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metabolism-dependent microrheology of glass-forming cytoplasm
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Cytoplasm forms glass when metabolic activities are lost, but the living
cytoplasm maintains fluidity. Clearly, activeness of living systems profoundly affects their
mechanical properties, but the underlying physical mechanism is largely unknown. That is because
statistical mechanics common at thermodynamic equilibrium do not apply to living cytoplasm since it

is driven out of equilibrium by the mechanical energy derived from metabolism. In this study, in
order to elucidate the physical mechanism, we reproduced the phenomenon by creating an in vitro
model that can control the non-equilibrium activity by exchanging the metabolites and byproducts. By
conducting microrheology experiments, it was found that a suspension that exhibits biological
turbulence fluidizes as the violation of the fluctuation-dissipation theorem is pronounced.
Furthermore, it was found that even the thermal fluctuation at high frequencies is enhanced
significantly with metabolic activities.



B X C—19,. F—19—1, Z—19 ({38)

1. WML R
W H (R SRz & HISmE (ERE 32 & k7 25@E8hiME 2 k- CTREkT 5, =
USRS WV ERE CESEANCBII SN D A T AEEBHE TH 5, GLHICRZ DED £ £ WE
MEET HEBIE, 100 1 & SIEEEFET 1 FOF LI ZRRETH 5,
AR X, AN CABIREIANE N HBRIC, R
%F%ﬁﬁféﬁgﬁﬁ 1 Ch 5, EFRE RINIZHT  MfaCET )OS L IR %
W OE TR OFIIE L, 72AE < E, SR
@\%E%@%ﬁéw FTMNORDBEEER (AN TR T) A HEE
OLDEHRoTRMEREICH S, T, 29 LIHIlE S
HT 2T D2 ENHFEELOMETHLNERY, HT
AW ﬁbw%ﬁmﬁmfwéo@%ﬁw:& X
TV DN AFAET DA E \nxxﬁ7xtufl
BT REFMICBNT Y, FERRYZR 12 L 0 SRR I BRE)
SNTHMEME L TWD Z &, £ LT, 2) W T R ST
(231 2 JH 78R D B (fragility) AEE S LTV D 2 & 10°F— =

75)“73)0 72 1), ZZCfragility 77 V74 &%, 7V ﬁ104 L _%Eﬁ?ig:ﬂﬁ Str::g

= ZQ BT B R B (AR D8 K) % B0 Y a /IFragile

BLIIRETH Y . T AR B 547 AR 28,2l 07, &

W DR IR D BN E RIS ERBLT D, fragility DRV F 4| m AR

T Al fragile 777 A, W2, 7 L=0 RHNIHED T AT ini10o . & |

strong 77 A LFETILD (K1), 10 02 04 06 08 10
FRANT > CRIBIEL & SRR BRBH 2 R & LTI, ARG, SRS

9

Ty — B AEEA T DRSO SR b Q
B. T, MIMEEEBTE 5 L MG E—s—& 5 13 MIBTRSEL (LR =S80
QEDRES TRV T ) TS0 T b, MBS KB 5 )5 o f kT

7T ZAb &AL TN 5 (Parry 2014 Cell) , T2 (T,

2. WrgEDHT

IR DOIR D TENT, ROIFMEE KA ET D, 2 OME OMOEEIBEGRIEZ BT S 2

EEL IR DR D TN E TR T 5 AL AR T 572D DH 1 B2 TH Y | IEESRE )T

BT DHLIRETH D, FRCIRAGWIC L VKL T OB 10880k L7 ATl /)

FHIT RV X — OFE AT L0 R OREEEFDNEMEL S0 TE O SN BARE 7o 5B K 5
MRE DT 7 24bi%, 27 a2/ FRIEDEAGNTIERLS, g RV 7 h~w& — L
LD A Y A — L (nm~pm) D FEARERLE R RS D fER & LTHEL D, Jild U 7o M E ORERK
BRELTORAUESE, ZREORE, IBESEORHEERS 0, TNONORIEGR
N TNFIETEOREICE LD,

