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“Omnis cellu ellula”
(all cells come from@€ells)[1858]

Rudolf Virchow Louis Pasteur




WHAT is a differenc

_.__between LIFE & non-Ll




“Understanding of Living Systems”
Laboratory for Systems Biology,
Center for Developmental Biology, RIKEN

How to understand/define LIFE?



If you were BIOLOGIST...

Especially, Molecular Biologist, Geneticist...

Scientist interested in identification of “components”
of system...

Lel\aa Hartwell




. Understand Biological Systems

1. Identification
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“Understanding of Living Systems”
Laboratory for Systems Biology,
Center for Developmental Biology, RIKEN

To completely identify system components
and their interactions

Human Circadian Clock

ldentify

Molecular Biologist’s View

Mammalian Clock Circuits
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If you were PHYSISIT...

Mathematician, Physiologist,

Systems Biologist, Analytical Chemist...

Scientist interested in design principles of systems...




. Understand Biological Systems
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2. Analysis

“Understanding of Living Systems”

Laboratory for Systems Biology,
Center for Developmental Biology, RIKEN

To quantitatively measure properties of components
and predict the behaviors of biological systems

, Measure
|Predict| |# % : 3 f\
Mammalian Clock Circuits

Cellular Circadian Rhythm (Bioluminescence)
Physicist’s View




If you were MEDICAL DOCTOER...

Scientist working on disease, Pharmacologist, Chemical Biologist...

Scientist interested in “controlling” systems...
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“Understanding of Living Systems”
Laboratory for Systems Biology,
Center for Developmental Biology, RIKEN

3. Control

To quantitatively perturb properties of components and
direct the behaviors of biological systems

Long
Period Perturb
| Normal
1 Period
Short
Period -/ "'*al Cellular Circadian Rhythm (Normal Period)
Medical Doctor’s View

Cellular Circadian Rhythm (Long & Short Perlod) e >
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If you were CHEMIST...

Engineer, Computer Scientist, Synthetic Biologist...

Scientist interested in “designing” systems...
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NrtH8)? Kornberg




__u Understand Biological Systems &, .5

4. Design

“Understanding of Living Systems”
Laboratory for Systems Biology,
Center for Developmental Biology, RIKEN

To design and implement artificial circuits with identified
structure and observed dynamics of biologicalgéstems
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Artificial Clock Components

Design

Implement

Chemist’s View

Artificial Clock Circuit

Cellular Circadian Rhythm
with Artificial Clock Circuit
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JT Synthetlc Blology .

i’o deS|gn and m:lplement artificial circuits witl

qtructure and observed dynaml'!s of biological s
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Synthesis of “life as It couldbe” .
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_ Quantitative Measurement
—= Perturbation for Design Principles

.
Co__@®
d

d;? = L AT




MRREm ZzHHT 5T FIVEERY FT—2

DETFIEEVZaAL—V 3y

(EBoi/8W - &8 - BiFo. RIMK/KFH. LREX/MH) .

=> Receptor ubiquitination

CCERAA

i E L
>

s

HHEE

FIL

S=A+B

;'ga” K Chi
““‘7 b < pi3K PIP2 , PTEN
X * N
K PIP3
’.0 P k Gl’b2 PDK
71 N b2 Oi \Akt
0’ r
& src PLCO Ras ) 4 B
3 N . pP2A sad
s PIP2 IP3 + 1,2DAG Raf
: x N\ d caspase
: ) MEK
] - 90R§i E\RK‘_MPK3
L ] #
stata [Ca2t] S —>PA0R :
v v

p9O0RSK ERK

Ets, [ [ER]
MycbTAT1/EIK-1]

15

(fold change)
e
o

o

0 ™ ™ ™ ™
0 10 20 30 40 50 60 70 80 90

Time (min)

