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[What is the optimal transport for living beings? J
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Today’s contents
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@ Optimization for energy efficiency (?)
|. Molecular motor: Kinesin 1
I1.  Nonequilibrium energetics of kinesin 1

[Ariga et al. Phys. Rev. Lett. 121, 218101 (2018)]

o | BREANORBI(?) .
@ Optimization for the environment (?)

I1l. Nonthermal fluctuation in living cells

[Nishizawa, TA, et al. Sc/. Adv. 3,e1700318 (2017)]

V. Noise-induced acceleration of kinesin 1

[Ariga et al. Phys. Rev. Lett., 127, 178101 (2021)] fLoad) Kinesin-1
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Molecular motor: kinesin-1

HHE AL

Neuron

i3 (fa119)

Vesicle *

(Load) Kinesin-1

%, (Motor molecule)
. FRIV

Microtuble (Rail) #/)\&
“The inner Life of the cell” from BioVisions at Harvard Univ.

Kinesin-1 is a molecular motor https://www.youtube.com/watch?v=wJyUtbn0O5Y

that carries a cargo in cells
by utilizing chemical free

energy of ATP hydrolysis (Ap). There are two major* mistakes in this movie.
ATP = ADP + Pi Question: |What's wrong? |
Ap= AP +k. T In—ATPL JIEDDASHRIBUVEFHATLES?
[ADP][Pi]

*Trivial mistakes are also exist. (ex. colors)


https://www.youtube.com/watch?v=wJyUtbn0O5Y
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Q: There are two major mistakes. What’s wrong?

Answer 1: kinesin is fluctuating

Conventional kinesin model Neuron

—

WAL

e Inner life of the cell” from BioVisions at Harvard Univ:

A floating foot is smoothly thrown Brownian motion or thermal fluctuation
forward like “Seoi-Nage.” in judo. is shaking their foot (head domain).
[Rice et al. Nature 1999] [Isojima et al. NCB2016]

One can predict that:
“Kinesin walks efficiently by utilizing fluctuations.”
[Vale & Oosawa Adv. Biophys.1990] (B8 #M4HH#Z 2011]

[Fluctuation is actually observed. J » [How about the efficiency? ]




1. Molecular motor: kinesin-1

Conventional

p | A A
Optical tweezers

Quadrant Photo Diode
ALy
y - 4

Ax

[>_> F = k,Ax

750 nm Anti-GFP

Beads
GFP-Fused

1*' Kinesin

Trapping Laser =

Microtubule

S$lide glass

Kinesin’s movement (Ax~nm)
and forces (F=k,,,0x~pN)
can be measured at once.

BRNDFRIVIRIVE—H 7/33

energetics of kinesin

Displacement (nm)

At Stall force condition (Maximum work)
o

Fetan ~ 7 pN (Max. force)

Step size ~ 8 nm

W o ~ 7 x 8 =56 pNnm

Ap ~ 80~100 pNnm
(Typical value in cell)

W

stall

Au
Max. Eff. (1) ~50% |

[J. Howard 2001]
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However!

Backsteps cannot synthesize ATP
but hydrolyze ATP or slippage.

[Taniguchi Nat. Chem. Biol. 2005, Carter Nature 2005]

=Y

Realistic power efficiency (n,.a)
at stall force (v =0) is O (zero)
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Kinesin Works but Energy Dissipates

The physiological role of kinesin is to carry vesicles against viscous media

FRIOVOEEBNEEIS MHRERDOMEICESOTRMEE S CELHD
Kinesin works by pulling the vesicles
but we observed just vesicles as probe.

-

Output energy from the kinesin is observed as
“heat” dissipation rather than “work.”

Neuron

Vesicle *
ftoad) Kinesin-1 However,
N\, (Motgr molecule)
PRCRP PR Microscopic motor > Brownian motion
) shows fluctuation > Kinesin's steps

To evaluate the energy

input/output balance, [DlSSlpatlons must be measured separate/y}

IRILF—ALNEHET B3 BORERERICHINT ZHBNH S,
Using Harada-Sasa equality

Jo=r{(v) +y| df | C(F)-2ksTR'(f)]

[Harada PRL 2005]

[What's this?]
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Today’s contents

IRIVF-ROREL(?)

