tor Interneurons Activated at a Late Phase in a Motor Cycle during Drosophila Larval Locomotion.
PLoS One 3, 0136660 (2015)

Fushiki, A., Zwart M.F., Kohsaka, H., Fetter, R.D., *Cardona, A., *Nose, A. A circuit mechanism for
the propagation of waves of muscle contraction in Drosophila. eLife 10, 7554 /eLife.13253 (2016) doi:
10.7554 /eLife.13253.

Hasegawa E, Truman JW, *Nose A. Identification of excitatory premotor interneurons which regulate
local muscle contraction during Drosophila larval locomotion. Sci Rep. 2016; 6: 30806 (2016) doi:
10.1038/srep30806.

Matsunaga T, Kohsaka H, *Nose A. Gap junction-mediated signaling from motor neurons regulates
motor generation in the central circuits of larval Drosophila. J Neurosci. 37: 2045-2060 (2017)

Takagi S, Cocanougher BT, Niki S, Miyamoto D, Kohsaka H, Kazama H, Fetter RD, Truman JW,
Zlatic M, Cardona A, *Nose A. Divergent Connectivity of Homologous Command-like Neurons Medi-
ates Segment-Specific Touch Responses in Drosophila. Neuron 96(6):1373-1387 (2017)

Park J, Kondo S, Tanimoto H, Kohsaka H, *Nose A. Data-driven analysis of motor activity implicates
5-HT2A neurons in backward locomotion of larval Drosophila. Sci Rep. 2018 Jul 9;8(1):10307 (2018)

Yoon Y, Park J, Taniguchi A, Kohsaka H, Nakae K, Nonaka S, Ishii S, Nose A. System level anal-
ysis of motor-related neural activities in larval Drosophila. J Neurogenet. 33, 179-189. (2019) doi:
10.1080/01677063.2019.1605365.

*Kohsaka H, Zwart M, Fushiki A, Fetter R, Truman J, Cardona A, *Nose A. Regulation of forward and
backward locomotion through intersegmental feedback circuits in Drosophila larvae. Nat. Commun.
10(1):2654. (2019) doi: 10.1038/s41467-019-10695-y.

< Review Papers >

[14]
[15]

[16]

Kohsaka H, Okusawa S, Itakura Y, Fushiki A and Nose A. Development of larval motor circuits in
Drosophila. Develop.Growth Differ. 54, 408-419 (2012).

Nose A. Generation of neuromuscular specificity in Drosophila: novel mechanisms revealed by new
technologies. Front Mol Neurosci. 5, 62 (2012).

EIRTES, BEMRE Y avYVauNnNTEAWAEA T NI AT VARG, in AT NV AT 4 T A,
IX T — - LA, 141-153 (2013). (GFE, /HHE, EHAL)
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[17] REMHERE SCIRIAARIEWIILE - FraMiaEsdifiss [ AV 23y 7 iR EIEE D & 5 5 Bix 0 1 L B 5L |
WOXTED  ERORE 64( ), 80-87 (2013).

(18] BEMEHRE ¥ 3w Y a v iz O CERES OHIEEMEZ 5 Ml L5 33, 249-254 (2014).

[19] Kohsaka, H. and Nose, A. Optogenetics in Drosophila. (a book chapter in ” Optogenetics "), Springer
Verlag (2015).

[20] REMEEAE. mPESE, RAW Hickd ¥ avya yNThikEEEOBSREMT]  ARORF 68(5):478-479
(2017).

[21] *Kohsaka H, Guertin PA, Nose A. Neural circuits underlying fly larval locomotion. Current Pharm.
Design. 23:1-12 (2017).

[22] I AREE, BEMURE ¥ avYa v NTLRoOFEEEERE B ERRAREY 36(8):903-906 (2018).
EP&HE%&

[23] Takagi S, Nose A Circuit architecture for somatotopic action selection in invertebrates. Neurosci Res.
2019 Mar;140:37-42. doi: 10.1016/j.neures.2018.08.008. Epub 2018 Aug 18.

< Books >
[24] FEPESR, REMAE : Y a vV auNT VAT NV TR T4 2 AWK, (AT Vo xF 12 2],
13-—?4— T A, 141-153 (2013). (4 fHEEE)

[25] Kohsaka, H. and Nose, A. Optogenetics in Drosophila. (a book chapter in ”Optogenetics” ), Springer
Verlag (2015).

7 Invited Presentations at International Conferences

[1] REMEEAIE : Optogenetic dissection of motor circuits that regulate larval locomotion in Drosophila, ¥

%{ﬁnﬂﬂ? [A Y HIREEES ) 28 1 [MAFERY VARY DA, 2012.7.7. HE

[2] REMEMAME., mIRPESE, ®ARMEE : Optogenetic dissection of motor circuits in Drosophila larvae, [ 35
Bl HAMREI KRR Y VRY T A 2012.9.18, £diE

[3] Nose, A. : Optogenetic dissection of motor circuits that regulate larval peristalsis in Drosophila,
”Behavioral Neurogenetics of Drosophila Larva” meeting at Janelia Farm,2012.9.30~10.3, K[E

[4] Nose, A. : Optogenetic dissection of the neural circuits that regulate rhythmic movement in Drosophila
larvae, Symposium on Sensory Systems and Neural Circuits, 2013.2.12, B

[5] Nose, A. : Optogenetic dissection of the neural circuits that regulate rhythmic movement in Drosophila
larvae, The University of Tokyo - Korea University The 2nd Joint Workshop on Bio-Soft Matter,
2013.3.1, Seoul, Korea

