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ABSTRACT The actin regulatory protein, cofilin, increases the bending and twisting elasticity of actin filaments and severs
them. It has been proposed that filaments partially decorated with cofilin accumulate stress from thermally driven shape fluctu-
ations at bare (stiff) and decorated (compliant) boundaries, thereby promoting severing. This mechanics-based severing model
predicts that changes in actin filament compliance due to cofilin binding affect severing activity. Here, we test this prediction by
evaluating how the severing activities of vertebrate and yeast cofilactin scale with the flexural rigidities determined from analysis
of shape fluctuations. Yeast actin filaments are more compliant in bending than vertebrate actin filaments. Severing activities of
cofilactin isoforms correlate with changes in filament flexibility. Vertebrate cofilin binds but does not increase the yeast actin fila-
ment flexibility, and does not sever them. Imaging of filament thermal fluctuations reveals that severing events are associated
with local bending and fragmentation when deformations attain a critical angle. The critical severing angle at boundaries
between bare and cofilin-decorated segments is smaller than in bare or fully decorated filaments. These measurements support
a cofilin-severing mechanism in which mechanical asymmetry promotes local stress accumulation and fragmentation at bound-
aries of bare and cofilin-decorated segments, analogous to failure of some nonprotein materials.
INTRODUCTION
Cofilin is an actin filament severing protein that contributes
to overall assembly dynamics and motility by increasing the
number of free filament ends from which free subunits asso-
ciate and dissociate (1–4). Severing occurs without coupling
to energy sources such as ATP hydrolysis. Severing is
instead driven by cofilin binding and linked reactions (5).

Cofilin alters the helical structure of filaments (6,7) and
increases the conformational dynamics of subunits such
that they are more compliant in bending (8–10) and twisting
(11). These changes in filament mechanical properties
suggest that alterations of filament mechanics and dynamics
could promote their fragmentation. The observed surface
tethering-dependence of cofilin severing activity (12) is
consistent with filament mechanics playing a critical role
in severing.

We proposed that a local asymmetry in actin filament
(bending-and-twisting) mechanics and discontinuity in
topology localizes stress at boundaries and promotes
severing, analogous to fatigue fractures of nonprotein mate-
rials (8,13,14). Consistent with this model, cofilin severing is
maximal at substoichiometric binding densities (12,15) and
scales with the density of boundaries between bare and
cofilin-decorated segments (14), for some (16,17) but not
all (12,15,18) cofilactin isoforms. In cases where severing
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activity peaks at cofilin binding densities smaller than those
yielding the maximum number of boundaries (12,15,18),
surface tethering sites could potentially act as mechanical
barriers to filament fluctuations, similar to boundaries,
thereby promoting severing (12).

This mechanical asymmetry model also predicts that
cofilin-linked changes in filament elasticity influence sever-
ing. To evaluate whether alteration of filament elasticity by
cofilin scales with filament severing, we measured the
severing activities and bending mechanics from thermal
fluctuations in shape of various cofilactin isoforms. Cofilin
isoforms that alter weakly the actin filament bending stiff-
ness display weak severing activity. In addition, imaging
thermally driven fragmentation of fluctuating filaments
indicates that severing at boundaries of bare and cofilin-
decorated segments occurs at smaller filament deformations
than fragmentation of homogenous (bare or cofilin-satu-
rated) filaments. These results support a model in which
cofilin-linked stress accumulation and severing occur at
bare and cofilin-decorated boundaries possessing a local
mechanical asymmetry.
MATERIALS AND METHODS

Protein purification

All reagents were the highest purity commercially available and came from

Sigma-Aldrich (St. Louis, MO), unless otherwise noted. Rabbit skeletal

muscle actin was purified and labeled with pyrenyl iodoacetamide (Molec-

ular Probes, Eugene, OR (13)), Alexa 488 succinimidyl ester (Molecular

Probes (8)) for flexibility and steady-state length assays, or biotin-maleimide
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(Sigma-Aldrich) and Cy3b-maleimide (GE Healthcare, Waukesha, WI) for

real-time severing assays by using a method similar to that used for pyrene

labeling yeast actin (19). The material was then gel-filtered over Sephacryl

S300 (Sigma-Aldrich) at 4�C in G-buffer (5 mM Tris (pH 7.5), 0.2 mM

ATP, 0.2 mMCaCl2, 0.5 mMDTT, 1 mMNaN3). Saccharomyces cerevisiae

actin was purified and labeled with pyrene maleimide or similarly labeled

with biotin-maleimide (Sigma-Aldrich) and Cy3b-maleimide (GE Health-

care) for real-time severing assays as described in Northrop et al. (19) or

Alexa 488 succinimidyl ester (Molecular Probes (8)) for flexibility and

steady-state length assays.