@ Optimization for energy efficiency (?)
|.  Molecular motor: Kinesin 1

cousto-Optical

II. Nonequilibrium energetics of kinesin 1

[Ariga et al. Phys. Rev. Lett. 121,218101 (2018)]

IRIEAD&EEL(?)

Vesicle *

(Load)

Kinesin-1
(Mot{}or molecule)

Using Harada-Sasa equality

Jo=r{(v) +y| df | C(F)-2ksTR'(f)]

[Harada PRL 2005]

Microtuble (Rail)

[What's this?]
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Initial motivation:
= Phenomenological energetics

Harada-san said

“lI want to describe the energetics of kinesin theoretically.”

20 o . (Experiment)
Dark-field image . ML o5 Eneray efficiency =00
of the bead £ 150 pal™ i F s & R
£ o~ - - b4 5 0.4 Power ! | 400
g o e Back step | |- 4 ;’n § J' - - -
. § 1007 | 8 8 03 —. 300 £
(%T,f Scattered light %_ " r3g £ /. _-\ : 2
T a soq | F2 & o2 F N . Loog &
\ | ! . = d
0.2-um bead ‘ O\Kinesin . | Detachment 1 L% . E
Optical trap_/ ¥ ‘M[crotubule o4 f I Fa 01q /. - . 100
P o Detachment 4 [ f"\\\#
T T T T T T o ~—
Diagonal illumination & ootz :{»-. 5 6 7 8 S R R s S A A A
= Force (pN)
He predicted that [Nishiyama et al. NCB 2002]

Violation of the Fluctuation Dissipation Theorem (FDT)
Is somehow related to the dissipation of energy.

EaShEHREBROENNESERURL TS2(X0\, (Fitted by Theory)

EUROPHYSICS LETTERS 1 Apl‘ﬂ 2005 ) 05
Furophys. Lett., 70 (1), pp. 49-55 (2005) ; 04
DOI: 10.1209/epl/12004-10456-2 2 ]
S 034
. . e <
Phenomenological energetics for molecular motors - o2
=1}
5 ol
T. HARADA fL <1,‘> = 0.1 °
0 <

[Harada EPL (2005)] ” ~ F0<V> 1 (D/y _TO) 1._1? o 1 2 émi;éﬁé 78 9
->What is FDT (violation)?
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Fluctuation and Dissipation
Theorem (FDT)

[ Issue: Measuring energy input/output is difficult in a small, fluctuating world.}

Small molecules or Equilibrium When a force is applied
particles in water are (No energy input/output) to a particle
& Einstein relation ~
(@) Sl A
.4 Diffusion Viscous
o T2 ) Dissipate the energy
y . [Einstein Annalen der Physik. 1905] by friction Wlth water.

- £ \31 . Generalization‘ (Fourier transform) %
s o=

Water X\~ (Fluctuation Dissipation\ %
molecules‘/ /7/ N \\ y < Theorem (FDT / FRR) . )
y ~ = = vV = 0;rhna
2 C(f)=2k,TR'(f) S
C= <X > = 2Dt (Iuctuation Responsej v=R-F ( B 1/7/)
They are moving even without
consuming energy. [Kubo JP5/1957] Response: How much speed changes when pushed

‘ At equilibrium, the (thermal) fluctuation agree with the response

We cannot get the energy balance just by observing the movement.
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Violation of FDT/FRR

[ Issue: Measuring energy input/output is difficult in a small, fluctuating world.}

Small molecules or
particles in water are
N

(@)

Further stirred.

Nonthermal fluctuations
that utilize energy

Non-equilibrium
(Energy input/output exist)

[Einstein Annalen der Physik. 1905]

Generalization ‘ (Fourier transform)

(" FDT/FRR violation )
C(f)=#2k,TR'(f)

kFluctuatlon Response D

When a force is applied
to a particle

Dissipate the energy
by friction with water.

