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Single particle tracking provides unprecedented insight
Superresolution microscopy & supercomputing provide time series r(t)
M insight into the dynamics of complex systems such as living cells

~ need for quantitative understanding & new physical concepts (non-
ergodic & ageing dynamics)

Courtesy Yuval Garini Courtesy Matti Javanainen

E Barkai, Y Garini & RM, Phys Today (2012); RM, JH Jeon & AG Cherstvy, BBA Biomemb (2016) 3



Superdense [l Golding & EC Cox, PRL (2007)] \,

SR McGuffee & AH Elcock, PLoS CB (2010)

NIH web Inside the cell

Superdense & supercrowded enrivonments in living cells
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In vivo anomalous diffusion of submicron tracers
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Passive motion of submicron tracers is viscoelastic
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Superdiffusion in living Acanthamoeba castellani
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Blebbistatin treated cells: A-C right after treatment; D-F 1 h after treatment
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Superdiffusion in living Acanthamoeba castellani
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inhibits myosin Il motors

depolymerises microtubules

inhibits actin polymerisation

M motors cause superdiffusion

JF Reverey, J-H Jeon, H Bao, M Leippe, RM & C Selhuber-Unkel, Sci Rep (2015)



Molecular motor transport in living biological cells
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Molecular motor transport in living biological cells
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Molecular motor in crowded viscoelastic environment
x: motor position

Y: cargo position W
k: spring constant 3

U: 2-state ratchet

¢(t): ratchet config /\N/\

fo: external load
§(1), &:(t): fGn
Ne(t) =~ na/t"

Equations of motion:

Lémﬁ—ﬂwwmﬂ=—ﬂy—@+&ﬁ)

[ e = )3(@at = bty - 2) = 50, 60) = fo+ €

Free cargo motion (D, = kT /n. & Do = kT /1)
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2
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| Goychuk, VO Kharchenko & RM, PLoS ONE (2014); PCCP (2014) 11



Molecular motor in crowded viscoelastic environment _ .

free ang ©
Mot e 5P
OCargo— | | | | | 2000 w % \a"g‘:
comp ] S, mot o T /
: 900 | 10 \ﬁﬁ\\\g\\\m' \\HHH' \\HHH' \\‘\!H‘/\‘% . Lvtur"t 1 —_— 1 mo Or \a(%e //
N - =58 3 1 -——- S cargo 2\ yZ
&Y, 800*%101 £ 41— ;:r?(;ltr(l)tr process ] S, motor \ e L oM P
L El i 2\ Z
Foy 700" 10° — motor| 4| — cargo . 1500~ -~ S, cargo \aree S
8 1 — Cargo | - —_ Sp motor | _ a\\ P -
8 f— 600 10 Il \\HHH‘ \\HHH‘ \\HHH‘ \\HHH‘ \\HHH‘ \HH% u E SZ Cargo 5 ma\l// . ’,”” -
> g 107 10°10° 10" 10° 10% 10! ] = ——— Symotor| .\ ¥° 7 ===
500 . - 1000 3 gt -
o =t time [s] , Q —— Sj cargo P =
‘S X 400 = 7= Z o=
9 4®) T T v /’/;oo
w N\ N| —
& 300 AVA R 500 e %150* S,
& ) ASAVANE g AT i o
(g} 1 ] /// —r""_"'__'-—_.__.:\.___.
= . o xfm] T T N
0 01 02 03 04 05 06 0.7 08 09 1 0O 1 .
time [s] time [s]
T \ T \ \ 400 : | — :
g \ar S s
?\T 900 — Lmet | asol 85 motor \3(%6 & . ///
v 800 — count. process| | - §5 Car§0 Sma\ g
g — motor | " |——— D¢ motor (ge s
Z 700 — cargo n 300 Sg cargo v p s
@ ' N e i e 7
s __600 g 250 p
— 1 Q //
- £ 500 b & 200 A
2 %400 ] “C 150 -~
5 ]
s 300 - 50 - =
© 1 100 = 0p E
— 200 s L 7 0 == S5
£ 100 16 s0[-2) Eho T
wn 0 ‘ X[nm] ‘ T i | 0= 1 2 3
0 2 0 3 0 . 0 5 0 6 07 O § 09 1 > 1 2
time [s] time [s]
| Goychuk, VO Kharchenko & RM, PLoS ONE (2014); PCCP (2014) 12

Kousnbauy sonouuny ySiy

Aousnbauy Jonouiny moT



Molecular motor in crowded viscoelastic environment
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Lévy walks of molecular motors in living cells
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Ultraweak ergodicity breaking of Lévy walks
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Linear response for constant external force f (0 < o < 2):

12, 0<a<l
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A Godec & RM, PRL (2013), PRE (2013); D Froemberg & E Barkai, PRE (2013), EPJE (2013)