The labeling efficiency was ~0.8–1.0 pyrene and ~0.8 Alexa 488 fluoro-

phores per actin monomer. Ca2þ-actin monomers were converted to Mg2þ-
actin monomers with 0.2 mM EGTA and 50 mM MgCl2 then polymerized

with 0.1 vol 10� polymerization buffer yielding KMI6.8 buffer (50 mM

KCl, 2 mM MgCl2, 2 mM DTT, 0.2 mM ATP, 20 mM imidazole,

pH 6.8). Recombinant human nonmuscle cofilin-1, Schizosaccharomyces

pombe ADF/cofilin, and actophorin were purified as described in De La

Cruz (13). S. cerevisiae cofilin was purified as described in Grintsevich

et al. (20). S. cerevisiae cofilin (D34C, C62A mutant) was labeled with

Alexa-488 as described in Suarez et al. (21).
Equilibrium binding to actin filaments

Equilibrium binding of cofilin and pyrene actin filaments was monitored by

fluorescence with a Quantamaster fluorimeter (Photon Technologies Inter-

national, South Brunswick, NJ) thermostatically controlled at 25(50.1)�

C. Samples were excited at 366 nm and the observed fluorescence intensi-

ties at 407 nm were converted to filament binding densities (n) as described

(5,13,22). Equilibrium binding isotherms were fitted to the numerical solu-

tions of an implicit bimolecular binding equation (23) with the stoichiom-

etry and binding affinity as unconstrained fitting parameters. Fit parameters

are subject to large experimental error due to stoichiometric binding limi-

tations. Measurements were made in KMI6.8 buffer at total concentrations

of 2 mM for vertebrate and 1.6 mM for yeast actin.
Determination of filament flexural rigidity

Images of individual labeled bare and fully cofilin-decorated fluorescently-

labeled actin filaments in supplemented KMI6.8 buffer (KMI6.8 buffer

supplemented with 15 mM dextrose, 100 mM DTT, 0.1 mg mL�1 glucose

oxidase, and 20 mg mL�1 catalase) were acquired using an Eclipse TE300

microscope (Nikon, Melville, NY) equipped with a Coolsnap HQ-cooled

charge-coupled device camera (Roper Scientific, Tucson, AZ) and Meta-

Morph image acquisition software (Molecular Devices, Downingtown,

PA) as described in McCullough et al. (8). The bending persistence length

(Lp) was determined by fitting the average angular (q) cosine correlation

of a segment of length s to the following two-dimensional correlation

function:

hCðsÞi ¼ hcos½qðsÞ � qð0Þ�i ¼ e

�s

2Lp : (1)

Analysis of filaments undergoing thermal fluctuations and those adsorbed to

poly-L-lysine-treated slides using Eq. 1 yielded comparable results.
Real-time severing assay

Direct visualization of filament severing by total internal reflectance fluo-

rescence microscopy was performed essentially as described in Pavlov

et al. (12) except filaments (comprised of 1% biotinylated and 15%

Cy3b-labeled subunits) were tethered to the coverslip surface with neutra-

vidin (24) and cofilin was added to the flow cell with a chamber volume of

18 mL. Final conditions were KMEI6.8 buffer supplemented with 15 mM

dextrose, 100 mM DTT, 0.1 mg mL�1 glucose oxidase, and 20 mg mL�1
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catalase and the indicated cofilin concentration. We assessed severing

from the average filament length after a minute upon the addition of cofilin

to the flow cell.
Equilibrium length severing assay

Samples of 6 mM Alexa-488 labeled actin and cofilin concentrations

yielding a range of binding densities were equilibrated for 60 min, serial-

diluted to 100–200 nM total actin in buffer containing cofilin concentrations

to not alter the binding density, adsorbed to poly-L-lysine treated slides, and

imaged as done for the determination of filament flexural rigidity. The

average filament length, Lavg, at different cofilin binding densities was

measured to estimate the apparent boundary-severing rate, using equations

describing the relationship between Lavg and severing (25,26) that were

modified as follows.