F=yv
v=R-F

y =6zna
(R=17)

v' At nonequilibrium, fluctuations do not agree with responses ->FDT violation
v" The FDT violation indicates active fluctuations excluding Brownian motion.

e.g. [Mizuno Science 2007]
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Violation of FDT/FRR

| Equilibrium | | Nonequilibrium |
leictuation response flgctuation response
C(f) =2k, TR(f) C(f)# 2k;TR(f)
(Einstein relation or FDT/FRR) (FRR violation)

The degree of “violation” of Fluctuation Response Relations
has been used as a measure of “nonequilibrium” conditions.

For example...

>
W

—— oCl2kgT
10' - === w/o myosin 10
. z e o z
AF -ACt | n E ol . o v(vl/o myosin E nnnnn
©) S) =10’ 'y \ P1fe
a S L OF &
Q | 2 )
‘ ) 1 (i 10° | i s 10 +MyOSIn
-h A T ; < Myosin I -Myosin ' (+ ATP)
D. Mizuno . L S ST ST S
10" 10" 10" 10° 10° 10 10" 10° 10" 10° 10° 10°
(KYUShU'U.) o A o Frequency (Hz) Frequency (Hz)

Cross-linkers [Mizuno et al. Science 315:370 2007]

[ Fluctuation - Response = Active fluctuation (excluding Brownian motion) ]

C(f)-2kTR'(f) by consuming energy!

13/33
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‘. Harada-Sasa equality

i Equilibrium | Nonequilibrium |
leictuation response flgctuation response
— ! '
C(f) =2k, TR(f) C(f)# 2k;TR(f)
(Einstein relation or FDT/FRR) (FRR violation)

The degree of “violation” of Fluctuation Response Relations
relates the non-equilibrium dissipation of the system.

' e.g. [Mizuno Science 2007]
Total energy  Viscous Velocity

Response
dissipation dissipation fluctuation function (per unit time)

Definitions JX N 7/<V>2 T yjj:o df |:C~( f )_ 2kBT|§,( f ):|
/—=<[V e el ?D\ | Nonequilibriu'm dissipation |
ALL parameters are measureable!!

v+j (t—s)SF(s)ds

=<[ v=¢(t)]ov) e ) Aim:

’ Novel non-equilibrium equation as a new type
Vs : Average velocity L. » How about
¥ : Viscous drag measure of efficiency for molecular motors. . . S
Kg : Boltzmann constant kinesin~

\T : Absolute temperatuy

[Harada, Sasa PRL, 95: 130602 (2005)]
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Field-Programmable Gate Array

Method: Force clamp with FPGA

Optical tweezers [Force Clamp Measurement ]

v 4 _ Waiting Force clamp ON  Waiting

b Quadrant -~ B = Y
‘83- ’Pho‘l’o Diode ’é“ S gngz pr:_be [;iclrsitiog A E
- Ax (@) € 2001 T 1 osition g
= FPGA Y ~ o
€ ; " t 100 o
3 ' : o &
$|D/A ! i Beads(yp=500 nm) g 0 =
) ! L} — 3
o . ' \  Anti-His-tag L -100- 8
S |A0D =) & :
7 P His-tagged 5 -200 e | &
Acousto-Optical 2 4 ‘IS- 0992 Ax =125 nm vYa

Defelector 1 : : Kinesin | ~ 3.5pN
' 00 05 1.0 15 20 25
Time (s)
Real-time force clamp apparatus
allows to apply arbitrary forces.
_ Slide glass F.=F+ Nosin(27zf0t) > V=V, +Asin(2zf, +¢)
Sampling rate: 20 kHz
Feedback rate: 20 kHz By applying sine wave perturbations,
Elecfcr.ical circuit on FPGA can be we got response function R(f) = Ay/N +cos(g)
o 0 & - ~\\2
modified only by programming. and velocity fluctuations C(f)=<(v—(v)) >

