What is life? 2007
Function of Life and Fluctuation

Single molecule nanobiology for elucidating the mechanism
involved in utilizing fluctuations by bio-system
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Brain uses only < 1watt for thinking.
Most of energy is used for spontaneous fluctuations?

Measurement of
temperature of brain

Yoshioka, Seiyama et al.
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Super computer
Blue Gene (IBM)
4TFLOPS x 2

Garry Kasparov
World champion of
chess game



Biological system is composed of
molecular machines

Molecular me in Human
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Input energy level of biological molecular machines
Is not far from thermal noise
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The apparent performance of functions of biological
machines is much poorer than that of manmade machines.
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Comparison. 1) Operation rate and accuracy

Man-made  Bio (Ratio)
Operation ~nsec ~msec 1/10°
time (10%) (10-)
Accuracy 1080 104 1/1076
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The apparent performance of biological machines
is much poorer from viewpoint of manmade

COmPUteI‘ machine, but .......




Comparlson 2) Rate of data transfer
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Performance of nerve and optical guide

Sensory hair
—> Optical guide operated
. / Air stream P 9 : b :
R [ by electronic devices
IIIIi[iIiiniiT[NTITI!TF[IiH' \\ }, / K,
Cricket @’—\P““ﬁ O
Sensory cell —— o '

Data carrying rate by Shannon

-.
i —.-ll.. Inm 1N l- [bits/sec]

From T. Shimozawa

Rate of carrying data

400 bits/sec : 109 bits/sec




Comparison.

3) Memory capacity

Kim Peak

(Model of a famous
movie” Rain Man”)
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Comparison. 3) Memory capacity
Kim Peak

He learns
7,600 books by rote.

1 book=1GB
7,600 books=7.6GB

Human brain memory
]
DVD disc=4.7GB
200yen x 2
= 400yen ($3)




The underlying principle of biological machines
should be different from that of
man-made machines.
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What is difference between man-
made and biological machines?
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What is difference between man-
made and biological machines?
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Approach

Imaging of Single Nano-manipulation
chemical reactions of single molecules

Aim of our research is to approach the engineering principle
of flexible bio-machines by uncovering unique operation of
biological devices.




Single molecule nano-detection
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2) Single molecule nano manipulation

Fluorophore




Stars at a great distance can be seen 1n the dark.




Imaging of single fluorescent dyes

Total internal reflection
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Fluorescence images of single fluorophores

Cy3-Hw

Main players Funatsu, Harada, Saito, Tokunaga, et al. Nature 374,’95
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Kinesin is Inm (j‘/\}—&—)
nanometers =1FA59D1cm
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Vale, Funatsu, Harada, et al. Nature 380 (1996)




Unconventional
myosin (V) functions
as a transporter 1n
cells.
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Class V myosin

Nishikawa, Iwane, et al.




Real time fluorescence nano-imaging
by computer image analysis (FIONA)
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How does myosin-V move?

Schematic of Qdot conjugate
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Displacement (nm)

FIONA powered by Qdot
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Sugawa, nishikawa et al in preparation
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Direct observation of individual ATPase cycles

Molecular machines are fueled by chemical energy
from ATP (Adenosine triphosphate) hydrolysis.

hydrolysis
ATP — ADP + Pi

\\* Chemical

energy




Fluorescent ATP analog Cy3-ATP

Tokunaga,et al.
BBRC,1998




Single molecule imaging of
ATP hydrolysis cycles by myosin

Myosin

GEP Evanescent field

Funatsu, Harada, Saito, Tokunaga, et al. Nature 374,'95
Komori,Nishikawa et.al. in preparation in preparation



Simultaneous observation of ATPase
turnover and movement

by QFRET & QFIONA
= — FERY
L2 X
WS L—H— (405nm) X

Okada et al. BBRC 2007

Komori, Nishikawa et al.
Movement ATPase turnover Poster
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Single molecule detection technology

