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Motivation: Cell Cortex

� Thin layer of proteins on the inside of the cell membrane

� Cortex deformation controls cell motility and division
� Movement of actin and myosin deforms the cortex
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Actin and Myosin
� Actin molecules form polarised filaments (∼ 1 µm)
� Myosin forms molecular motors that bind to filaments

� Hydrolyse ATP and move towards actin filament plus ends

*〈
+− Actin filament Myosin motor

The persistence length continues to decrease further during
contraction up to strains of 80%. Thus, the generation of large
contractile strains in a disordered actin network is associated with
compressive stresses that bend and buckle actin filaments.
The origin of network contraction could arise from numerous

mechanisms. A sarcomere-like mechanism could arise from tensile
stresses driving actomyosin sliding to increase overlap of actin and
myosin filaments and, thus, shorten the overall length. Filament
buckling is another means to shorten the end-to-end length of
F-actin and, in the presence of tensile forces to drive coalescence,
could also result in contraction. We measure the filament strain by
measuring the fraction change in end-to-end filament length L(t)
during contraction, «fil = 1 − L(t)/L0, where L0 is the initial dis-
tance between filament ends (Fig. 2G), and find that the extent of
network contraction corresponds exactly to the extent of filament
shortening via buckling such that « = «fil (Fig. 2H). Moreover, this
exact matching of filament compressive strain and network con-
traction is observed over a large range of cross-link concentrations
(Fig. 2H). If F-actin buckling did not play a significant role in
network contraction, we would expect a lack of correlation be-
tween these parameters and « < «fil. By contrast, a sarcomere-like
sliding contraction mechanism would enable contraction without
any changes to filament length, such that « > «fil. Instead, we ob-
serve that network contraction occurs concomitantly with filament
buckling, suggesting an important role in its regulation.
Filament severing occurs during myosin-mediated bending

fluctuations and motions. Severing events predominately localize
to sites of high F-actin curvature (>99%) (Fig. 3A) with remaining
events occurring at apparently taut and straight filament portions
(Fig. S10). To explore the connection between F-actin curvature
and severing, we measure the radius of curvature, rc, of F-actin
immediately before a severing event (Fig. 3B). We find that sev-
ering occurs predominately at or below an rc of ∼300 nm, irre-
spective of the cross-linking density (Fig. 3B), and is not a product
of photodamage (Movie S13). Moreover, filament severing occurs
throughout contraction as myosin-generated stresses continually

drive bending fluctuations of filaments (Fig. 3C). At the initial
stages of contraction, the severing rate is low and large radii of
curvature bends facilitate contractility. Severing increases at the
later stages of contraction, where small radii of curvature are ap-
parent, and severing events do not contribute significantly to fur-
ther contraction within the next 10–20 s (Fig. 3A). Thus, the
compressive stresses arising frommyosin motors result in mechan-
ically mediated F-actin severing.
In the cell, the actomyosin cortex is coupled to the plasma

membrane by cross-linking and regulatory proteins (28). To ex-
plore the consequence of membrane adhesion on actomyosin
contraction, we mimic this condition by coupling the actin net-
work to the lipid bilayer with a histidine-purified actin-binding
domain of fimbrin (FimA2) (Fig. 4A). At low FimA2 concen-
trations (Radh = [fimA2]/[G-actin] = 10), the contraction is
qualitatively similar to that observed with no adhesion but the
length scale of contraction is reduced (Movie S14). As the ad-
hesion to the membrane is increased (Radh = 100–1,000), con-
traction is impeded further, evidenced by the formation of smaller
aggregates that are spaced closer together (Fig. S6). Using sparse
labeling of F-actin (1–2% fluorescent), we readily observe that the
consequence of high adhesion is to dramatically constrain the
transverse motions of F-actin and prevent buckling with large rc
(Fig. 4B and Movie S12). The rc at which severing occurs is nearly
identical to those observed in the absence of adhesion (Fig. 3B)
but occurs with greater frequency due to adhesion constraints. As
such, the rate of F-actin severing is dramatically enhanced in
these networks (Fig. 4C). The resistance provided by membrane
adhesion reduces filament translocation (Figs. S6 and S10 and
Movies S12 and S14) and constrains bending to smaller radii of
curvature, thereby impeding contraction but enhancing mechan-
ically mediated severing.
Our data demonstrate a prominent role of F-actin bending