FPGA: Field Programable Gate Array
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FRR violation of kinesin

FO = ‘2pN, NO = 0.4 pN

«<FRR violation «<FRR violation

5 High [ATP] Low [ATP]
10° 3 10

Q —=— C(f) _ @ —a— C(f)

£ —o— 2k, TR'(f) E 40 4 |—® 2k, TR(f)

5 5 c 10 B

o 10 3 ATP 1 mM = ATP 10 uM

= ADP 0.1 mM = ADP 1 uM

=4 Pi: 1mM " oqd Pi: 1mM

~ Ap~ 85 pNnm e Ap~ 85 pNnm
o

©

5 5

e =

v o

~
~

10 77— o S 10

10 10 10 10’ 10 10 10 10"
Frequency (Hz) Frequency (Hz)
High ATP Low ATP
Energy flows [pNnm/s] Experiment Experiment
Power efficiency

Input energy rate  (Au/7) 6160 +560 2190 £310

Output power  (—F,(v)) 1150 +1120 410 £60 ~20%
Viscous dissipation (7 (v)’) 10.6 £1.9 1.35 +0.37 Very small!
Nonequilibrium dissipation 53.4 +41.42 2.74 £1.52b << 1%

(27], af[C(1)-2TR(1)])

Dissipations are dramatically small »[ ~80% of the input energy is missing. ]
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Markov-Langevin model

@ Kinesin model

State 2

k,(F) ch k,(F)
State 1

Bagl;\év;rd Fo;&?ard

Arrhenius-type
force dependency

Fd,
KeT

Fdy
kT

[Taniguchi NCB2005]

ki (F)=k? exp

k, (F)=k¢ exp

@ Probe’s dynamics

External force: F
+ Thermal noise: &

(+ perturbation force)

linear
X spring (k)

(d: 8 nm, 5 3.1x10° pN/nm s, k= 0.075 pNnm, T: 25°C)

@ Kinesin: two-state Markov stepper model

@ Probe: Langevin dynamics connected with liner spring

® All parameters can be experimentally determined.

® Parameter from experiments.

Force-velocity relationship

1000 kfo =981
k,"=22.8
g 800+ kC = 129
z d, = 0.47
S 40091 ATP: 1 mM
> ADP: 0.1 mM
2009| Pi: 1 mM

Ap: 84 pNnm
0| 9 molecules

2 0 -2 -4 -6 -8
Force (pN)
(kf B kb ) kc

AR SR G oS
Fitting line: (v) ka+kb+kc

Simulated traces
600 T T T T

500 F=-2 PN

400

300+
200

Red: X, |
Blue: X, |

I 1 I I
0.0 0.2 0.4 0.6 0.8 1.0
Time (s)

Displacement (nm)

100

17/33
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FRR violation of kinesin

 Most of the input energy dissipates without used to carry cargo.

(=]

-
(]

10 3

O O
T 15 d |~ 2, TRI(P) E 40 ] |- 2k, TR(H)
£ _ > ATP 10 uM
T dots: Numerical simulation = 10" QPF’11 FI‘VIM

o . . . . ~ E [N m

i /ines: Analytical solutions N : Ay~ 85 pNnm
S 3 . . S 103 - . .
' < FRR violation!! c < FRR violation!!
O 0 s

~

1§ ——— ]| e e
y 3 3 3 10’ 10° 10° 10"

10 10 10 10
Frequency (Hz) Frequency (Hz)

[ Model reproduced the experimental results very well ]

High ATP Low ATP
Energy flows [pNnm/s] Experiment Model Experiment Model
Power efficiency
®lInput energy rate (Au/7) 6160 +560 6820 2190 +310 2170
@Output power (-F,(v)) 1150 +1120 1070 410 +60 410 > ~20%
®Viscous dissipation (r(v)’) 10.6 £1.9 8.89 1.35 +0.37 1.29 Very small!
@Nonequilibrium dissipation 53.4 +41.42 50.7 2.74 £1.52b 2.14 << 1%
Q \OtT® 277 ~80% of the input enerqgy is still missing.