The total filament number (N) depends on severing and annealing events

according to the reaction scheme

N#
ksever

kanneal
N þ dN; (2)

where dN> 0. The rate of change in filament number (dN/dt; normalized by

the total number of filament subunits, n) is given by the apparent normal-

ized second-order annealing rate constant (kanneal, in units of subunits s�1

filament�1) and the apparent normalized filament severing rate (ksever, in

units of filaments s�1 subunit�1) according to

dðN=nÞ
dt

¼ ksever � ðN=nÞ2kanneal: (3)

The average filament length (Lavg) is equivalent to the total population of

filament subunits divided by the total number of filaments (Lavg¼ n/N).

The values of n, N, and Lavg do not change (dn/dt ¼ 0, dN / dt ¼ 0, and

dLavg / dt ¼ 0) under steady-state conditions, such that

ksever ¼ ðN=nÞ2kanneal ¼ L �2
avg kanneal; (4)

and Lavg simplifies to the following function of kanneal and ksever:

Lavg ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
kanneal
ksever

r
: (5)

Therefore, an increase in ksever yields shorter average filament lengths

(when changes in kanneal are small).

To distinguish between severing at boundaries and symmetric sites, we

express ksever in terms of the normalized fraction of subunits at boundaries

of bare and cofilin-decorated segments (b) as

Lavg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kanneal
ð1� bÞksever;sym þ bksever;boundary

;

s
(6)

where ksever,sym (filaments s�1 symmetric subunit�1) is the boundary-

independent apparent rate for actin filament severing at symmetric sites;

ksever,boundary is the apparent severing rate for cofilin-induced actin filament

severing at boundaries (filaments s�1 boundary subunit�1). The fraction of

occupied sites at boundaries (b) is a function of the cofilin binding density

(n) according to

b ¼ vð1� vÞ (7)

for noncooperative binding or

b ¼
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� 2vÞ2þ 4uvð1� 2vÞ

q
2ð1� uÞ (8)
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for cooperative binding, where u is the thermodynamic cooperativity

parameter (13,22). Note that all sites are symmetric when no boundaries

are present (b ¼ 0 when ksever,sym ¼ ksever).

This model assumes that the severing probability, and therefore ksever,

is equivalent at identical filament sites (e.g., unoccupied, isolated,

singly-contiguous, doubly-contiguous, as defined by a one-dimensional

lattice of binding sites (13,22)). Long filaments sever more readily than

shorter filaments because they have more potential sites at which to sever.

This length-dependence of the severing process is explicitly accounted for

in Eq. 3.

To estimate the apparent severing rate at boundaries, we fit Lavg as a func-

tion of binding density (Eqs. 6–8) with the cooperativity parameter (u) for

cooperative human cofilin binding constrained to experimentally deter-

mined values obtained under comparable conditions (13). The rate of spon-

taneous (i.e., cofilin-independent) actin filament severing (ksev ¼ 1 � 10�6

filaments s�1 subunit�1; see Fig. 2 (25,27)) was constrained during the

fitting procedure. The fits yielded an apparent annealing rate of 4.6 5

0.2 and 5.75 0.2 subunits s�1 filament�1 for vertebrate and yeast actin fila-

ments, respectively.
Determination of the critical severing angle

Individual, thermally fluctuating Alexa-488-labeled actin (100–200 nM

total actin) and cofilactin (addition of 1.4 mM total cofilin) filaments in sup-

plemented KMI6.6 buffer were imaged as done for determination of filament

flexural rigidity. Irreversible filament severing events were identified, crop-

ped, and digitally processed to enhance resolution (8). Severing at bound-

aries of bare and cofilin-decorated segments was observed by imaging

Alexa-488 labeled S. cerevisiae yeast cofilin (D34C, C62A mutant) binding

to Alexa568-labeled actin filaments using total internal reflectance fluores-

cence (21). The angle between filament segments before severing was

determined from two consecutive, post- and pre-severing, frames (n ¼ 10

for bare actin and saturated cofilactin filaments; n ¼ 20 for fragmentation

at boundaries of partially decorated filaments). The acquisition rate was

10 frames per second in experiments using fluorescently-labeled cofilin,

which is well below the observed (see Fig. 4) or predicted (8) bending relax-

ation time, indicating adequate temporal sampling of the bending angle

before severing. Individual measurement errors were within 95% confi-

dence for all events.
Energy, forces, and internal work in elastic
filaments

The equilibrium equations for an inextensible actin filament segment

subject to a bending deformation (28) were used to estimate the net shear

force associated with filament conformations. We used the classical Euler

bending (q, f) and twisting (j) angles to parameterize the orientation of

the filament with arc-length (s) to derive the total elastic free energy func-

tion (H, normalized by kBT) with inextensibility constraints,

�
H

kBT

�
¼ LB

2

��
dq

ds

�2
þ sin2 q

�
df

ds

�2�
þ LT

2

�
dj

ds
þcos q

df

ds

�2
þ Fx sin q cos fþ Fy sin q sin fþ Fz cos q;