1) Single molecule imaging




Single molecule nano-manipulation

Optical tapping nanometry Scanning probe nanometry

Barbed-End Pointed-End

' |
(?)—y (@ ?,MotorTrap
and Bead
B I

Ishijima...ty, Nature, 1991,

Finer,..Spudich, Nature 368 1994 BBRC 1994

Kitamura, Tokunaga...ty,
Nature397,1999



Single molecule nano-manipulaiton
by optical tweezers

\l/ J/ 4{ Laser
objective

specimen plane diffraction-limited

w beam waist
\rl; 4—\

Capture of condenser
diefectric pM lens

by photon pressure

A. Ashkin et al., 1986
Opt. Lett. 11:288-290
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Harada, Funatsu, et al
Biophys. J. (1999)
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Magnetic

bead Fluorescent
beads

RNAP  Linear diffusion
———e Promoter

Harada, Kinoshita, et al. Nature (2001)



Manipulation of a single actin filament by an optical tweezers

11.2k.34 . 0k3




Single molecule mechanics of
myosin motor

Actin Filament

| Barbeg’End | | Pointed-End \

l

I Motor Trap
| and Bead
B B ) |

Transducer Trap
and Bead

Force = 10 picoNewtons
=10x 102N
~ 22 x 102 |bs

= 0.000,000,000,022 Ibs

Displacement
= 10 nanometers




Displacements caused by a single myosin

Tanaka H, el al. Biophys.J.75°98




Energy Transduction

N

Molecula{f recognition Self-aésembly

Important functions of proteins are integrated
in the molecular motor.




Myosin, molecular motor 1n muscle
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Simultaneous Measurement of Individual

Chemical and Mechanical Reactions

Displacement

YAG laser

nanometer

ATPase .
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Optical microscope  Ishijima, Kojima, .....ty,. Cell 92 ‘98
Komori, Nishikawa et al. 2007




Resolving the process of displacements by a
myosin head with scanning probe nanometry

® <1 msec Bead
gé / )Wffxpfmm D
s _
O Too rapid to observe the process a ’
m by optical trapping nanometry. |

Slowed by attaching the head to
a large scanning probe.

50~100 um, $=0.3 um

Nanometry

Scanning probe (Whisker)
~15 nm radious of carvature
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Spying on the process of a displacement

Probe Whisker

Evanescent field J Myosin head 3% Displacement
Water y

Glass
Oil kvanescent field

‘Objective lens ‘

Laser in ‘ Laser out

1 ‘ Single-molecule imaging

Kitamura, Tokunaga, Iwane,...TY
Nature 397 °99, Biophyscs, 1, 2006
Okada et al. BBRC, 2007
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Images of single myosin heads




Process of displacements

1 ATP cycle Displacement

‘ N

|

I
|

k| [ 2l \ Bk | i
\ {' Iu ,‘«-’-'l ‘ ¢ 5{‘.‘ I | |1 I.Y." "' II\‘ .‘I.'I' "N “n‘f {\—' »l'f\ﬂ' i
) ’ i - |5nm
I 200 ms
Expanded
Substep ',
’p""'MPF
a %
0.1pN
\ I!'V 'AML'\ ‘ Iﬁm i (\ ' J}W A ¢1
|'( r"‘M‘\J |‘W | ';“1' ) ‘ "
i ‘I ] f 1 '- .‘\J"J V‘dl
"\&I v pl ﬁw‘ 'l‘hpkdl‘f\fﬂ!,' l\.\v.i “W J5 .




Result

A myosin head walks on actim monomers
by Brownian motion
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Brownian motion is sufficient to produce
the movement and force of myosin?

Brownian motion is sufficient to generate
muscle contraction?

Diffusion equation < x¢ >= 2Dt

Diffusion coefficient

i X Myosin D =20nm
7

/

4 - pN
D=_kT = MmO = 2x 109 m2/s
6ra 6xmtx 102g/ms 10 nm




If travel distance D =<x2>172 = 20 nm®DiE&

= <X? = (20 nm)? ~107s

2D (2x2xT079 m2/s)
Velocity = 22 nm - 20cm/s
!

Cf. velocity of myosin in muscle= 20 um/s

Brownian motion is much faster than
the motion of myosin

To produce 2pN force by Brownian motion,



If travel distance D =<x2>172 = 20 nm®DiE&

= <X? = (20 nm)? ~107s

2D (2x2xT079 m2/s)
Velocity = 22 nm - 20cm/s
!