AIU/T__F < >+‘] +‘]Allothers
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Comparison with F,-ATPase

F,-ATPase: A part of ATP synthesis Kinesin: Vesicle transporter
b external 1ongue ' —~ 65
— | under load Mﬁ,ﬁi“g?;de ;::- s 1 [=—Ch |
T, E 409 |7 2K TR(f) Probe
ATP-hydrolytic NV\NWW i i Beads Stalk s bead
rotation = 4
[ 6 %6 4 ° :m'10‘§
2umaTe | S0BHZ s | 2 0] T iinesin
ob 2 uM ADP ) = © E
Tﬁ-\—\m U At H.z;ff—ie S
s ADP=5; \ 01 1 10 100 1000 1 0 10 10t 10
¥ ' \‘-\5 e Frequency (Hz)
N-NTA coated cover sip [Toyabe PRL 2010] [Ariga PRL 2018]
All (100%) dissipation is observed. Most (~80%) dissipation is Aidden.
No internal dissipation [Large (~80%) internal dissipation }
. . hv { R
Two candidate reasons for the discrepancy were evaluated. PIERRE

l. Reversibility: Reversible rotary motor vs Irreversible translational motor.

» At high Ap & low load - only few % is dissipated via futile ATPase pathways.

/1. Softness of linker:. Probes cannot follow kinesin’s rapid steps such that the
observed dissipation might underestimate due to the long elastic Stalk.

By analyzing model = the softness is not affected to the observed dissipation.
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Kinesin is Jow efficiency (?)

Most of the input energy dissipates without used to carry cargo.

[Ariga et al. PRL 121, 218101 (2018)]
Editors’ suggestion & Featured in physics

From American Physical Society From Russian web news
Phy§T‘cs ®DU3NKKU HE CMOTr/IN 06 BACHUTD ’*"’si@ o b
— aHepreTMYecKyio HeapheKTUBHOCTD __ B
Low Efficiency Spotted in a Molecular KUHESUHA | Google translation:
Motor “Physicists could not explain the
cargo-shows that i loses 50% of mpu smergy fo heat. T e energy inefficiency of kinesin”

by Adam G. Hendricks® compared to other motor proteins that are mu

[Hendrics Physics 2018] MK' 2 2
inesin i

h

s low efficiency motor” }

Neuron

However,

It is hard to imagine that kinesin is so inefficient, because
they have evolved over billions of years to carry vesicles in cells.

Kinesin-1
(Motor molecule)

Instead, we hypothesized that: ‘
Kinesin is optimized inside living cells, g:8:8:

p, 4

the environment that actually carries cargo. Microtuble (Rail)

What's the difference

[Ariga*, Tomishige, Mizuno, Biophys. Rev. 12, 503-510 (2020)] inside the cell?

(B8 £#H# (2019)]
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@ Optimization for energy efficiency (?)

|.  Molecular motor: Kinesin 1
I1.  Nonequilibrium energetics of kinesin 1

[Ariga et al. Phys. Rev. Lett. 121, 218101 (2018)]

S BEAORB(?)
@ Optimization for the environment (?)

I1l. Nonthermal fluctuation in living cells

V. Noise-induced acceleration of kinesin 1

[Ariga et al. Phys. Rev. Lett., 127,178101 (2021)]

)

E10 OFluctuation »
< - >
Q;afr:ptd % % Kinesin-1
photodiode S10° %, (Motor molecule)
Feedback loop g " g Dissipation , N
B40° I Applied force J
k=] B o exp(-fut) A
% OT $8:8 8 808 82
é VIO at'oc %%{i:sponse i N s o 4 vy, A :
o Wttt Microtuble (Rail)
x,y-Piezo stage E “® ' :
1 P ype—— N N What's the difference
9 Frequency [Hz] inside the cell?
[Nishizawa, TA, et al. Sc/i. Adv. 3,e1700318 (2017)]
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Q: There are two major mistakes. What’s wrong?