(9)

where Fx, Fy, and Fz are the three components of the internal force associ-

ated with the inextensibility condition; LB and LT are the bending and

twisting persistence lengths, respectively. We introduce the three moments

(A1, A2, and A3) associated with the three Euler angles q, f, j,

A1 ¼ vH

vðdq=dsÞ;A2 ¼ vH

vðdf=dsÞ;A3 ¼ vH

vðdj=dsÞ (10)
to simplify the energy function

�
H

kBT

�
¼ ðA1Þ2

2LB

þ ðA3Þ2
2LT

þ ðA2 � A3 cos qÞ2
2LB sin2 q

þ Fx sin q cos fþ Fy sin q sin fþ Fz cos q

(11)

and obtain the equilibrium equations for the filament (28)

dq

ds
¼ A1

LB

df

ds
¼ ðA2 � A3 cos qÞ

LB sin2 q

dj

ds
¼ A3

LT

þ cos qðA2 � A3 cos qÞ
LB sin2 q

dA1

ds
¼ �� Fx cos f cos q� Fy sin f cos qþ Fz sin q

�
þðA2 � A3 cos qÞðA2 cos q� A3Þ

LB sin
3 q

dA2

ds
¼ sin q

�
Fx sin f� Fy cos f

�
dA3

ds
¼ 0;

(12)

supplemented with the inextensibility conditions

dX

ds
¼ sin q cos f

dY

ds
¼ sin q sin f

dZ

ds
¼ cos q;

(13)

where X(s), Y(s), and Z(s) are the spatial coordinates of s. In absence of an

externally applied force, the internal force components (Fx, Fy, Fz) are

constants determined from the solution to Eq. 10.

We solve Eq. 11 with boundary conditions at the ends (s ¼ 0, s ¼ L) of

a filament segment of length, L. Both filament ends are constrained to bend

with zero elevation (Z(0) ¼ Z(L) ¼ 0; q(0) ¼ q(L) ¼ p/2) and to not twist

(j(0)¼ j(L)¼ 0). The azimuthal angle, f, is set to 0 and varied at s¼ L so

that the angle between the two unit tangent vectors is f (L). These condi-

tions deal with position (X, Y, and Z) or orientation (q, f, j) variables

only. Therefore, the internal force (Fx, Fy, Fz) and moments (A1, A2, A3)

are determined by solving Eq. 12 with the above boundary conditions.

The shear force, Fshear, is calculated from the projection of the internal

force on a plane orthogonal to the tangent vector at one-half of the segment

length,

Fshear ¼ ðI� t5tÞF; (14)

where F is the vector of components (Fx, Fy, Fz), t is the unit tangent vector

expressed at s ¼ L/2, and I the identity matrix. The shear work done by the

shear force over a distance of one actin filament diameter was calculated by

multiplying the shear force by the filament diameter of 6 nm and converting

to thermal energy (kBT).
Biophysical Journal 101(1) 151–159
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RESULTS

Yeast actin filaments are more compliant in
bending than vertebrate actin filaments

The bending persistence length (Lp) of a semiflexible
polymer such as an actin filament is determined by the
bending stiffness, or (apparent) flexural rigidity (k), accord-
ing to

Lp ¼ k

kBT
: (15)

Lp is the characteristic length over which angular correla-
tions of filaments undergoing thermally (kBT)-driven shape
fluctuations diminish (stiff filaments have longer Lp lengths
than flexible ones). Thus, the filament Lp is determined from
the average angular correlation along the contour length of
individual filaments undergoing thermally driven fluctua-
tions in shape (Fig. 1).

Vertebrate muscle actin filaments have an Lp of 9.4 mm
(Fig. 1 A; Table 1), in agreement with previous determina-
tions made under slightly different buffer conditions
(8,29,30), and as predicted from normal mode analysis
(31) and all-atom molecular dynamics simulations (32,33).
S. cerevisiae (herein referred to as ‘‘yeast’’) actin filaments
are more flexible in bending than vertebrate filaments, dis-
playing an Lp of 5.5 mm (Fig. 1 B; Table 1), in accord
with greater conformational dynamics (34–36) and insta-
bility (37,38).
FIGURE 1 Bending flexibility of yeast and vertebrate cofilactin fila-

ments. (A) The best fits of the average angular correlation of vertebrate

muscle actin filaments to the two-dimensional persistence length function

(Eq. 1): bare (red), fully decorated human cofilin-1 (violet), or yeast cofilin

(orange). (B) The best fits of the average angular correlation of yeast actin

filaments to the two-dimensional persistence length function (Eq. 1): bare

(green), fully decorated human cofilin-1 (blue), or yeast cofilin (cyan).