Single particle tracking on macroscopic scales
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Smoluchowski search picture: a centenary

Search rate for a particle with diffusivity Dsq
to find an immobile target of radius a
(assuming immediate binding):

k> = 4nDsqa

Protein-DNA interaction: a ~ {few bp} ~ 1nm
Dsq ~ 10pum?/sec (typically @ =~ 5nm):
s 10%

Y

- (mol/1) X sec

on

Lac repressor [AD Riggs, S Bourgeois, M Cohn, J Mol Biol 53, 401 (1970)]:

"~ (mol/l) X sec

on

— Facilitated diffusion picture

M v Smoluchowski, Physikal. Zeitschr. (1916); P von Hippel and O Berg, J Biol Chem (1989)
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Facilitated diffusion: the Berg-von Hippel model
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The role of DNA conformations -
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More compact DNA conformations speed up the search

[NaCl] k(s)igmght [Ms] lglﬁ [bp] 1/y/IpNna [bp] {p [bp] Riheory Rieasured
0 mM 0.8 x 10° 195 518 188 1.18 1.340.2
25 mM 1.0 x 108 250 485 175 1.23 1.140.2
100 mM 1.0 x 108 250 150 159 1.67 1.740.3
150 mM 0.9 x 109 15.5 120 153 1.15 1.34+0.4
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Overshooting the target: Leapovers
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Optimal target search in vitro
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Optimal target search in vitro
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Spatiotemporal gene regulation by diffusing regulatory proteins

<— DNA conformations . ' , , ‘ .
B van den Broek, S-M Kalisch, MA Lomholt, . ’ * ‘ ‘ .
RM & GJL Wuite, PNAS (2008) ' ‘ ‘ ’ ‘ .
MA Lomholt, B van den Broek, S-M Kalisch, . ‘ ‘ ’ ' ‘

GJL Wuite & RM, PNAS (2009)
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Membranes can be supercrowded

Figure courtesy Helmut Grubmdiller
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Crowding in membranes: non-Gaussian lipid/protein diffusion
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Crowding in membranes: confinement in argon system
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Brownian but not Gaussian diffusion of eukaryotic cells
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Journal of Physics A’s new Biological Modelling section

Journal of Physics A

Mathematical and Theoretical

Biological Modelling

For anything interesting too mathematical for Biophys J, Phys Biol, or J
Theoret Biol, or not general enough for PRL or NJP ...

Suggestions for topical reviews & special issues are welcome
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| Cells are crowded (superdense/supercrowded)

I Passive motion of tracers: subdiffusion

Il Superdiffusion due to active motion and/or
cytoplasmic flow

ll Motor-cargo transport: normal or anomalous

; ) . . Digestive
Mt Lévy flights as approximate model in vacuole °

facilitated diffusion o ..

Granule
/ A/Ac‘tln filaments

62 @ .
@° ™
% O.O Acanthapodium

o _ Contractile
Mt] Optimisation of search process vacuole

by non-local transfer mechanism

Ml More on Lévy intermittent Vesicle

search on Vladimir Palyulin’s poster
[also VV Palyulin, AV Chechkin & RM, PNAS (2014)]

Centrosome

RM, JH Jeon, AG Cherstvy & E Barkai, PCCP (2014); RM, JH Jeon & AG Cherstvy, BBA Biomembranes (2016) 32



Acknowledgements

Vincent Tejedor, Johannes Schulz, Jae-Hyung Jeon (KIAS) °

lgor Sokolov (HU Berlin), Irwin Zaid (U Oxford)

Aljaz Godec, Max Bauer, Andrey Cherstvy (U Potsdam) y \8

Michael Lomholt (Syddansk U Odense), Tobias Ambjornsson (Lunds U) ° Qdam 25
Marcin Magdziarz (TU Wroclaw), Vladimir Palyulin (TUM) °

Surya Ghosh (Saclay), Jaeoh Shin (MPI Dresden)
llpo Vattulainen, Hector Martinez-Seara, Otto Pulkkinen (TUT)
Eli Barkai, Stas Burov, Yuval Garini (Bar-llan U)
Anna Bodrova (HU Berlin), Gleb Oshanin (Paris)
Aleksei Chechkin (KIPT Kharkov & U Padova)

Henning Kriisemann, Yousof Mardoukhi, Igor Goychuk (U Potsdam)

Christine Selhuber (U Kiel), Kirstine Berg-Sgrensen (DTU) o
Federal Ministry

Lene Oddershede (NBI Kgbenhavns U) of Education

and Research
-$ TAMPERE UNIVERSITY OF TECHNOLOGY

FIDIPRO a

Finland Distinguished Professor Programme U O ME N A K A T EMI A 33