CREHESRHAFOS] i1l
AR
"I ‘||||| |I|I||||l|| Il I|||| |||n| I ﬁglé,f P —’)‘/7‘ ﬁ{**ﬁﬁ&i(: H#?MIJEE?—’;
TEREAE L7=5t&EF A Mo DFEFE
| I
ﬁ‘": ] T:SZ: ! [ Erone T Tjﬁl 100
Ras-GDP = i Ras-GTP _E_E
i . N T22Sh+1_" E2act \ g Baﬁ =) i
S ' fRATE .| 5 =1
wel T W S2 i) S4 < e d
EROERE | | . e
- 23 T ~ N — ~
LS = g s VEalb—2avItkbARFiEELETA




Z MY AT LD EHEEED R EHFIED/KIR)

£ AR

apithalial call

smooth ihers| 35
muscle longitudinal
fibers

connective =
tigsue L

EEGHEDEOICFELLVEARE

WL elgansh MR HHHERMEETORELBRORL

Ll (o nlee o W e

M g @, . 00 " m . 02 (
DDA DD [ B
T -+ RN R R e il Sl '3 8 -1 1. 2 # - BAR 7

EMEBEETIVL: HIEREICE<H. MIRDER
HELFEETIL: BEEFRRHEEHRAYNTD—9, BRI T FIVEE



g Technology for fabrication
- at cellular/tissue resolution

Scale between living cells and atoms World’s first commercial microprocessor:
2300 transistors fabricated at 10um process rule

Molecular Biology of the Cell Intel Museum (http://www.intel.com/museum/index.htm)

© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis,
Martin Raff, Keith Roberts, and Peter Walter.



Semiconductor technology for
| cellular resolution

Cell size ~ Transistor size

Fibroblast cell in culture

Molecular Biology of the Cell

© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis,

Martin Raff, Keith Roberts, and Peter Walter.

Transistors on a chip (number / chip)

1M
1010
10°
108
107
108
10%
10*
108
102

10’

Density of transistors on a chip

Modified from “# A0 T D EFE RRiFIE BT TEFHE

ﬁ
—
|% number
a
B!
A’J
0 100
—
h 10
O "
\,L Sa., 101
1 ; 1 ; I ; ! 1 | 1 0.01
19401950 1960 1970 1980 1990 2000 2010

Transistor size (um)



L‘ Photolithography for micro-structure

Photoresist
spin coating

Exposure *

Development *

Dip in PDMS *
& Degas

== photoresist
= Si
PDMS




|l Bio-MEMS with fluidics simulation

Detailed flow is unclear because of
» Complex cell shape

» Physical properties

e Micro-scale

Sample table
Gradient mixer

Inlet1

Inlet3
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VCAD project (RIKEN)

—— *Cell shape
/e Internal structure
.| * Physical property







Center of human clock : SCN

Suprachiasmatic nucleus







Bio-MEMS for SCN







E9.5 Mouse embryo Neural tube and somites. (Scanning
electron micrograph)

Photograph by Kaori Tsujino
at Laboratory for Systems Biology Developmental biology, Scot F. Gilbert -- 6t ed.
SINAUER ASSOCIATES, INC., Publishers




Masamizu et al., PNAS, 2006




Bio-MEMS for Somite

Sample table

Gradient mixer

Inlet1

\Morphogen gradient
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» Pulsatile Secretion of Hormone

Luteinizing
hormone (LH)

Insulin
1500 | -
e @
?h\ = Endocytosis
RTI{ _ E— | — :
ig bi U'”\Hﬁc Degradation ¥
Signal

0 120 240 360 460
Porksen, Diabetologia, 2002 Guyton & Haul, Textbook of
Medical Physiology, 2005

ZUL A
Ubiquitination H
o 0. o

NHR K, K, K,
HRE —_— s
- - - —
Transcription Degradation k 3

0:00 400 800 12:0016:00 20-00 24:00

time Guyton & Haul, Textbook of

Medical Physiology, 2005

Activity-depepeiaphinretveiiste @pbisemreng Receptors



Expected Response of

e Hormone Receptor
AL time _ _ ". -'.