Answer 2: Cell 1s crowded

Very sparse cellular environment

E 1a ; % Mlj.*ﬁ‘-‘k%l_--
& = " : i ' i : L:ﬁ ;
[ W o VR el LA ]

Escherichia coli
© David S. Goodsell 1999.

e Inner life of the cell” from BioVisions at Harvard Univ:

[A: Intracellular environment is very crowded!! }

How crowded?
ENDLSLY?
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How much crowded in cells?

Intracellular environment ] ]
filled with macromolecules Cell extracts Viscosity of the cell extracts

T Glass transition!

@ Hela
Cell E. Coli
10° -extracts ; [] Xenopus egg

A
f «Living
cell

KEDETHLE

Relative Viscosity
5‘l'\)

0

1000v 01 02 03 04 05 06
Escherichia coli K. Nishizawa .
© David S. Goodsell 1999 (Kyushu Univ.) Concentration (g/ml)
) ) (IBDM, France)
@Mizuno-lab

Concentrations ~ 0.3 g/ml [ The viscosity goes to diverge }

[Zimmerman JMB1991] [Nishizawa et al. Sci. Rep. 2017]

Cell extracts at the cellular concentration is frozen,
so that the molecular motors cannot move in it!

HERADDFIE. DFE-F—DEIFLVEFEST OLDEFE O T,
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Active fluctuations /n /iving cell

(Non-thermal)

3 ’\i SCIENCE ADVANCES | RESEARCH ARTICLE Frozen
= 4 % —
8 I BIOMECHANICS af? o GO
Feedback-tracking microrheology in living cells oi%w?g%
K. Nishizawa Kenji Nishizawa,'* Marcel Bremerich,'* Heev Ayade,’ Christoph F. Schmidt,*" SN YY)

Takayuki Ariga,’ Daisuke Mizuno™*

(IBDM, France)

@ Cell extract (HeLa) > Living cells (HeLa)
— g Cell extract (E. coli) Living cells (MDCK)
E10 | OFluctuation Livi Ils (NIH3T3
Quadrant "-/ ~z; [] Cell extract (Xenopus egg) X Living cells ( : )
photodiods PID 5. o TGlass transition!
-EE vy 3 ]
[T:.eedbac‘:k |00p] = ) . @ Dissipation Cell Q,\\C)(;{‘\/
510" o QPR 2 4o Extracts -QQ('/\\) &
g . FOT % 2 WOV 2L
c 10" violation ‘%;Qhw_:l_ﬁesmnse 3 A
e I ¥
g10° . & = N
. > 5
xy-Piezostage| = | = % T 4oL %
. 2 0 2 4 Ko g
z-Piezo stage 10 10 10 10
9 Frequency [Hz] o . f
10

Fluctuation and responses of the 00 01 02 03 04 05 06

cytoplasm in living cells were measured. Concentration (g/ml)
[Nishizawa,:-+, Ariga, Mizuno, Sc/. Adv. 3, 1700318 (2017)] [Nishizawa Sc/. Rep. 7:15143 (2017)]

Actively (Non-thermally) fluctuated [FIEE) | Fluidize |

[Parry Cel// 2014][Guo Ce// 2014]

Violation of FDT: A new measure that quantifies the “vitality of /ife"
BSHHRTEOBN [ESYDEFETORT IEEE T IMICILIER
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Cell: Active environment

Neuron

Kinesin

=]

OFluctuation

-
o

%0
[ﬁaedbagk loop

=y
o

A

® DISSIpatIUI’l
3 Apphed force
oc exp(-fwt)

ALY

Fluctuation and dlssmation [N/m]

FOT
103 'violation “, Response

%é’* po!

