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Cell biophysics



In 1665, the box-like 
compartments in cork 
reminded Robert Hooke of 
cells in a monastry

Why cells are called cells



Breakdown of cell types in humans

[Milo and 
Phillips Cell 
Biology by 
the Numbers 
2015]



Biological systems are
multiscale
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• 70% water
• Different kinds of biomolecules (dry 

mass): proteins (60%), lipids (13%), 
RNA (4%), DNA (1%)

• 1010 proteins per cell, concentration
107/µm3 = mM,  distance 10 nm

• Each protein is surrounded by a 
water layer. The distance of 10 nm
leaves lots of space for movement.

• Two equations determine the
movement of the biomolecules:
– Equipartition theorem

– Stokes-Einstein relation

[Ron Milo and Rob Phillips, Cell
Biology by the Numbers 2015]
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Cell adhesion and contractility
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Active forces from tissue cells

Ø actin polymerization pushes out lamellipodia, actin flows backward

Ø contractile forces generated in stress fibers, actin cortex and lamellum

Ø force is transmitted to substrate through focal adhesions



Traction forces reflect cell shape
and internal cell organzation

Cell forces are often related to actomyosin stress fibers
ending in integrin-based focal adhesions. Typical forces at 

focal adhesions are nN (kPa-stresses).

[Schwarz and Gardel JCS 2012]



muscle non-muscle

thick filament with 150 monomers in 
half-sarcomere, length 1600 nm

minifilament with 15 monomers per 
half, length 300 nm

[Dasbiswas+ Phil. Trans. R. Soc. B 2018]

striated muscle sarcomere MF in stress fiber

Force generation by



Non-muscle myosin II (NM2)

• Three skip residues along coiled coil
• Phosphorlyation sites in neck (RLC) and tail
• In humans three isoforms A, B and C with similar

head domains and shared ELCs and RLCs
• „Monomer“, „dimer“ or „hexamer“ depending on 

context

head (motor domain)
16 nm, R1-791

rod (coiled coil)
160 nm, R849-1939

tail

skip R1198 skip R1591 skip R1816

ELC,RLC

neck (lever arm)

[Dasbiswas+ Phil. Trans. R. Soc. B 2018]
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Inactive form of myosin II (10S)

[Yang+ J. Gen. 
Physiol. 2019 ]

Tail folding blocks the
essential features of the
active form (6S):
• Actin binding
• ATPase activity
• Assembly into filaments
It leads to dispersion through
diffusion and saves energy
(similar to super-relaxed 
state in striated muscle)



The active form assembles
into minifilaments

[Vicente-Manzanares+ NRMCB 2009]

c

tail-tail
interaction

RLC phosphorylation

e.g. Rho-pathway



30 non-muscle myosin II molecules
build up one bipolar minifilament



NM2 minifilaments
Cartoon: [Lodish 4th ed.]

Electron microscopy: [Billington+ J Biol Chem 2013]

100 nm

Super-resolution microscopy: [Burnette+ J Cell Biol 2014]



3D-SIM 
live

[Hu et al. NCB 2017]
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Myosin II crossbridge cycle
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Myosin II walking on actin



Modelling the crossbridge cycle
with master equations

[Erdmann and Schwarz PRL 2012, Erdmann et al. JCP 2013, Albert et al. NJP 2014, 
Bartelheimer et al. PRE 2016, Grewe and Schwarz PRE 2020 and arXiv 2020]

Three main mechanochemical
states of myosin II; NM2A 
detaches faster than NM2B

The different motors in a MF are
mechanically coupled through the
backbone

strongly reduced
by blebbistatin



One-step master equation for
adhesion clusters

• pi(t) probability that at time t exactly i bonds
are closed
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• rupture rate ri from Kramers theory with load 
sharing, rebinding rate gi force-independent

f=Fb/F0 g=kon/k0 t=k0tDimensionless quantities:

[Erdmann and Schwarz PRL 2004, JCP 2004]



Mean field or first moment equation

Slip bond, [G. Bell Science 1978] Catch-slip bond,
[Novikova and Storm BPJ 2013]

Saddle-node bifurcation at fc=Nt plog(g/e). 
Rebinding generates stability threshold under force.

[Erdmann and Schwarz PRL 2004, JCP 2004]



Plan for lecture and exercises
We will introduce step-by-step the basics needed to understand the active gel 
model for cell migration from Drozdowski et al. PRE 2021. Important elements are
th Maxwell model, active stress and the partial differential equations of continuum
mechanics, which can be solved with finite differences or finite volumes. A similar
model also allows us to understand the essentials of the traction of adherent cells
(cells as contractile bars on an elastic foundation).
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