[6] Nose, A. : Functional dissection of the central circuits that regulate larval locomotion, Behavioral
Neurogenetics of larval Drosophila: Molecules, Circuits, Computation and Robotics, 2014.3.10, Atami

[7] Nose, A. :Functional dissection of the central circuits that regulate Drosophila larval locomotion, ESF-
EMBO Flies, worms and robots: combining perspectives on minibrains and behaviours, 2014.11.11,
Sant Feliu, Spain

[8] Nose, A.: Neuronal dynamics underlying motor decision making, Cooperation in Physics Workshop:
LMU-UT , 2016.2.29-3.1, Tokyo, Japan

[9] Nose, A., Kohsaka, H., Yoon, Y., Takagi, S., Hiramoto, A., Ohura, S. and Niki, S.: Circuit mechanisms
that regulate motor pattern in larval Drosophila. Behavioral Neurogenetics of Drosophila Larva, 2016
10.25 Janelia Farm Research Campus, USA.
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[10]

Nose, A. : Genomic and connectomics analysis of the motor circuits in larval Drosophila, NSF Work-
shop: Comparative Principles of Brain Architecture and Functions 2016.11.18, Marriott Marquis San
Diego Marina, USA

Nose, A. : Circuit mechanisms of action selection in Drosophila larvae, Systems biology of the brain
“ Reconstructing the connectome of the fruit fly larva” : CUSO Staromics PhD-program Workshop,
2017.9.11, University of Fribourg, Switzerland

X. Zeng, T. Kawasaki, K. Inada, H. Kazama and A. Nose : Embryonic development of the motor
circuits in Drosophila: emergence of coordinated neural activities and the role of sensory feedback,
Behavioral Neurogenetics of Drosophila Larva, 2018.10.10, University of Edinburgh, UK

Nose, A. : Regulation of motor circuit development by proprioceptive feedback, 2019 ASTA-PACIFIC
DRORSOPHILA NEUROBIOLOGY CONFERENCE, 2019.1.18, Institute of Molecular Biology,
Academia Sinica, &

Nose, A. : Functional connectomics of motor circuits in Drosophila larvae, Max Planck / HHMI
Connectomics Conference Berlin 2019, 2019.4.16, Harnack-Haus of the Max Planck Society, Berlin

Xiangsunze Zeng, Tappei Kawasaki, Kengo Inada, Hokto Kazama, Akinao Nose : Embryonic devel-
opment of the motor circuits in Drosophila: emergence of coordinated neural activities and the role of
sensory feedback, NEURO2019, 2019.7.27, TOKI MESSE , Niigata
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8 Teaching Accomplishment
KT

MR R TAEYWEY ) 2012-2015, 2019

AR AR REBGER TEMAEGBEISGR] 2012, 2014, 2016, 2019
M RmeRl Wl EE KERGER TAEYYEY 11 2012, 2014, 2016 (&L,
WraEisah s L @)

IR R AP RE IL 2016—2018

M RAMZER WY EIR Kb [EYYEY 11 20162018 ((Eid. 78
% [EvEyee 1 & 3thm)

B BeER TH2EY 2 - —)b) 2011, 2014, 2017

HZE 75 A4 —i#EH 2014

fll K%

B PR E R, AhBRRFEREE S, 2012 £

LrhEiE, FEBERT, 2013 FFE

MRERIEP R, BRI RS, 2014 %

FrhiER, FHBEKRE, 2015 FE

g, FEBEKRS. 2017 FE

FrisE, FEBEKE, 2019 FE

Lecturer; Developmental Biology Course, 2012 at OIST ~ (G## R 7 HAfr K FBE K F)
Lecturer; Developmental Biology Course, 2013 at OIST (&L H il KB K %)
Lecturer; the Collaborative International Undergraduate Workshop at OIST, 2015 4F
B (iR B KB K )

9 Contribution to Academic Community

9.1 Editorial Activities
N/A

9.2 Organization of Professional Societies

R ERIE R E MBS PRSI T AV ATy 7 EE B 5B K
DIE RIS | IR 2010—-2015

9.3 Organization and Advisory of Conferences

Co-organizer, International Symposium on “ Neuronal circuits at the intersection of

theory and experiment ” , Tokyo, Japan, 2012
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Program Committee, The 35th Annual meeting of the Japan Neuroscience Society,
Nagoya, Japan, 2012

Local Organizing Committee, 16th International Conference on Retinal Proteins (ICRP),
Nagahama, Japan, 2014

Co-organizer, International Symposium on “ Neuronal Circuits: Cutting edge ap-
proaches to the complexity ” , Kyoto, Japan, 2013

Co-organizer, Conference on “Behavioral Neurogenetics of larval Drosophila: Molecules,
Circuits, Computation and Robotics 7, Atami, Japan, 2014

Co-organizer, Janelia Research Conference on “Behavioral Neurogenetics of Drosophila
Larva ” , Ashburn, USA, 2016

Co-organizer, Conference on “ Behavioral Neurogenetics of Drosophila Larva” , Edin-
burgh, UK, 2018

Local Organizing Committee, 19th International Conference on Retinal Proteins (ICRP),
Shima, Japan, 2020

10 Outreach
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http://bio.phys.s.u-tokyo.ac.jp/

11 Committee Service

11.1 External Committees
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11.2 University Committees
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12 Internationalization Statistics

Number Country

Foreign students advised

Bachelor Course 0
Master Course ) China, Korea
Doctor Course 5 China, Korea
Foreign researchers hosted 0
Students sent abroad 5 USA
Researchers sent abroad 2 USA
Foreign visitors 5 USA
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