T ALY W
Microtubule xy-Piezo stage| 32 ™
[Vale & Oosawa Adv. Biophys. 26: 97 (1990)] z-Piezo stage o’ Fr;guenc,, [qgf 1o’

[Isojima Nat. Chem. Biol. 12: 290 (2016)]
(525 YIEFRZE 96 149 (2011)] [Nishizawa,--, Ariga, Mizuno Sc/. Adv. 3: e1700318 (2017)]

Kinesin uses thermal fluctuations. | Cell has nonthermal active fluctuations. ’

[ Hypothesis: kinesin uses the active fluctuations /n cells. ] » [ Confirm /n vitro]

[Ariga*, Tomishige, Mizuno, Biophys. Rev. 12, 503-510 (2020)] gﬁgﬁ@émtﬁgb\@)é
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Nonthermal fluctuations
generated by cytoskeleton

Active fluctuations /n eukaryotic cells are mainly " )
generated by the metabolic activity of actomyosin

~ b

[Guo et al. Ce// 2014]

Actomyosin

Artificial /in cel/l environment

H. Ayade

(Kyushu Univ.)
@Mizuno-lab

cytoskeletal network
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T T T T T T
A Experimental Data
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Displacement of the probe per time is
proportional to the active fluctuating force

Cytoskeletal network generates
non-Gaussian force fluctuations

[H. Ayade unpublished]
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Mimicking intracellular environment
in vitro experiments/simulation

Lévy stable distribution

-1 ® Simulated Levy noise
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- ]
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Non-Gaussian fluctuations
are numerically generated

pup%ﬂymwm

(t) =exp[i5t—7/“ |t|“]

Probability density

Semi-truncated Lévy noise

10-1 _ |—®@— Semi-truncated Levy noise
1|~ Theoretical line
10 A
@ w
s
o @
10 3 _| [
-4
10 y=10nm
T - - T
-100 0 100

Truncated to the linear range of
the optical tweezers (+100 nm)

o. = 1.5 (characteristic exponent)
v =1~ 200 nm (scale parameter)

Tmagnitude of noise.

Trap distances (nm)

Active non-Gaussian fluctuation is artificially generated
and applied to a kinesin molecule as noisy external forces.

A DIERRLP ST ZRML e ATHENANPSEEFRIVICINRS

[T. Ariga, et al., Phys. Rev. Lett., 127,178101 (2021)]

Experimental setup
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Active fluctuations

Noise-induced acceleration

Experimental results Model simulations
’ F".:I = .1 pN ‘ F{] =-1 DN
Fy=-2pN | Fy=-2pN ;
30 ] -A- Fy=-3pN e ] & F: =-3 pN _,-"'I
-B Fy=-4pN B Fy=-4pN /

—i- F{j =5 DN ) ’ ] F{] =.5 pN //":...
. . /
= :'/.
< W 4

mean + SEM mean + SD

0 1 2 3 4 0 1 2 3 4
Standard deviation of noise (pN)  Standerd deviation of noise (pN)

Relative velocity
[\
o
l

% Different markers indicate the average external force (loads) excluding fluctuations.

Kinesin accelerates under artificial fluctuations,
especially at higher loads (constant forces) .
K. Tateishi ANOPSE GEMPSE) ICL>TUHICEER F ) FRXIVUAIRL!

(YamaguchiUniv.) [T Ariga, K. Tateishi, M. Tomishige, D. Mizuno, Phys. Rev. Lett., 127, 178101 (2021)]
Editors’suggestion and Featured in Physics
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Acceleration of kinesin under
intracellular conditions

» Active fluctuations /n eukaryotic cells are produced mainly A__CtO'“V‘__’S"?
by the metabolic activity of actomyosin.  [Guo Cer/2014] )

» Actomyosin can generate up to 30 pN of force. ~ [ T
[Kaya Nature comm. 2017]

However, by using our measurement system,

[ Large external force fluctuation can not be applied due to experimental constraints. ]

[Mathematical models can do it! ]