AW TIE, TNbAERKan S RRY 7 h~wX—DRA Y A7 —)LTOFRL X L )R %A
FRICBIRI CX DA FETHDL~vA 7 nbdny— MR HEEEZ AWM R HET 5, &
FAREIE L LCOMEDET L E L TDanA RV 7 =2 —|2EAEZY T, REHIC
PE 9 FERA GREFIIN T HERICAERR S LD 115 I K D BRE) S 4v7- active 717 RARREIZIIT D
FEPHE (F2 O X) ENFISEORBBREHONIT 5, ZHICE D, H T AEBES L AmBIZo
PRAZRO D Z L HET D,

Z DT ORI AT O ARG M & 22 E WS HERF « FRET C & D8R 2 /S L, B ia->H
JEPNER D ) FEREE A B LTl EE 7 v D MR B Z1TV), ITEA SIS S 1L —0k)

TS (RMEEE, ATPIREL. ARMNAERSE) L ORRELZERLT 5, 2k, M
BT D an A ROEMRD FOFEMIZ L S0y active T A DI 732 FE M REM: 2 15 7%
WZRBNEEN AT O ET VR EHWTHEMT 5, 512, H T AR AGEHHIZR T 2Bl EO B
78R B 8\ (fragility & BIFOR—1ME) @ﬁrﬁﬂ/ﬁfﬁ%ﬁﬁﬁ?‘é Z&T, MR EREE A SRl T D
W EER & BRI R 2 L 2 BT,



3. WHIED Tk

% < OEAEIT FE D AALEOS 2 Al 5, £ OB,
UEAESlaes el S QUES 1oV (WAL = 3 e sk |
WTHBLOREZZLESE T EEN T L OVEEDES
PE (k& BOCORER) 245, - —EAHIEZ, 2oL
7= H E)Qﬁgﬁéaﬁft%ﬁiéﬁﬁ$@:’;ﬁ$éﬁK’jﬁ*ﬁf35 55:}% BRI BEREAED %ﬁﬁ%@ﬁg

Th D, TR, 5 TE— & — LSO H O HE Ok W2
. o . X2 : BAEOIELLEZFED
?:f AN ES 7’- éﬁw Z E S
Bty BER ORI EE D active RIFPREE LI L » TREES LD 5 5 1 R S

Z 345 hyo 7= (Riedel 2015 Nature), D F D . T—X —HEH

B O — 372 8 B ORESETEME S MINE % i S &
DIFRE AN 0 1550, 2R E A THBT S 2ot H

BERE L THERFT 2 TROLETH 2, - ki
2 2 CABFZE T, EVORENE B A R T IR O - : »

BRI RIFHZE S ON R L2 ER LT, ol St

4IRTIEY . S 100um BEOHOREE L Lz TBR )

BIECTE, 7 O SIS R 2O 0B L TS 72 B

WA DT, IS & 0 RB R OBERY & BT o4

BRI 2 5 /Ny T2 B A A L C AR S B, L
ABFIE CIIAERL L 72 55T v o N — TR £ 5 Lt

Blo<wA47vldnd— MR FHMEIT>72, MR &I, 3 AR A 2R N I AT RE 72
Tr—7 L LTRSS R anS FRFOEBHNPD  sppi4 1

JEF DB D A > & Ar— b (nm~um) D 1 HIHEE % 233

LFEORHCTH D, FHIFFIC LY . A PRI F(1) = F(w)exp(iot) % M2 TEO

EASE v(t) = 0(w) exp(iot) 2895 ActiveMR, 3 X OV, #5202 92 B 3723 EFE 5
X u(t) BT % PassiveMR {EIZ7 1 L5, Active MR TR E 2l IR E B 52 B )
R(@)=0/F . Passive MR TREZHERE D 0 U —227 b (o)) ORI ETHi%

PR 5 B ()] ) = 2k, TR (o) = (|th, (0)) MEB R ER Ch 5, Lizii->T, BOF
5 TlE Active MR 2> Passive MR D &5 5 0v& FIT L OUNE S 2 R OuIE, EEE L JE P
B OWMMELEOREFT A b —27 ADBUER R(0) = 0/67G(0)a £V . EFILEE O 0 Kk
G(@) BRE B(a: T r—744), 7T, FFHRTIEBIED X (b, () ) 10z TIHB 72
25 % (B, (o)) 2852 L m#0f(6o)) = (8, (@) )+ (8 (@) ) 7 Passive MR TR S 1
%, ZDTIC, FEEHECREFART A B2 < | T L AEBBGRETROBNL, ROIET
Mtk A A B LB & L CH I Cb B, ARFZE T SERIRIC £ 5 HOFIN & 4 5%
Tx NEA A — NIk DR LERE A VS Z LT, ActiveMR & PassiveMR % [RIFFIC, L
b i WIRFZE R 2 RE T5E1T9 5 (Active/PassiveMR),

