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The cytoskeleton, an active solid
The Cell

Myosin in muscle

intermediate filament F-actin microtubule

Sliding Filaments
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https://www.yout .com/watch?v=z LBm7_A&feature=youtu.



https://www.youtube.com/watch?v=zQocsLRm7_A&feature=youtu.be
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Biopolymers & their networks in cells

W ¢7-9 nm

F-actin

Microtubule

FIG. 4 (color online). The three families of cytoskeletal

filaments, including F-actin, intermediate filaments,
microtubules.

see, e.g., Broedersz and FCM,
Rev Mod Phys, 86: 995 (2014).

and

FIG. 3. (a) Electron micrograph of a fixed and rotary-shadowed
filamin-F-actin network at an actin concentration 1 mg/ml,
average filament length 15 ym, and a filamin:actin molar
ratio of 0.005:1. From Kasza et al., 2009. (b) Confocal
microscopy image of a fluorescently labeled bundled filamin-
F-actin network at high filamin concentrations. From
Kasza et al., 2010. (c) Electron micrograph of a fixed and
rotary-shadowed Vimentin network. Courtesy of Y-C. Lin and
D. Weitz (Harvard).



Networks stiffen under extension/deformation
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Scaling of Stress Stiffening
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Quantitative actin Network elasticity from single filament stat. mech.

Gardel, et al., Science (2004) & PRL (2004); Lin, Yao, et al. PRL & Biophys J 2010.
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Microrheology and thermal motion
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Microrheology and thermal motion

Y

4 — wC(w)/2kT Y2
> 10 =X g
ZE ° a//(w) 1 \‘Xz
§ 10 Ve 1
3 ) 1 ) [2R
3 20
< 19k \

| | | | \ | |

-1 0 1 2 3 4 -
100 10 10 10 0 10 Simultaneous measurement of

Frequency (Hz) passive fluctuations and
active response to calib. forces
(Mizuno, et al. 2007)

Clw) = /(a?(t)w(O))ethdt — %TTCMN((,(}) T, = a(w)fw



Effect of molecular motors: Active Gels

With motor activity
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Contractile forces stiffen network

Koenderink et al.,
PNAS, 106:15192 (2009).
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Living systems must evade equilibrium
(Schrodinger 1944)
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Living systems must evade equilibrium
(Schrodinger 1944)

Non-equilibrium
steady-state

https://en.wikipedia.org/wiki/Brownian_ratchet



Living systems must evade equilibrium
(Schrodinger 1944)

Non-equilibrium
steady-state
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Currents J and cycles I

forbidden in equilibirum

Boltzmann, Maxwell, Einstein ...
Wegscheider, Onsager...



Living systems must evade equilibrium
(Schrodinger 1944)

Non-equilibrium
steady-state

e

Equilibrium dynamics
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Boltzmann, Maxwell, Einstein ...
Wegscheider, Onsager...



Can we see Broken Detalled Balance
at macro-/meso-scale?

Trajectories in continous Coarse grain phase space Probability fluxes

configurational phase space

JAB = pakap — pBkBA

A

Battle, Broedersz, Fakhri, Geyer,

Chlamydomonas flagellum Howard, Schmidt, FCM, Science 2016.



Projected current/flux in
configurational phase space

Normal modes

See also:
Ma, Klindt, Riedel-Kruse, Julicher, and Friedrich, PRL 113, 048101 (2014) 3
Geyer, Julicher, Howard, and Friedrich PNAS, 110 (45), 18058(6) (2013)
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Coupled beads: A toy model
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Coupled beads: A toy model
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see also: Grosberg & Joanny 2015.



What drives the dynamics of the primary cilium?
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What drives the dynamics of the primary cilium?
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What drives the dynamics of the primary cilium?
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Molecular motors: minimal ingredients
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All known motors operate on polar substrates

Note that actin and microtubules are both polar,
which is essential for myosin and kinesis/dynein function.

There are no known motors on intermediate filaments
or septin filaments, which are apolar.

But, there is evidence for contractility without acto-myosin:
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All known motors operate on polar substrates

Note that actin and microtubules are both polar,
which is essential for myosin and kinesis/dynein function.

There are no known motors on intermediate filaments
or septin filaments, which are apolar.

But, there is evidence for contractility without acto-myosin:
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Another broken symmetry: force-extension

The nonlinear force-extension is asymmetric
under extension/compression:

T A

T: tension
o04: axial extension

Chen, Markovich & FCM PRL 125: 208101 (2020).
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Another broken symmetry: force-extension

The nonlinear force-extension is asymmetric w(z, 1) '
under extension/compression:

T A

T: tension
o04: axial extension

Chen, Markovich & FCM PRL 125: 208101 (2020).




Minimal Model

Rugged binding landscape
with typical spacing d
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Active fluctuations, Broken Detailed Balance
& Contractile Forces

= |nterest in synthetic active solids inspired by cytoskeleton
= \We propose a non-motor mechanism for contractile force generation

= Also, very interesting critical/phase transition phenomena
governed by contractility

m Collaborators: Schmidt, Koenderink, Weitz, Fakhri, Guo, Mizuno,
Alvarado, Chen, Markovich, Broedersz,
Sharma, Sheinman, ...

Reviews:

- Julicher, Ajdari &Prost, Rev Mod Phys (1997)
- Kasza et al., Curr Op Cell Biol (2007)

- Broedersz & FCM, Rev Mod Phys (2014)

- Alvarado et al., Soft Matter (2017)
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