Simulations
]: % I ‘, ....... # - - - - -
600 e S ;,7"‘-;’-’" in v’tro in I’V’ng Ce”S
€ e : Water molecules make o 1 Living cell generates
£ A m Thermal fluctuations \ Active fluctuations
<, 400~ el \‘ \\
'S & @ | = FR=0pN High viscousity
3 . s DA “Sa [ Vesicle | >—due to crowders
> 2004 & D (Load) w
—— -_._./ - F:=—4pN . /\\
o 8- Fy=-5pN The high average load
04, | | | | | | can be regarded as >0
0 2 4 6 8 10 12 highviscous resistance -
Standerd deviation of noise (pN) in crowded cells.
Acceleration of Kinesin under physiologically Kinesin can move smoothly even under
plausible force fluctuations (up to £30 pN) intracellular high viscosity due to crowding.

[T. Ariga, K. Tateishi, M. Tomishige, D. Mizuno, Phys. Rev. Lett., 127,178101 (2021)]
Editors’suggestion and Featured in Physics
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Universality of the theory
behind the kinesin model

Simplified kinetic Arrhenius-type . i
model of kinesin force dependency Jensen's inequality
-Statez (d. F ) < >> ( )
k, =k; exp L k(F) > K <F>
kb kf \ kBT ) kA
@ 0 ( b m'\1
Backward  Forward ky =k, exp KT
Steps Steps N .
[Taniguchi Nat. Cell Biol. 2005] [Howard 2001] [Jensen Acta Math. 1906]

The noise-induced acceleration of kinesin can be explained
by the Arrhenius-type rate constant and Jensen's inequality.

~ -

General enzymes in living cells undergo structural changes in their reactions
and follow the same Arrhenius-type equation, suggesting that

[General enzymes can accelerate due to the intracellular fluctuations.]

[T. Ariga, K. Tateishi, M. Tomishige, D. Mizuno, Phys. Rev. Lett.,127,178101 (2021)]
Editors’suggestion and Featured in Physics
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Biological Perspectives /n living cells

Featured in Physics

News article in APS physics

PhyéTEg FOCUS
Continuous Jostling Helps
Protein Perform

Kinesin, which moves cargo around inside cells, moves faster with
constant buffeting than without, suggesting that it’s optimized for the
cellular environment.

By Philip Ball

iological molecules such as enzymes must function
in the crowded, bustling environment of the cell, and

a new study suggests that they might take advantage of

such disturbances to work more effectively [1]. Researchers

experimenting with the protein kinesin, which transports
molecular cargo along cellular “tracks,” found that applying the
right kind of shaking force to the molecule caused it to move

faster. The experiments, along with simulations, suggest that
many proteins may perform better in the “noisy” cell interior
thanin a calm environment outside of cells, where they are
typically studied.

Kinesin is a protein that uses energy from ATP molecules to
move “packages” called vesicles along rod-like protein
assemblies called microtubules. Random thermal fluctuations
provide a kind of shaking that helps kinesin move along the
microtubules in a specific direction, much as shaking a sieve
helps flour grains move through the holes.

Biophysicist Takayuki Ariga of Yamaguchi University in Japan
and his co-workers recently reported that kinesin seems
surprisingly inefficient. In experiments where isolated kinesin

[P. Ball Physics14:149, 2021]

“Ariga cautions that the relevance of the
findings for biology remains speculative”
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To clear whether nonthermal fluctuations in cells actually help protein perform,

More direct evidence /n /iving cells will be needed
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> FRIVE . HFITOUELR) IRIVF—EMRLILIEO>TUENLIICRZ S,
*EG) [Ariga et al. Phys. Rev. Lett. 121, 218101 (2018)]
= > HOPIIIFBICREL . FEBRNICHUPSSIRIETH B,
atm i [Nishizawa, TA, et al. Sc/. Aadv. 3,‘e1 700318 (2017)]
> HERFE—I—(IFFRNLPSTEMAL DD A Z#HHEX T B(I253),
- f [Ariga et al. Phys. Rev. Lett., 127,178101 (2021)]
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