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Our research themes

Axonal transport
« Molecular function vs disease

Crowded environment
 Live cytosol
vs dead cytosol

More crowded
environment

Nucleus
« Genome DNA packing
 Transcription
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—

Yy

Imaging technologies

 Super-res live imaging

 Single molecule imaging
in live cells

Probes for cell states

« Epigenome

« Green fluorescent RNA
« Metabolism



Studies on axonal transport

Axonal transport is
 an essential logistics in neurons.
« rate-limiting for learning and memory.
« associated with various diseases
such as Alzheimer’s disease or ALS.

Does longer axon of\
giraffe require faster
transport?

KNhat is the "road sign” to
the proper destination?

How many motor proteins
are working on each cargo?
How much force is exerted?

F Giraffe
= [P(AX)/P(-AX)]/ AX

kB eff

Mouse

Non-invasive measurement of force
from imaging by using

the fluctuation theorem.
(Patent pending,

Hayashi et al.,, MBoC 2018)

Conformational switching in
the rail polymer, microtubule.
(Shima et al., J Cell Biol. 2018)

Giraffe kinesin moves

faster by “long animal
specific” mutations. /




Super Resolution Live Cell Imaging

Spinning disk super-res microscope

SR live imaging
200 FPS,
100 nm res,
100 um FoV.

Commercialized
Award from MEXT

MBoC 2015

Ring-TIRF microscope for live cell STORM

3D SM imaging
at 1000 FPS

Live cell
STORM of H2B
at 20 nm acc.

Collaboration with
Maeshima-lab,
Mol Cell 2017

50 nm res s
. . ’
in live c.e.II. ‘;\\‘l\h

o

Collaboration with Drs Taki and Yamaguchi at Nagoya U
Angew Chem 2018; PNAS 2019

Bessel light sheet super-res live imaging

Collaboration with Peilin

Chen and Bi-Chang Chen

at Academia Sinica
Commun Biol. 2019




Probes to read out the cell states by imaging

Epigenetic state by live imaging RNA expression dynamics

Single-cell sequencing

chr19
36,100 kb 36,270 kb SR imaging
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New method for single molecule fluctuation analysis in cells.

Article

Phase separation organizes the ssite of

autophagosome formation
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Many biomolecules undergo liquid-liquid phase separation to form liquid-like
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Line-scanning fluorescence
correlation spectroscopy
with denoising and trend
removal by wavelet
transformation.

(0F¢(ti)oFe(ti + 7¢))

(Fe(ti) Fe(ti + 7¢))

Enables to measure the
dynamics of protein
molecules in a small
compartment of living cell.



External funding and collaborations

Grants-in-Aid for Scientific Research on
Innovative Areas (FY2019-FY2023)
“Information Physics of Living Matters”

PI: Yasushi Okada
Ito (UBI), Takeuchi (A6)
+ 3 theoretical physicists
+ 6 experimental biophysicists
(~1,000 mil yen in total)



Motor proteins: From Molecule to Medicine application

Hideo Higuchi (Dept. Phys. & UBI)

Movement of single kinesin molecules
AX

Motor proteins, kinesin, dynein and
. bead myosin-V transport vesicles in cell.
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The motor steps explained by the model of biased Brownian walk

e [ l'l T
.1000:“"I""I""I“'I'l"; """" E 100 .OTOba,HH .SUE"HH ‘;: E
@O MN, HH, TY. ! : - PNAS 2006 atstuct i
| NatCellBiol 2002 !l 2 [ mNHG | Mol Biol 2005 i
() u] = o |
E10F = cc(p) 51 2 | :
- I
£ @ CC (B) | = ‘
l\); i ' e 10t
2 10 3 & | ;
a Lo - L !
r I I ] I L L i 10 1! 'L12 L2
| | 1 1 1 1 1 1 Rl { 1 1 1
. Li 1L . I | P W Tl leas 3 3% -12 8 4 0 4 8 12
i A g i s e b 8 i -10 -5 0 5 10 Load (pN)
-5 10 5 0 5 10.-1¢ | Load (pN)

Sasaki (Prof. Dept. Appl. Phys. Tohoku Univ.) , Kaya, Higuchi. Biophys. J. 2018



Rotational vesicle-

transport in cell
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Noninvasive imaging of
vesicle transport in mouse
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Kikushima (Postdoc), Kita, Higuchi. Sci. Rep. 2013



Predictive risk-diagnosis of human breast cancer
by quantum dot imaging
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Gonda (former assistant professor), MM, HH,...NO. 2019, Sci Rep. 2015




Other Research Highlights

1. M. Kaya (assistant professor and corresponding author), Y. Tani, T. Washio, T. Hisada & H.
Higuchi. Coordinated force generation of skeletal myosins in myofilaments through motor
coupling. Nature Communications (Aug. 2017)
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2. N. Shimada (Tokyo Tech), H. Kinoshita, T.Umegae,
S.Azumai, N.Kume, T.Ochial, T.Takenaka, W. Sakamoto,

T.Yamada, T. Furuta, T. Masuda, M.Sakurai, H.Higuchi, & c —_— >
A_ M aruyama 0 0.7 29 4.3 6.0
Cationic Copolymer-Chaperoned 2D-3D Reversible ...
Conversion of Llpld Membranes. PAA-g-Dex addition PVS addition
(Cycle 1, V-to-S) (Cycle 1, S-to-V)