Ueda et al unpublished results

N BRI RO

Input

Output

— 1

Frequency

Hormone Receptors decode the information encoded in the frequency of signal
(i.e. change of signals not strength of the signal)



Quantitative Perturbation by
BIO-MEMS
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Computer-controlled
injection of stimulants '

System-level Analysis of Cellular Response to the Various Stimulation



. Triangle of Technologies
Biological Experiment

Wet “Ascending & Descending ”

Bio-MEMS

Sample table Hard Soft
Gradient mixer

Inlet1 \f

/ .-_,:;:::f?_._:::::____
Inlet3 ~ =
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i’o deS|gn and m:lplement artificial circuits witl

qtructure and observed dynaml'!s of biological s
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Synthesis of “life as It couldbe” .
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B FiFH: 7/ LESTEHR

E.coli K12
(1997)

E.coli O157:H7
(2001)

3 “ bl - .
- 'F' . |
: S. cerevisiae

(1997)

(2000)

-»-1% NP

= D. melanogaster

R. norvegicus

H. sapiens
(2001)
(2003)

(2003)
M. musculus
(2002)
S. pombe .
(2002)

Oryza sativa L. ssp.
Indica (2002)

Oryza sativa ssp.
japonica (2002) Nature websites
A. thaliana

(2000)

2

ﬁ 2006.11.25
C. elegans e s 00
/ ez (1988) Published 460

Ongoing 998(Bacteria)
%%:EA Ongoing 631 (Eukaryote)
Hb nr-l Ongoing 56 (Archaea)
Total 2,208
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Molecular Structures have been resolved
47 805 structures in Protein Data Bank in 2007
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o TEHROOMEGEGRF)NEEFERK

7/ LERITRERETIIEELLAD
BROEBELEFEZAIHITHERKL
BHTESLIILHELOTES:

KIZE->TZIEEDEL\DNAT A TSR T AHEATH
EA2H T, MUIDNAZ RUDNAZERT-ODFRH &
LTHVWCGEEF - /LDOAIESHEBIEY,
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System modelling

\

Oligonucleotide design (CAD)

\

Oligonucleotide synthesis on microchip

\

PCR of released oligonucleotides and digest

Y

Hybridization selections

\

Gene assembly (PAM)

Y

Structure function assays

e

A

>1h (ref.7)

1h (Supplementary

Information)

8h (refs1,3)

14h (Fig. 3)

30h (Fig.3)

4h (Fig. 4a)

>1h (Table 1, Fig. 4b)

Nature 432, 1050-4. (2004)
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amino acids

%

tRNA

ATP
GTP
CTP
UTP

ATP <=

~

3

MRERES AR

PURESYSTEM®

Energy regeneration

Aminoacylation /
AMP

aminoacy-tRNA
synthetase

aminoacyl-tRNA

Transcription

RNA polymerase

| Translation |

translation factor (IF, EF, RF, RRF)

mMRNA

Protein synthesis using recombinant elements System

His-Tagged Transcriplion/Translation Factors

n 7n

Ribosome

tHNA, NTPs
Amino Acids

g
:

YY1 L
".'

g

S— ‘.'

Ges

Shimizu Y. et al. (2001) Nature Biotechnology, vol.19, p.751-755.

EE=ME=> M R
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memory molecule’>

Chromatin fiber model built from
X-ray structure of tetranucleosome Schalch et.al. Nature 436:138-141, 2005




thioredoxin

an we design

olecule?
VLR 754

exonuclease
domain

T7 DNA polymerase/thioredoxin/DNA complex Doublie et.al. Nature 391:251-258, 1998




Can we De5|gn

Protein SyntheS|s I\/Iolecule?

Thermus thermophilus 70S ribosome Sanbonmatsu et.al. PNAS 102:15854-15859, 2005
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Can we Design

Dividing Membrane System?

7
™

10 um 179

Growth and division of budding yeast http://www.marietta.edu/~spilatrs/biol202/budding_yeast.mov