and buckling in the contraction of nonsarcomeric actomyosin
networks found in nonmuscle and smooth muscle cells. In stri-
ated muscle, contraction is facilitated by enhanced actomyosin
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Fig. 3. Filament buckling at high curvature induces severing. (A) F-actin images during contraction of a sparsely labeled network (Rxlink = 0, RAdh = 0). (B) Box
plot of the filament radii of curvature rc measured preceding a severing event (+) or not (−). Dashed line indicates 300 nm. The sample sizes for the different
conditions are as follows: Rxlink = 0/Radh = 0 (Nsever = 14, Nstable = 58), Rxlink = 0.003/Radh = 0 (Nsever = 22, Nstable = 123), Rxlink = 0.03/Radh = 0 (Nsever = 4, Nstable =
58), and Rxlink = 0/RAdh = 10 (Nsever = 10, Nstable = 21). Nsever is the number of measurements of rc taken that sever in the following time point. Nstable is the
number of rc measurements, selected at random, that do not sever in the next time point. Data reflect eight independent experiments. (Inset) Schematic of
radius of curvature. (C) Persistence length normalized to initial value before contraction (blue) and mean severing density as a function of time (red) for
Rxlink = 0.003/RAdh = 0. The data reflect the curvature of 5 filaments (lp′) and the severing (Nsever) of 102 filaments from a single experiment.

Murrell and Gardel PNAS | December 18, 2012 | vol. 109 | no. 51 | 20823

A
PP

LI
ED

PH
YS

IC
A
L

SC
IE
N
CE

S
BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

� Actin–myosin interactions can generate contraction/expansion
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� In the cortex, filaments have random positions and orientations
� Research question: Why do disordered networks contract?
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Actomyosin Contraction

� Hypothesised contraction mechanisms for disordered networks:
� Structural asymmetry

� Actin filament ‘zippering’
� Actin network architecture/anchoring
� Actin filament ‘treadmilling’
� Myosin motor differentiation

� Force asymmetry
� Actin filament bending/buckling
� Position-dependent myosin stall force
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2D Agent-Based Model

� Simulate evolution of network model DOF:
� Filament positions: zi(s; t); represented as nodes
� Motor relative positions: mik(t)

� Motors attach at random intersections, detach at
force-dependent rate

� Protein friction acts at filament intersections without a motor
� Implemented as point-wise drag restricting relative motion
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Energy Method

Enetwork =
∑

filaments i;j
motors k

Ea;bend+Ea;spring+Ea;drag+Ea;pf+Em;spring+Em;a

� Energy terms depend on parameters and DOF

Ea;spring =

∫ Li

0

ka
2
(
jz 0

i j � 1
)2

ds; Em;spring =
km
2
∣∣zi(mik)� zj(mjk)

∣∣2
Ea;bend =

∫ Li

0

�a
2
∣∣z 00

i
∣∣2 ds

Ea;drag =

∫ Li

0

�a
2�t jzi � Fzni j2 ds

Ea;pf =
�pf
2�t

∣∣zi(�ij)� zj(�ji)
∣∣2

Vm

Fs

Force

Velocity

Em;a =
Fs
Vm

(
sik � snik

)2

2�t � Fs (sik � snik)

6



Numerical Method

� Energy minimisation yields a time-implicit scheme
� Quasi-Newton optimisation performed using Optim.jl

� LBFGS with automatic differentiation (ForwardDiff.jl)

� Force components are Lagrange
multipliers that constrain domain
size and shape

Etotal = Enetwork + F x � Lx + F y � Ly
zi(si, t)
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� Numerical method enables exact calculation of force and stress
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Example Simulation
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Actin Bending Generates Contractile Bias
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Effect of Drag on Contraction
� Viscous drag inhibits contraction by slowing filaments
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� Protein friction enhances contraction by increasing bending
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Filament Turnover Enables Persistent Contraction

� Turnover: random exchange of filaments between network and
background
� Model by removing filaments and replacing them with rate ko�;a

� No turnover (ko�;a = 0): network loses contractility over time
� Fast turnover (ko�;a = 0.2 s−1): network sustains contractility
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Turnover Prevents Pattern Formation
� Aggregation/pattern formation causes loss of contractility
without turnover

� Actin stress fibres are aggregates that persist with turnover
� New research question: How do stress fibres self-organise?
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Summary
� Actomyosin contraction enables cell motility and division
� Actin bending and protein friction generate contraction in
disordered networks

Ongoing Work:
� Exact solutions for two filaments
� Self-organisation of stress fibres

z1(s, t) z2(s, t)

+ +
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