Cf. velocity of myosin in muscle= 20 um/s

Brownian motion is much faster than
the motion of myosin

To produce 2pN force by Brownian motion,
it takes t = 2x 107 s exp( 2pNx20nm/kT) = ~2ms



Load dependence of substeps -

Low loads a 1 uM ATP, 20°C, 0.21 pN/nm
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The stepsize (5.5nm) is unchanged but the dwell time inCreases

and the number of backward steps increases .
Kitamura, Tokunaga,...TY, Biophysics 1 (2005)



Bias potential energy

Kitamura et al. Biophysics 1 (2005),
Okada et al. BBRC(2007)

Forward step/Backward step
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Myosin head walks on actin monomers
according to a potential slope
along actin helix by Brownian motion.

Bias potential energy
=10 kT
(50% of AG yrp)




How is the potential slope generated?

Steric effect based on the compatibility between the
orientations of myosin head and actin binding sites.

Unfavorable ~roe Favorable Neck domain:

for binding Strain sensor for sensing
potential slope
ahe bendlig ok 5 Viyesinhsad
strain /_:\ omain Je ©)
©) } i Actin filament
® !

A+ M-ATP

(Consistent with MD by

AG=10kT Takano et al. personal
P P communication)

Potential

\4




What is the role of the lever arm?

bOMEL 2£LOKE oUW

Myosin

VeI

The neck domain acts as a strain-dependent gate

for controlling the timing of the start and stop of movement
coupled to the ATPase reaction.

The tilting of the neck domain may contribute to isometric force.



Unconventional myosin-V is also
moved by biased Brownian motion

36 nm
O‘ATP

Vesicle
axon

5
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Okada et al. BBRC 2007
Komori, Nishikawa et al.
Nishikawa et al. in preparation



Kinesin moves by rectifying Brownian steps.

Nishiyama, Higuchi et al. Nat. Cell Biol. 2002;
Taniguchi, et al. Nature Chem.Biol. 2005

1. Single molecule nanometry
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C.Toyoshima et al.

Nature (Article),
405(2000)
418(2002)
430(2004)
432(2004)

Calcium pump transports Ca**
by Brown ratchet mechanism.

Nerve Cell
Ending

T-tubule

Muscle Cell

Sarcoplasmic
Reticulum

\~

__—Ryanodine
‘ Receptor

Sarcoplasmic
Reticulum

RN 2R
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Ca2+ 1s transported by rectified Brownian
rotation of a large domain.



Efficiency of energy conversion

E =2 pNx36 nm
= 72x102/ATP

AG,rp = -80x1021J/mol

Energy as low as thermal noise 1s converted at >50%

efficiency
Tanaka, ....ty, Nature 415,2002




The molecular motor does not overcome but rather use
Brownian motion

1) Origin of movement is Brownian motion

2) Chemical energy from ATP is used to bias (rectify)
Brownian motions in a one direction.

3) Maximum efficiency of energy conversion is >50 %
at energy level as small as thermal noise.




The biological molecular machines use
Brownian motions (thermal noise).

!

1) The molecular machine can thus operate at energy
as low as thermal noise with high efficiency.

2) But, the operations are Adaptivity and

stochastic and ambiguous. I flexibility in

(Negative factor for manmade device) [RUUEVEESNE

!

systems




Computer simulation of cooperative action between myosin
motors undergoing stochastic Brownian steps.

Single molecule =) System

* - — Siding

Langevin equation

0= - o, dxidt — dU(xi,)/dx + F(t) - Ai
Ai = K(Xi-Xi-1)—yc(Xi+1-xi)

Kitamura, Tokunaga, Iwane, Esaki,
et al. Biophysics,2005



Flexible and adaptive motions of muscle are
achieved by stochastic nature of molecular motors.

Al Stochastic and ambiguous
Element Assembly

Various dynamics

XALT > * T T T s T sy rr oo i

e S e s Computer simulation

System composed of stochastic and ambiguous elements
can modulate its motion flexibly depending on the conditions.