(C) Equilibrium binding of cofilin and actin filaments: yeast cofilin and

vertebrate muscle actin filaments (orange), vertebrate cofilin and yeast actin

filaments (blue). (Solid line through the data) Best fit to the numerical solu-

tions of an implicit bimolecular binding isotherm (23), yielding binding

affinities <50 nM (52).
Vertebrate cofilin does not increase the flexibility
of yeast actin filaments

Vertebrate cofilactin filaments bend more readily than bare
filaments (Fig. 1 A (8,10)), as indicated by the reduction
in their persistence length from 9.4 to 3.0 mm (Table 1).
Similarly, yeast cofilactin filaments are approximately
threefold more compliant in bending than their bare filament
counterparts, displaying a persistence length of 2.0 mm
compared to 5.5 mm (Fig. 1 B; Table 1). Yeast cofilin
increases the flexibility of vertebrate actin filaments approx-
imately fivefold (Table 1); the persistence length of satu-
rated filaments is 1.9 mm (Fig. 1 A; Table 1).

In contrast, vertebrate cofilin does not significantly
affect the bending flexibility of yeast actin filaments.
Yeast filaments saturated with human cofilin have a persis-
tence length of 5.9 mm, comparable to that of bare
filaments (5.5 mm; Fig. 1 B; Table 1). Fluorescence
quenching of pyrene-labeled yeast actin (Fig. 1 C) and co-
sedimentation of Alexa-488-labeled yeast actin (data not
shown) confirm strong binding under our experimental
conditions (Kd ¼ 16 5 4 nM), revealing that vertebrate
(human cofilin-1) cofilin binds yeast actin filaments but
does not significantly alter their overall filament flexural
rigidity.
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Cofilin severing efficiency correlates with linked
changes in filament elasticity

It was previously demonstrated that (vertebrate) cofilin
increases the bending flexibility of (vertebrate) actin fila-
ments (8), and suggested that local asymmetry in filament
mechanics at boundaries of bare and cofilin-decorated
segments promotes stress accumulation and severing
(8,14). This model leads to two notable predictions that
can be experimentally tested: 1), human cofilin severs
weakly yeast actin filaments, because its binding does not
alter appreciably their elasticity; and 2), combinations of



FIGURE 3 Dependence of average actin filament length on cofilin

binding density. The vertebrate cofilin binding density-dependence of the

average vertebrate (red) and yeast (green) actin filament steady-state length.

(Dotted lines) Density of boundaries between bare and cofilin-decorated

filament segments along vertebrate (red) and yeast (green) actin filaments

calculated from the binding density and equilibrium binding constants

(13,14). The sample size ranged from 100 to 200 filaments at each binding

density. Uncertainty bars represent standard errors of the mean.

TABLE 1 Summary of actin and cofilactin filament bending

parameters

Actin Cofilin Lp (mm)

Vertebrate — 9.4 (5 0.7)

Vertebrate Human-1 3.0 (5 0.2)

Vertebrate Yeast 1.9 (5 0.3)

Vertebrate Yeast (S. pombe) 2.2 (5 0.1)

Vertebrate Actophorin 2.8 (5 0.3)

Yeast — 5.5 (5 0.5)

Yeast Human-1 5.9 (5 0.4)

Yeast Yeast 2.0 (5 0.2)

Conditions are KMI6.8 buffer, 25
�C. Yeast is S. cerevisiae unless noted.
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cofilactin displaying enhanced filament flexibility promote
severing.

We evaluated these predictions through direct imaging of
severing events (Fig. 2) and the [cofilin]-dependence of the
average filament length distribution at steady state (Fig. 3).
Vertebrate actin filaments are severed readily by vertebrate
and yeast cofilin in real-time severing assays (Fig. 2), as
previously reported (12,15). Similarly, yeast actin filaments
are severed efficiently by yeast cofilin (Fig. 2 (39)). In
contrast, no detectable severing of yeast actin filaments is
observed upon addition of vertebrate cofilin (Figs. 2 and 3).

