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Self-similar internal dynamics: ageing over 13 decades
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Single lipid motion in bilayer membrane MD simulations

Liquid disordered Liquid ordered Gel phase

J-H Jeon, H Martinez-Seara Monne, M Javanainen & RM, PRL (2012) 3



Sample trajectories for the lipid & cholesterol motion
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Liquid ordered/gel phases: extended anomalous diffusion
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Reproducible TA MSD & antipersistent correlations
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Rattling dynamics: exptl first passage PDF y FLE motion
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Generalised Langevin equations in viscoelastic systems

Coupled set of Markovian processes (e.g., Rouse model for polymers):

mir̈i(t) = k(ri − ri+1) + k(ri−1 − ri) − ηṙi +
√

2ηkBT × ζi(t)

Integrating out all d.o.f. but one y Generalised Langevin equation (GLE):

mr̈(t) +

∫ t

0

η(t − t
′
)ṙ(t

′
)dt

′
= f(r, t) + ζ(t) ∴ η(t) =

N
∑

i=1

ai(k)e
−νit → t

−α

Kubo fluctuation dissipation theorem (in conti limit η(t) ' t−α fractional Gaussian noise):

〈ζi(t)ζj(t
′
)〉 = δijkBTη(|t − t

′
|)

overdamped limit: FBM

Quantum mechanics: Nakajima-Zwanzig equation using projection operators

Hydrodynamics: Basset force with η(t) ' t−1/2 due to hydrodynamic backflow

i

k k

i+i−1 1

6



Membranes can be supercrowded

Figure courtesy Helmut Grubmüller 7



Protein crowded membranes reduce effective mobility
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Crowding in membranes: non-Gaussian lipid/protein diffusion
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Crowding in membranes increases dynamic heterogeneity
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Crowding in membranes increases dynamic heterogeneity
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Crowding in membranes: confinement in argon system
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d e

f g h

J-H Jeon, M Javanainen, H Seara Monne, I Vattulainen & RM, PRX (2016) 12



Glass-like protein diffusion in crowded membranes

In vitro high speed AFM of supported lipid biliayers reveals trapped proteins in neighbour-

formed cages for time scales up to 10 sec. Clearly separated areas of different diffusive (in

particular, non-Gaussian) diffusion.

I Munguira et al, ACS Nano (2016) 13



CTRW-like motion of Ka channels in plasma membrane

ψ(τ) ' τ−1−α
y 〈r2(t)〉 ' tα

δ2(∆) apparently random

δ2(∆) ' Kα
∆

T 1−α

AV Weigel, B Simon, MM Tamkun & D Krapf, PNAS (2011); RM, AG Cherstvy, JH Jeon & E Barkai, PCCP (2014) 14



Ageing in the motion of membrane embedded proteins
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Time averaged MSD & weak ergodicity breaking (WEB)

Time averaged MSD ' ∆ is pseudo-Brownian and ageing (〈x2(t)〉 ' Kαt
α):

〈

δ2(∆)
〉

∼
1

N

N
∑

i

δ2i (∆) ∼
2dKα

Γ(1 + α)

∆

T 1−α
∴ Kα ≡

〈δr2〉

2τα

Amplitude distribution δ2 of trajectories (ξ ≡ δ2/〈δ2〉):

φα(ξ) ∼
Γ1/α(1 + α)

αξ1+1/α
L

+
α

(

Γ1/α(1 + α)

ξ1/α

)

φ1/2(ξ) =
2

π
exp

(

−
ξ2

π

)

; φ1(ξ) = δ(ξ − 1)

Confinement does not effect a plateau (〈x2(t)〉 ' const(T )):
〈

δ2(∆)
〉

∼
(〈

x
2
〉

B
−〈x〉

2
B

) 2 sin(πα)

(1 − α)απ

(

∆

T

)1−α

;
1

(Kαλ1)1/α
� ∆ � T

0 1 2 3 4 5
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0.5

1

0 1 2 3 4 5
0

0.5

1

  ξ 

α = 0.5 

α = 0.75 

Y He, S Burov, RM & E Barkai, PRL (2008); Generalised Khinchin theorem: S Burov, RM, & E Barkai, PNAS (2010) 16



Granule subdiffusion in harmonic optical tweezer potential
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〈r2(t)〉 ' tα 〈r2(t)〉 ' const

α ≈ 0.80..0.86

J-H Jeon, V Tejedor, S Burov, E Barkai, C Selhuber-Unkel, K Berg-Sørensen, L Oddershede & RM, PRL (2011) 17



Noisy CTRW processes /w OU-noise

〈x
2
(t)〉 =

2Kα

Γ(1 + α)
t
α
+

η2D

k

(

1 − e
−2kt

)

〈

δ2(∆)
〉

∼
2Kα

Γ(1 + α)

∆

T 1−α
+

2η2D

k

(

1 − e
−k∆

)
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Ageing effects in single trajectory time averages

atageing period measurement t

Ageing mean squared displacement (Λ(z) = (1 + z)α − zα)
〈

δ2(∆)
〉

a
=

Λα(ta/T )

Γ(1 + α)

g(∆)

T 1−α
< 〈x

2
(t)〉a '

{

tα, ta � t

tα−1
a t, ta � t

Probability to make at least one step during [ta, ta + T ]: population splitting

mα(T/ta) ' (T/ta)
1−α

, T � ta
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J Schulz, E Barkai & RM, PRL (2013), PRX (2014) 19



Ageing charge carrier motion in polymeric semiconductors
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In vivo anomalous diffusion of submicron tracers
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Universal proximity effect in few encounter limit

A Godec & RM, PRX (2016); Sci Rep (2016) 22



Universal proximity effect in few encounter limit
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Spatiotemporal gene regulation by diffusing regulatory proteins
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∑
ummary

: Transient anomalous diffusion in lipid bilayers:

FBM-type motion

:: Disorder increases anomalies: cholesterol

Also anomaly persistence in gel phase

::: Non-Gaussian, heterogeneous diffusion in crowded bilayers

Features qualitatively reproduced in confined argon

:::: Glass-like dynamics in crowded in vitro supported

lipid bilayers

; CTRW-like, ageing & weakly non-ergodic

diffusion of protein channels in

plasma membranes

;: To analyse data you need to know some

of the tricks: RM & al, PCCP (2014)

E Barkai, Y Garini & RM, Phys Today (2012); RM, JH Jeon & AG Cherstvy, BBA Biomembranes (2016) 25



Acknowledgements

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

Igor Sokolov (HU Berlin), Irwin Zaid (U Oxford), Otto Pulkkinen (TUT)

Aljaz Godec, Max Bauer, Andrey Cherstvy (U Potsdam)

Michael Lomholt (Syddansk U Odense), Tobias Ambjörnsson (Lunds U)

Ilpo Vattulainen, Hector Martinez-Seara, Matti Javanainen (TUT/U Helsinki)

Marcin Magdziarz (TU Wroc law), Vladimir Palyulin (TUM)

Surya Ghosh (Saclay), Jaeoh Shin (MPI Dresden)

Eli Barkai, Stas Burov, Yuval Garini (Bar-Ilan U)

Anna Bodrova (HU Berlin), Gleb Oshanin (Paris)

Aleksei Chechkin (KIPT Kharkov & U Padova)
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