
Bend, and Snap! How Flexible Actin Filaments
Enable Cell Division

Alex Tam1,2 Dietmar Oelz2 Alex Mogilner3

1School of Mathematical Sciences, Queensland University of Technology

2School of Mathematics and Physics, The University of Queensland

3Courant Institute of Mathematical Sciences, New York University

November 4, 2021

1



Motivation: Cell Cortex

• Thin layer of proteins and fluid beneath 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

A

B C

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.
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• Actin–myosin interactions can generate contraction/expansion

*
〈

*〈*
〈

*〈

*〈 *
〈

*〈 *
〈

• In the cortex, filaments have random positions and orientations
• Research question: Why do disordered networks contract?
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2D Agent-Based Model
• Simulate evolution of network model DOF:

• Filament positions: zi(s, t) = (xi , yi), represented as chains of
springs connected by nodes

• Motor relative positions: mik(t) ∈ [0, Li ], represented as springs
with equilibrium length zero

• Motors attach at random intersections, detach at
force-dependent rate
• Protein friction acts at filament intersections without a motor

• Point-wise drag that restricts relative filament motion
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Energy Method

• Minimiser of energy functional solves force-balance equations
• Time-discrete functional contains each mechanical feature as a

potential ‘energy’:
• Filament stretching
• Filament bending
• Filament drag

• Protein friction
• Motor stretching
• Motor movement

• Parameters provide measure of resistance to each force
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Energy Method

Enetwork =
∑

filaments i,j
motors k

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

Ea,spring =

∫ Li

0

k̃a
2
(
|z ′i | − 1

)2
ds,

Ea,bend =

∫ Li

0

κa
2
∣∣z ′′i ∣∣2 ds

Ea,drag =

∫ Li

0

λa
2∆t

∣∣zi − Fzold
i
∣∣2 ds

Ea,pf =
λpf
2∆t

∣∣zi(αij)− zj(αji)
∣∣2

Em,spring =
km
2
∣∣zi(mik)− zj(mjk)

∣∣2
Em,a =

Fs
Vm

(
mik −mn
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2∆t − Fsmik
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Forces and Stress
• Introduce forces acting on domain

boundary
• Lagrange multipliers that constrain

domain size and shape

Etotal = Enetwork + F x · Lx + F y · Ly

zi(si, t)
zj(sj, t)

zi(αij(t), t)

+ +

Lx

Ly

Fxy

Fxx

Fyy

Fyx

• Method enables calculation of:
• Force components

Fxx = − ∂Enetwork

∂Lxx
, Fyy = − ∂Enetwork

∂Lyy
, etc.

• Stress (σ < 0: contraction, σ > 0: expansion)

σ =

[
Fxx/Lyy Fxy/Lyy
Fyx/Lxx Fyy/Lxx

]
, σ =

1
2

(
Fxx
Lyy

+
Fyy
Lxx

)
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Results: Actin Bending Facilitates Contraction

• Semi-flexible networks contract in repeated (25) simulations1

A

B C

1A. K. Y. Tam, A. Mogilner, and D. B. Oelz, “Protein friction and filament
bending facilitate contraction of disordered actomyosin networks”,
Biophysical Journal 120, 11247 (2021).
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Two-Filament System

• Follow-up question: Is bending-induced contraction a
network-scale effect, or can two filaments explain it?

zi(mi(t), t)
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• Assumptions:
• Filaments and motors are inextensible
• No protein friction
• Dense background network provides drag
• Vertical symmetry
• Fast-moving motor: V ∗m →∞
• Small bending: κ∗ = 1/ε, ε� 1
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Simplified PDE Model for Two Filaments
• Taking ∆t → 0 yields the PDEs

∂z
∂t +

1
ε

z ′′′′ −
(
λz ′
)′

+ µ

(
1
0

)
δ(s −m)

0 = 1− µ
(
1
0

)
· z ′(m(t), t)

• Expand variables: z = z0 + εz1 +O(ε2),

m = m0 + εm1 +O(ε2), σ = σ0 + εσ1 +O(ε2), etc.

σ = 2
∫ 1

0

∂z
∂t · z ds = −2

∫ 1

0

1
ε

(
z ′′
)2

+ λ ds∫ T

0
σ dt = J(T )− J(0), J(t) =

∫ 1

0
|z(s, t)|2 ds

• Leading-order solution is for rigid filaments
• First-order corrections describe effect of bending
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Geometric Asymmetry Facilitates Contraction
• Rigid filaments have polarity-reversal symmetry and generate
zero net stress
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• Flexible filaments break this symmetry, facilitating contraction2
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2A. K. Y. Tam, A. Mogilner, and D. B. Oelz, “F-Actin Bending Facilitates
Net Actomyosin Contraction By Inhibiting Expansion With Plus-End-Located
Myosin Motors”, BioRxiv (2021).
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Summary

• We simulated actomyosin networks and a two-filament-motor
system to understand how actin bending produces contraction

• “Legally Blonde theory of actomyosin contraction”: If you
want an 83% rate of return on dinner invitations to understand
how actin filaments facilitate cell division, just remember...
• Bend...
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• And snap!
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