Filament severing by cofilin scales nonmonotonically
with the binding density and is maximal when filaments
FIGURE 2 Real-time actin filament severing by cofilin. Fluorescent

images of vertebratemuscle (A–C) or yeast (D–F) actin filaments 1min after

the addition of buffer (A and D), 250 nM vertebrate cofilin (B and E), or

250 nM yeast cofilin (C and F). (G) The average filament length of samples

shown in panels A–F for sample sizes (number of filaments) of 393 (bare

v-actin), 443 (v-actin þ v-cofilin), 402 (v-actin þ y-cofilin), 1647 (bare

y-actin), 1466 (y-actin þ v-cofilin), and 417 (y-actin þ y-cofilin).
are partially saturated (12,14,15). These real-time severing
measurements were made at identical conditions [cofilin]
for all cofilactin isoforms, raising the possibility that the
observed severing efficiencies reflect differences in cofilin
binding and boundary density on the approach to equilib-
rium (22) during an experiment, because the affinities and
cooperativities differ among the isoforms. We therefore
evaluated the yeast and vertebrate filament steady-state
length distribution over a range of vertebrate [cofilin] and
binding densities (Fig. 3). We did not evaluate severing by
yeast cofilin in a similar way because thorough characteriza-
tion of that process, including the [cofilin]-dependence, has
been previously reported (12).

Vertebrate actin filaments have a mean length, Lavg, of ~7
mm at steady-state (Fig. 3), as previously reported (25,40).
Severing decreases the steady-state Lavg (26). Vertebrate
cofilin shortens the Lavg for vertebrate actin filaments in
a manner that scales with the density of bare and cofilin-
decorated boundaries (peak at a binding density of ~0.5;
Fig. 3 (14)), indicative of an increased actin filament
severing rate. To assess the severing rate at boundaries of
bare and cofilin-decorated segments, we modified equations
for Lavg from severing-dependent actin polymerization
models (25,26) to yield expressions relating Lavg to the
dependence of severing activity on the cofilin-binding
density (Eqs. 6–8; see Materials and Methods). The best
fit of the binding density-dependence of Lavg to Eqs. 6 and
8 indicates that the severing rate at vertebrate cofilin bound-
aries along vertebrate filaments is 10-fold greater than
within bare or cofilin-decorated clusters (ksever,sym ¼ 1 �
10�6 filaments s�1 symmetric subunit�1; ksever,boundary ¼
2.7 (5 0.5) � 10�5 filaments s�1 boundary subunit�1).
Analysis of severing rates in real-time assays (Fig. 2) yields
a comparable severing rate (ksever¼ 2.6 (5 0.1)� 10�5 fila-
ments s�1 subunit�1).
Biophysical Journal 101(1) 151–159
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In contrast to its effect on vertebrate actin, vertebrate co-
filin does not shorten the average length of yeast actin fila-
ments (Fig. 3) over a broad range of binding densities,
indicating attenuated severing activity as observed in real-
time severing assays (Fig. 2). The apparent severing rate
at bare and cofilin-decorated boundaries estimated from
the binding density-dependence of Lavg (Eqs. 6 and 7) yields
comparable severing rates at boundaries and within clusters
(ksever,sym ¼ 1 � 10�6 filaments s�1 symmetric subunit�1;
ksever,boundary ¼ �8 (51) � 10�7 filaments s�1 boundary
subunit�1; the negative value of ksever,boundary obtained
from the best fit of the data results from a reduced severing
activity). The overall apparent severing rate, accounting for
contributions from both symmetric and boundary subunits,
is 5.5 (51) � 10�7 filaments s�1 subunit�1 at the peak
boundary density, comparable to the severing rate deter-
mined in real-time assays (Fig. 2; ksever ¼ 6.1 (5 4.1) �
10�7 filaments s�1 subunit�1) and suggest that vertebrate
cofilin partially protects yeast actin from fragmentation at
intermediate binding densities (Figs. 2 and 3), the molecular
basis of which requires further investigation. More impor-
tantly, these data reveal that there is a correlation between
changes in filament elasticity and cofilin severing activity,
FIGURE 4 Modulation of the critical actin filament severing angle by cofilin.

fluctuating vertebrate muscle (A) actin or (B) cofilactin filament conformations be

vals of a thermally fluctuating vertebrate muscle actin filament partially decorated

hingelike motion. The average critical angle for severing of (D) bare vertebrate a

and cofilin-decorated segments (n ¼ 20). (Solid lines) Best fits of the data to nor

cofilactin severing angles evaluated using the ANOVA F-test indicate that a bim

Satterthwaites’s approximation, the statistical probability that we observed a di
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consistent with the hypothesis that stress accumulation at
boundaries of mechanical asymmetry promotes filament
fragmentation (8,12).
Cofilin alters the reversibility of filament bending
deformations