BURTIE, BFZEREHE DA% L7 L3O MR %

M, EHL LD EVEE T Active/PassiveMR % aPD
FIATTEHME—DFETHD, 21E L, ZOFE rﬁk 1 QPD

bR D D, L 4 pEDEY A 4 — i
K DR EML OB, RT3 L —F — DT force feedback
BFICTEET BIFICRITTE B, 7 CAEID | G
LY AIETMR T, ERARED EROWBALEL
THY ., BUKL T I X EN R - THLH P REHEDE &
BOWMECLES, L—F—DhE#nsET
RO 2 Z L I3H > T OfEE 5 &l
29, BORBFERFER L, MO LD REL XD
MENOK X 2IPPHRICHBN T, WL BT 5 3D piezo
*ﬁ?@::%ﬁfﬁ Lﬂiﬁiﬁf? Active/PassiveMR DT A DM 4: B ET 41— KRy r~wgraLA
E O)%&“(?% — Ry 7 MR EBFELT (M4). oo QPD: 4 &2 4 F— 1
LW = RBAT =V EZFIFIZ T 4 — KNy 7

— A position feedback
I 1S SE—
‘ feedback
| | circuit
| —




HEd 22 LT, B TERREDL T LHES THEBREDL SO IHE BT 2, £/, 2
LT 4 — Ry 7 Hll S IR ICHREBBOR EBE 2 JR0E L TRT 21TV BEE o DR E

BRI S XA RD D LITHRE LT, AT,
FEIRHNE T LRITEIT D MR Sl Z21T -7,

Z OFFEZ O TEHER OTE

4. BRI ®

i) ST ¥ o N—DBRR I L OWERET X b 08— g b A TR
EP MR LR T v o S—OMERET R b 4T o7, 06t S

ZOEWOIC, BMOA A B L BERN RS TR o4 b

THWHO MR FHllE ToT2, TAFVEEF P vaE, § ooz i

AT Y DEREAL LT AT 5 2 e mbh T 5 0O e 4

Bo NI GUED % 0.5wiv %7 AR UmES R UL (194 & O Fa

13321, FOE). AMEEIE UOBAMKIC LTRE, EF A48 oA,

LORFND 2wivh O CaCly (C8106, Sigma-Aldrich) ik o v

WA 2 72, WIRIZIZER Lum DO A 7 I ki1 (74279, TR e R R—

Sigma-Aldrich) & 7' v —7 & LTS E TN D, fEFRNAH Z AL x (um)

Sa THU. DAY Y AEELIEEINEL T HHATHE

5 X I LTV D, ZAUEANK L NI GRED & oscHia

BE®RLTHBY . WEORMPHRTE -, _ oo EEE-SEEEEW
L Lt s, NI L AMEIORBIES RS VAL E Vg ¢ 4 2RE-RRERESR

IFEDTDIAEMED (DT, REFRY 7 b2 ik -

C. SIS MR EMERSBIET 2 HRE 2%, £ZTH 1 F

SMERDORBEIEZ T LT MR GHllZ1T 72, WK% BSA

(A7906,Sigma-Aldrich) 5mM, NaCl400mM (2%} LT, 4+ ] 10'F oF

% % PEG(169-22945, F15¢) 5 mM,NaCl 400 mM & NaCl ﬁ o

400mM DHO 2 FEOREE HE L CERE T2, ot 0 S

B> BSA 2K A BEE T, BEE AL LS EE & A e

%, ZCHMIRIZ BSA &R UEEE O PEG Z AR S 7=,
PEG =— FLZER 1 um D AT I RO A
W& X 5h IR, FMEE DIREEZEN & H5G1E. FE#D
Bl U C b 8B ILEL( super diffusion) MEIZR SNz DITKEL
T, BBEREEZIT > 120K E W 28546 T, @ ok
BB =z,