Advanced Materials (Sept. 2019) Impact factor, 25.8 Polymers (amphiphilic peptides and

cationic copolymers) controlled the
reversible conversion of lipid membranes



Nose/Kohsaka laboratory

spinal muscular contractions
cord |

brain \ muscles

e —

neural activity




Nose/Kohsaka laboratory

Experimental methods

e ., ) ]
Calcium imaging Connectomics

3D EM reconstruction of circuit diagram

0.65 um

visualization of neural activities
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4 Optogenetics

A27] A27j

EMCCD camera

Xe lamp \ DM

(600nmr

Ar laser
490nm

optical manipulation
of neural activities i
\_ ) K Cardona et al., elife, 2016 /




Nose/Kohsaka laboratory

Identified circuit moltifs

4 A
e — Lmuscles
& L-MNs feed-forward circuit
GDL
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“phase-coupled delay” Takagi et al., Neuron, 2017
" muscles _ Goro-like
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Nat. Com., 2019
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Nose/Kohsaka laboratory

Data analyses and simulation

Clustering of neural activities by machine learning Network analysis of neural activities
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Park et al., Sci. Report 2018
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Dimensionality reduction of neural activities Neuromechanical model of larval locomotion
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Research direction (Furusawa group)

Extracting Universal features from complex
biological systems (Universal Biology)

&2/_‘ ) “stemness” in development
X

Theoretical

£

. tai :OC?’(O - - cell division
Theoretical model O s -
[ J":_\ /_F\ /.Q; @ @ :
of adaptive N RO ElF| e o o8
. A - = ® w
evolution = .

High-throughput
experiments
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/ 7 evolution of E. coli Decoding gut microbiota by neural networks




[H¢
mis
K
m
O
L]
-
@)
-
O
-
=
@)
>
LL
)
P
-
(@R
®
O
<

lllustrated by David S. Goodsell

How many degrees of freedom are necessary

to describe evolut

?

/

E. coli

ion of



Constraints in Adaptive Evolution

Theoretical studies suggested that:

state of replicating cells are
constrained on a
low-dimensional dynamics.

Kaneko, Furusawa, Yomo, Phys. Rev. X (2015)
Furusawa and Kaneko, Jour. Roy Soc. Interface (2015)
Furusawa and Kaneko, Phys. Rev. E (2018)

5XJ(E) - 5u(E)ZLﬁ(l—y,./a)

a)@transporter
W

0X [(Chemostat y=0.12)

oX ’j(Acetate)

3 T

Theory line

6X (Glycerol)

Environment

......

1 1 1 1 1
3 2 a0 1 2 3
§X] (Mannose)




Automated System for Laboratory Evolution
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v" About 16,000 independent cultures can be maintained
automatically.

Horinouchi et al., Jour. Lab. Automation (2014)



log2 MIC (Fitness)

Sulfisoxazole (antibiotics)
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High-dimensional phenotype-genotype mapping

resistance/sensitivity transcriptome data
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Parent  CP evolved

Projection of transcriptome changes
in a low-dimensional space

genome sequence

component 3

Extraction of “major axes”
In phenotypic changes

@ component 1

- L Suzuki et al., Nature Comm. (2014)
Pred Iction and COﬂthl Of Horinouchi et al., BMC Evo. Biol. (2015)

evolutio nary dyn amics Furusawa, Horinouchi, Maeda, Curr. Opin. Biotech. (2018)



Research theme (Ito group)

To understand thermodynamic laws of information
processing in biological systems (Universal Biology)

The second law of thermodynamics Thermodynamics of information geometry
for subsystems with information flow

2o

System X &

P(Tk+1 [Tk, G40, 047 —1) -

Other systems
(e.g., memory)

Thermodynamic cost of information
processing in biological systems

Information flow
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of receptor

Heat flow
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a:“‘ﬁ‘&‘d \-;Z? : Negative feedback loop



Thermodynamic laws of information

ey The second law of thermodynamics for subsystems
? with information flow

E. coli sensory adaptation

o 2 @info

Ito and Sagawa, Phys. Rev. Lett. (2013)
Shiraishi et. al, New J Phys. (2015)
Yamamoto et. al, Phys. Rev. E (2016)
Ito, Sci. Rep. (2016) RS

Ito and Sagawa, Nat. Commun. (2015)
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Kinase activity a
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: Negative feedback loop

Thermodynamics of information geometry

9 Uncertainty in biochemical reaction
27C > D |
— Enzyme reaction Autocatalytic reaction
Ito, Phys. Rev Lett. (2018) A+ B= AB X+Y =2X
Ito, arXiv (2018)
A+ X = AX

Ito and Dechant, arXiv (2018)

Ito, arXiv (2019
Otsubo et al. arXiv (2020) AX +B= AB+ X o, arXiv (2019)



Analysis of experimental data in biology

Information geometric analysis of

ERK phosphorylation

ERK phosphorylation
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'®° Information physics of living matters

Information thermodynamic analysis of neural data

The entropy production in monkey’s brain

Information geometric method of estimating the entropy production

entropy change and information

(2nd law of information theromdynamics) P
Tt + 0oy + O 7Y (> 0)
entropy production (2nd law)
XYy
Tiet (2 0)
_ Vhs
local reversible "Lt X
manifold q
. L g
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reversible manifold

[Computing Frontiers] Pioneering Research on Computing Frontiers