We measured the bending deformation at breakage sites of
freely-fluctuating filaments (Fig. 4). Observed severing
events are associated with a localized bending at the site
of fragmentation (Fig. 4). The angle at which local deforma-
tion becomes irreversible and filaments sever (i.e., critical
bending angle), depends on bound cofilin, such that cofilac-
tin filaments sever at higher critical angles than bare actin
filaments (qcrit ¼ 73 5 7� versus 57 5 9�; Fig. 4, D
and E). The critical severing angle is lowest for severing
events at boundaries between bare and cofilin-decorated
segments (qcrit ¼ 31 5 6�; Fig. 4 F) and hingelike motions
are observed before severing ((21); Fig. 4 C).

The internal shear force and work resulting from a given
filament bending deformation were estimated through simu-
lation of the elastic free energy function of a filament
segment constrained by a bending angle (see Materials
Subsequent fluorescent images acquired at 100-ms intervals of a thermally

fore fragmentation. (C) Subsequent fluorescent images acquired at 5 s inter-

with yeast cofilin (21) before fragmentation. (Arrows) Bending vertex from

ctin (n ¼ 10), (E) vertebrate cofilactin (n ¼ 10), or (F) at boundaries of bare

mal distributions. Unimodal and bimodal random fitting distributions of the

odal distribution is statistically warranted with >99.9% confidence. Using

fference between populations by chance is <0.1%.
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and Methods, and Eqs. 9–14). We assume that the internal
force orthogonal to the tangent vector reflects the shear
force. Compliant cofilactin filament bending introduces
less shear force than equivalent bending of stiffer bare actin
filaments. As a result, they sever at larger bending angles
than bare filaments; cofilactin filaments must bend more
to introduce comparable shear forces (Fig. 5).

To estimate the shear energy required to sever a filament,
the shear work across the filament diameter (d ¼ 6 nm) was
calculated from the shear force at the critical severing angle.
We estimate the shear energy associated with severing of an
actin filament to be ~20 kBT (Fig. 5), comparable to the stan-
dard free energy change associated with phalloidin-stabi-
lized filament fragmentation (DG� ¼ 28.5 kBT (27)). The
shear energy for cofilactin filament severing is estimated
to be ~10 kBT (Fig. 5), assuming a comparable shear
displacement. In this study, filaments are constrained to fluc-
tuate in two dimensions, so filament elastic free energy
contributions (Eq. 9) originating from twist-bend coupling
(41) are minimized and therefore not considered in the
calculations. The mechanical properties of filaments
partially decorated with cofilin are uncertain, so we did
not attempt to calculate the shear force and work associated
with bending at boundaries.
DISCUSSION

Isoform-dependent actin filament flexibility

Biochemical studies indicate that despite being 86% iden-
tical (94% homologous), yeast and vertebrate muscle actin
filaments display distinct functional properties that have
physiological significance, as substitution of yeast actin
FIGURE 5 Calculated applied shear force from bending of actin and

cofilactin filaments. Simulations of the equilibrium equations for an inex-

tensible elastic filament with ends constrained by an applied bending angle

are used to determine internal forces and moments. The projection of the

internal force expressed at one-half the arc-length is the applied shear force

(left axis) for a bare (red) or fully cofilin-decorated (green) actin filament

from a bending angle. The applied shear force over the diameter of a fila-

ment (6 nm) is the applied shear work (right axis) from a bending angle

and is an estimate of the energy required to sever a filament. (Asterisks)

Estimated shear force and work associated with the critical severing angles

(Fig. 4) for bare and fully cofilin-decorated actin filaments.
with vertebrate muscle actin is lethal (42). Yeast actin poly-
merizes (36,38), exchanges nucleotide (43), and releases Pi
more rapidly (44) than vertebrate muscle actin. Yeast actin
filaments ‘‘breathe’’ and bind phalloidin between adjacent
subunits more rapidly (35), twist more readily (34), and
fragment more easily (38) than vertebrate muscle actin fila-
ments. Analysis of the bending fluctuations in this study
(Fig. 1) indicates that yeast actin filaments are also more
compliant in bending than vertebrate actin filaments, consis-
tent with previous reports that they appear qualitatively
less rigid (37). The enhanced yeast actin filament bending
and twisting flexibility, structural dynamics, and suscepti-
bility to fragmentation result from weaker inter- and intrasu-
bunit filament contacts than in vertebrate actin filaments
(41,45,46).
Enhanced filament compliance promotes
severing by cofilin