i) AHaE LA VN 3D WEAE K R R R R 0 JEE

NFRIRIEEEZFFOIRA GV a v A ROET VL LT, ifiEE
T 5 RKGHE OREBIR ZER L7, BEIOE X 50 um DA H#
EAEHWT, KIBRHBEKRZER L7, TF, AREET S
K- DEMMNS R D008 T 7T 4 T~ F—EMEn, IR
ZIEDOH L P E Y 7 AL o TV, KIS IR T iR
R T 7T 4 T~H—L LTSI NTVDN, BERT
IR T O & A AER OBERP R 72012, 3 ]
TR CRMMZE Ll ERE2 32845 2 LiX 2 hvE CIREE
Th-oT,

ARFZETIE, K 6alC AT 7 a v h O ilEdE R ESE
ROBE 2R Uiz, BITRESEITo T0D72HIic, BAL
TWhanA N ZHMICHRET 52 b TE 5, MG
179 2 LT, RIGENETT 287 2 F TR Lo R0 K
6b ThH D, 10~40%DKIGHE ORIV T, KGEERD
W2 BN CEBN T 2 A RELTCIRRE 2 R ABIC BT 5 2 L2
T& 7z, BITR~ v F Lo 7O, BEEIETIZIL BSA 28 0.27
(g/ml) EfEL TWDT2DIT, PR ThIUIANRT 7 26T 5
EREE T, EEEET AT OHER TE T,

e
=

10
BFfE (sec)

5() 7/X T Y U ALK
WIRIC S E e av A RRi1o
G, (b) RBEFEIZLD N 7
NS

ki

6 (a) KT v /3—=T

FH L7z 3 RILRDOIEER
5 B e SRR R, (b) {5 iR

Hri

L& SRR,



iii) 3D W AE KNG IR E R E R O MR FHH

2D XD R RERGEIBERICB W T AR L2 7 4 — K3y
7 MR %1757, 3 IRITRICBW THARARNHENbEAE T D IRIE
KIGHEIRE R B ENAFE THD TEBLLTZ DD TH D, Z Ol
WCHE RRVWERRE R T T 7T 4 T~ Z—IZB VT, &b, &
B RU 7 hoRELETER~ v F U 7 RERERITI 2L T,
MR FHH[IFH) S THEBLT 5,

F 7. Active MR TH L7230 O T 0 BEMER O IER(G ) D JE
WBRAFVERE R A X Ta 12”7, (BFED 3 36%D KEGH B L O
0.27 (g/mh)?® BSA #&TeikBHIB W T, KIGEMMEILEL TV D
BE(A) & T AT D RN BRI IR C VORGSR R 8 i s
BN RBE) L, RE B IS REM LT DR T HERR T E T,
ZAURIER 2R AT BT TS Do T2 R ORLE
iz ((BRABWVRICBIT DEERINPFEINTTDTH D &
Ezbhb,

Iz, WEAEREICIIT D Active MR & Passive MR % L4 %
Z T, EEHuREE O E RO (K Tb), 2005 FFITJFH L
Ve D338 L U 72 FE A BE AR A e AR IS 3 UE. (fn 0 o) —

athermal

20 L L KB DR — 4 — A AR
WATHOHEFERHETE S, BONTRERE 7o), 1 2 FFHIIC
FORRONHEET— X —OEFE10" J/s) L D HEFIEA 1
Kbl E/NE o Tz, B4R, WilEE—2 —EARE O 1 45 TFEHlcE
WTH, JFH—Ex EXE2HOCTRED DD EERN, ATP O
KGR E VBN DITTOHEFELY bEFEI I LN
MEEE 72> TV D, BT ANRMEE 2R OB iV T, ##
ERRFNC > TR 7 vl SN E  ZDOHIT LV AR S
NHELEOMOFMEANR KON D T-DIZ, & HIZIB/INIFHE X
TS EEZOLND, 1o T, SBITMEEFIT - T, I
ORI ND Z L Kb it = VX — %3 3
LMEND D,

fT/’(w)(Iﬁ(w)I2

(a)
1000 A A
2 °
A
100 *
= AT
=0k A
5]
- °
1F
9 °
10" 10° 10 10t 10° 10
Frequency [Hz]
%10
N\
£ " wRER
~ L]
2z 10" Y =
8 & o
° ° é’ ®
z 10" F.5
< 2 o
3 005 S
= ° oo,
o 40"k ¢ Lt ‘ ‘
001 0.1 1 10 100 1000
Frequency (Hz)
(©)
»
~
)
) 4
£ i
c 107‘8 fl
.o
=] 4
©
2 2]
73 =
2 10§
©
4
8
[ 1 I 1
€ Sugino 20 % Fukumoto 13 % Fukumoto 21 % Fukumoto 36 %
w