P Simokawa et al.
— Artificial muscle



Development of
muscle-type actuators

Electro,ferroelectric
strictive

Robotics

Piezoelectric Biomedical devices




Present

Large scale control

—~g—

Deterministic devices

Various ctions

Our proposal

Simple control

. -
Stochastic devices

Flexible actions




Information and entropy

Szilard’s piston Demon
P %OW much is the energy required

- for processing one bit data
/%I E9Y  in case of computer?

=
T NF e (2
i EICER!

@ & AN\

; QT 20 x 106 k,,T / bit

7V




Information and entropy
Szilard’s piston De-

Demon 3/ gcreen @ — @ Volume is expanded
#h, ® Temperature is decreased,
@D & |Heat bath @ So heat Q is transferred to the
T ‘A box.
Moleculd ® The temperature is kept
/%V constant. Vv
@ B V/2
T -\ Qi2Q= kT pdv
1 —k,TIN2 TH 3.
® & _
: Qo Q=kgIn2 =
Bxpand V., 0.7k T/blt
H? B
Zh . (Cf,Computer:20x10°kBT/bit)
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Single Molecule Analysis of Chemotaxis
in Dictyostelium Cells

Fluctuations and Signal Transduction

Ueda, Sako, ...ty, (2001). Science. 294




Gradient of electric field

+noise Cell
L e i
IRy ﬁﬂiﬂtﬁfé Response
AEPHE M

Gradient of electric field

p Ameba

The gradient of electric field 1s
several-fold as small as the
membrane potential noise, but
ameba can move toward the

- voltage.

2mV/10um



Gradient of electric field

+noise Cell
L
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(AT it Response
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2mV/10pm + 1mV/10pum Noise



Galvanic taxis efficiency in the presence of noise

+ fluctuation(noise)

apoyled

pPIBAMO0) AJIDOTIA

2-
O -

2 [V/em] 2 [V/ecm] + fluctuation

Membrane potential = 47mV
Applied voltage = 2mV/membrane
Fluctuation = ImVp-p/membrane

Sato, Ueda, et al. in preparation



Gradient of electric field NOiS€ iS usefu1

+noise Cell -
LR for taxis!!
e FEERERE  Response

NP SF M

2mV/10pm + 1mV/10pum Noise



TIRF microscopy for visualization of single
molecule signaling events in living cells
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NMedium
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basal imaging

Focus

Sako Y, ...TY, Nature Cell Biol. 2, 2000
Sako, Y, TY, Nature Rev. 2003



Single molecule imaging of signal
processing in living cells

PI3K  PIEN

Signals are processed

by molecular network
83,/81/16

Ueda et al. (2001) Science 294, 864-867




G-protein on the membrane
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Miyanaga et al. submitted
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Imaging of P13 kinase and PTEN
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PI3kinase-
YFP

PTEN-YFP
Matsuoka et al., PNAS 2006




How noisy signals are processed to generate stable response
in chemotactic signaling system?

cAMP

Actomyosin motor
8otes, 1999)



Processor that does not shut out

but accepts thermal noise
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Dynamic visual perception

Fluctuations play an essential
role in flexible visual
perception by human brain

Murata et al.



Perception of

ambiguous

figure Man

ZERHI and
lady

DALI *“The image disappears” 1938



Ambiguous figure perception is driven
by spontaneous fluctuations

Conscious
g switch
1
G

Stochastic
> transitions
(subconscious)

(a=])
4 Thermal

I
I
5 fluctuations|

Quantal states ’g:’f. ...... 2
of the brain  *

Murata et al., Neuro Report 2004



Hidden Figure Perception




Enzymatic reaction Perceptual reaction

"_‘L’ A )
BEsR R his y U Difficglty
v=v,exp (- AE/k;T) v=1/t=C exp ( - M/S)
' N
 Perceptual Ability
S temperature 4 \ \of persons
= s s
5 NI M
S -
L
 / &
5 E '
Thermal i‘l:/ Spontageous
fluctuation | N fluctuation N
[z It Reaction %0E Perception

Perception 1s driven by fluctuations !



Dynamic visual perception

Fluctuations play an essential
role in flexible visual
perception by human brain

Murata et al.



What is difference between biological and manmade machines?
Biological system utilizes fluctuations for
economizing energy and resulting stochastic

Earth simulator