Cofilin severing activity correlates with its effect on actin
filament flexibility. Vertebrate cofilin binds but has minimal
effects on yeast actin filament bending stiffness (Table 1)
and does not sever them to an appreciable extent (Figs. 2
and 3). Yeast (S. cerevisiae and S. pombe) cofilin severs
vertebrate actin filaments more efficiently than vertebrate
cofilin—as determined by a decrease in the average filament
length (Fig. 2 G; see (15,18) for S. pombe cofilin severing
analysis)—and also increases the filament bending flexi-
bility to a greater extent (Table 1). Yeast cofilin severs yeast
actin filaments similarly to vertebrate actin filaments (Fig. 2
G) and yields comparable filament elasticities (Table 1).

Cofilin binding increases the radial mass of filaments.
One would expect decorated filaments to be more stiff
than bare ones because they have a larger geometric moment
(47). However, cofilin lowers the filament stiffness, indi-
cating that the apparent elastic modulus is lower and that
the strength of filament inter- and intrasubunit contacts are
compromised (8). The observation that vertebrate cofilin
binds yeast actin filaments without altering their overall
stiffness suggest that the mass contributions to the geometric
moment are balanced by changes in the apparent elastic
modulus.
Stress accumulation promotes severing
at boundaries of bare and cofilin-decorated
segments

We hypothesized that a local asymmetry in filament
mechanics localizes stress from thermally driven shape fluc-
tuations and promotes preferential severing at the boundaries
of bare and cofilin-decorated segments along filaments
(8,14). Bending vertex and hingelike motions are observed
at breakage sites (Fig. 4), particularly at boundaries between
bare and cofilin-decorated segments (Fig. 4 C). Consistent
with stress accumulation promoting filament severing,
Biophysical Journal 101(1) 151–159



FIGURE 6 Model for cofilin-dependent actin filament severing. The

strain required to fragment a filament is reached at a critical bending angle.

A local gradient in filament bending mechanics localizes mechanical stress

from thermal fluctuations at boundaries between bare and cofilin-bound

segments which accumulates, thereby promoting the severing of filaments.
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severing at boundaries coincides with a smaller critical angle
for breakage (Fig. 4). That is, bending deformations at
boundaries are irreversible at smaller angles than within
homogenous (bare or fully decorated) filament segments.

The critical severing angle distribution of cofilactin fila-
ments is bimodal (Fig. 4 E). A small fraction (~25%) of
cofilactin severing events occurs with a critical angle
comparable to bare actin (545 4�); the majority of cofilac-
tin severing events are at a larger critical angle (73 5 7�).
This bimodal distribution suggests that a fraction of cofilac-
tin adopts a conformation with mechanical properties like
that of native actin (7,48,49), and is consistent with
multiple, isoenergetic cofilactin equilibrium conformations
identified from spectroscopic (11) and kinetic (22,50)
studies. A larger severing angle for cofilactin filaments is ex-
pected because enhanced elasticity will allow them to bend
more under an equivalent load.

The shear force and work introduced by bending a bare
actin filament is greater than on a cofilactin filament because
the former is stiffer (Fig. 5). Consequently, cofilactin fila-
ments bend more than bare filaments before severing
(Fig. 4). We note that the shear work (~10 kBT) at the cofi-
lactin filament critical angle (73�) is approximately equal to
that of a bare filament bent to the critical severing angle at
boundaries of partially decorated filaments (31�). This
observation suggests that boundaries have bare and cofilac-
tin-like properties, namely the energetic stability (i.e., shear
work needed to sever) of cofilactin and the stiffness (defor-
mation needed to introduce a given shear force) of bare actin
filaments.

Collectively, these measurements favor a mechanism in
which enhanced filament elasticity with cofilin binding
introduces a local asymmetry in filament topology and
mechanics at boundaries of bare and cofilin-decorated
segments that generates the accumulation of stress, thereby
promoting filament severing (8,14,21). According to this
mechanism, any mechanical barrier such as that introduced
by myosin motors and cross-linking proteins (provided the
filament binding densities do not completely inhibit cofilin
binding (51)) would promote stress accumulation and
severing by cofilin. In this manner, mechanical discontinu-
ities along filaments act as stress accumulators, analogous
to mechanical defects in nonprotein materials (Fig. 6 (14)).
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