%] 7 (a) K 1 Sk Ry 0D R
PEICKRI T DEE DR, (b)
WEE R IR IS BT D 1%
i E B O, (c) JFH-
e R EES < RIGHEHEE
T—Z —OAFE RO,



Mizuno D. Tardin C. Schmidt C. F. 16

Rapid local compression in active gels is caused by nonlinear network response 2020

Soft Matter 9369 9382
DOl

10.1039/c9sm02362¢c

Sugino Yujiro Ikenaga Masahiro Mizuno Daisuke 10

Optimization of Optical Trapping and Laser Interferometry in Biological Cells 2020

Applied Sciences 4970 4970
DOl

10.3390/app10144970

Akiyama Ryo Annaka Masahiko Kohda Daisuke Kubota Hiroyuki Maeda Yusuke Matsumori Nobuaki 12

Mizuno Daisuke Yoshida Norio

Biophysics at Kyushu University 2020

Biophysical Reviews 245 247
DOl

10.1007/s12551-020-00643-2

Ariga Takayuki Tomishige Michio Mizuno Daisuke 12

Experimental and theoretical energetics of walking molecular motors under fluctuating 2020

environments

Biophysical Reviews 503 510

DOl
10.1007/s12551-020-00684-7




Ariga Takayuki Tomishige Michio Mizuno Daisuke

XX

Experimental and theoretical energetics of walking molecular motors under fluctuating 2020
environments
Biophysical Reviews -
DOl
10.1007/s12551-020-00684-7
Ariga Takayuki Tomishige Michio Mizuno Daisuke 121
Nonequi librium Energetics of Molecular Motor Kinesin 2018
Physical Review Letters 218101
DOl
10.1103/PhysRevLett.121.218101
Ariga Takayuki Tomishige Michio Mizuno Daisuke 114
Nonequilibrium Energetics of Single Molecule Motor, Kinesin-1 2018
Biophysical Journal 509a 509a

DOl
10.1016/j .bpj .2017.11.2783

29 11 6

75

2020




, Francis van Esterik,

75
2020

75
2020

75
2020

75

2020




75

2020

75
2020

76
2021

76

2021




2021

10

2020

126

2020

126

2020




126

2020

126

2020

D. Mizuno

Optical trap and laser interferometry in living cells

OPIC optics photonics international congress 2019

2019

D. Mizuno

Universal Glass-forming behavior and metabolism driven fluidization

2019 International Workshop on Glass Physics in Beijing

2019




D. Mizuno

Microscopic Mechanics of Active Matters and Living Systems

2019 NTNU-Kyushu U Joint Forum

2019

2019

2019

2019

D. Mizuno

Glassy mechanics of living cytoplasm, and its similarity to droplet suspensions

92

2019




T. Kurihara, Y. Ando, I. Zaid and D. Mizuno

Non-Gaussian limit fluctuations in active swimmer suspensions

American Physical Society, March meeting

2019
2019
2019
2019
66 20

2018




Daisuke Mizuno

Universal glass-forming behavior of in vitro and living cytoplasm -its similarity to droplet suspensions?-

EMBO | EMBL Symposium: Cellular Mechanisms Driven by Liquid Phase Separation

2018

Daisuke Mizuno

Nonequilibrium fluctuations and energetics of molecular motors in vitro and in vivo

The 79th Okazaki Conference, Synthetic, Biological, and Hybrid Molecular Engines

2018

2018

Daisuke Mizuno

Non-Gaussian limit fluctuations in active swimmer suspensions

Soft matter physics:from the perspective of the essential heterogeneity

2018




2021

223

2021

Vol .72 No.3 2021

06

http://bio2.phys.kyushu-u.ac.jp/




