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Cofilin reduces the mechanical properties of actin
filaments: approach with coarse-grained methods

Jae In Kim,†a Junpyo Kwon,†a Inchul Baek,a Harold S. Parkb and Sungsoo Na*a

An actin filament is an essential cytoskeleton protein in a cell. Various proteins bind to actin for cell functions

such as migration, division, and shape control. ADF/cofilin is a protein that severs actin filaments and is

related to their dynamics. Actin is known to have excellent mechanical properties. Binding cofilin reduces its

mechanical properties, and is related to the severing process. In this research, we applied a coarse-grained

molecular dynamics simulation (CGMD) method to obtain actin filaments and cofilin-bound actin (cofilactin)

filaments. Using these two obtained models, we constructed an elastic network model-based structure and

conducted a normal mode analysis. Based on the low-frequency normal modes of the filament structure, we

applied the continuum beam theory to calculate the mechanical properties of the actin and cofilactin

filaments. The CGMD method provided structurally accurate actin and cofilactin filaments in relation to the

mechanical properties, which showed good agreement with the established experimental results.

Introduction

Actin filaments, which are abundant and major components of the
cellular cytoskeleton, play essential roles in various cellular func-
tions such as migration, division, and shape control.1–5 Actin
filaments are polymerized with ATP-actin monomers into helix-
type filaments in a polymerization process, and the ATP-actin
monomers in actin filaments are changed into ADP-actin after
activation.2,6 Because actin filament polymerization only deals with
ATP-actin monomers and the catalytic action that changes ADP-
actin into ATP actin requires the separation of ADP-actin mono-
mers, the process of separating the ADP-actin monomers from the
filaments is truly essential in the actin polymerization process.7,8

ADF/cofilin is the protein that severs actin filaments and
enhances the motility and dynamics of filament assembly.9–11

Cofilin can sever actin filaments and create numerous free fila-
ments, which are available for polymerization or depolymerization,
and this binding induces some conformational changes in the
actin filaments.12 This means that the structural changes in the
actin filaments caused by the cofilin binding might automatically
change the mechanical properties of the filaments.

Several experimental studies have predicted the mechanical
properties of actin filaments.13,14 However, some of these
estimates were restricted by experimental limitations and the
lack of detailed information about the cytoskeletal ultrastruc-
ture, and the need to analyze the protein on temporal scales

ranging from picoseconds to nanoseconds has gained impor-
tance as the proteins are exposed to thermal fluctuations in real
physiological surroundings.15,16

As an alternative method for determining the protein’s
dynamics, a simulation such as molecular dynamics (MD)
makes it possible to elucidate the details of molecular
motions.17 The use of an MD simulation makes it possible to
understand the axial and torsional stiffness of short actin
fibrils.1,15 In addition, a steered MD (SMD) simulation of
stretching actin caused the twisting of an actin filament. In
particular, a small change in the twisting angle has been
shown. However, opposite angle change directions were found
for cofilactin and actin.1 This showed that the binding of cofilin
results in a change in the torsional behavior of actin filaments.

However, an MD simulation of an all-atom approach might
be still computationally inefficient when treating a very large
system despite recent advances in computer technology.18–20 In
particular, when analyzing actin molecules, an all-atom MD
simulation is hard to use for equilibrating their statuses, because
their sizes are large (50 556 atoms or 722.214 kDa for cofilactin
PDB: 3J0S), and a very long computational calculation time
would be needed. To simultaneously equilibrate proteins from
the Protein Data Bank (PDB) and maximize the efficiency of
the calculation, something different is needed, namely a coarse-
grained MD force field that is able to reduce the computational
time while maintaining the high accuracy of the results.

Coarse-grained force field MARTINI is based on a four-to-one
mapping.21 It represents an average of four heavy atoms as a
single pseudo-atom while still considering only four main types of
interaction sites: polar (P), nonpolar (N), apolar (C), and charged
(Q), in order to keep the model simple.22 Because MARTINI is able
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to reduce the number of atoms and simplify the force field of both
proteins and water molecules, which make up a critical portion of
the total number of atoms, the calculation time for very large
proteins (cofilactin and actin filaments) is dramatically shortened,
and two separate simulations can be conducted in a very harmo-
nious way.

The idea of an elastic network model (ENM) was proposed in the
1990s as another method for examining proteins by representing
the dynamics and conformations of proteins and molecules.23–26 As
mentioned above, MD simulations have restrictions when used to
calculate the interactions of all the atoms contained in proteins and
molecules, and a compromise between the accuracy and time
efficiency exists. However, it can achieve plausible analysis results
in a short calculation time when only alpha-carbon atoms, which
are important in forming a protein as a backbone, are extracted
from the PDB data for analyzing the globular motion of proteins.27

Currently, the interactions of the pairs of alpha-carbon atoms
located within a distance shorter than the cutoff distance are
regarded as linear springs with a generic force constant. Despite
the simplicity of ENM, they have been applied in various studies of
protein dynamics for a decade. Computational studies with ENM
have been used to calculate the low-frequency normal modes of
proteins in order to describe the conformational changes related to
protein functions,28–38 as well as to measure the mechanical proper-
ties of various cytoskeletal proteins or neurodegenerative amyloid
fibrils within acceptable ranges.39–41 It should be mentioned that,
although of an evident importance, to the best of author’s knowl-
edge, no such computational studies regarding the difference of
mechanical properties between a pure actin filament and cofilactin
filament have been found in previous references.

In this study, we analyzed how actin filaments experience
conformational changes induced by the binding of cofilins and
determined whether this conformational change could affect the
mechanical properties, including the torsional modulus of actin
filaments. In order to compare the structural differences, two
separate simulations were conducted, one for cofilactin filaments
and another for actin filaments. A coarse-grained MD simulation
was used to avoid the long computational time needed because of
the huge size of the actin filament. After the simulation, the actin
and cofilactin filaments were remodeled by lengths based on the
coarse-grained MD simulation results, and their mechanical pro-
perties were analyzed using ENM and normal mode analysis
(NMA). Finally, we calculated the mechanical properties of the
actin filaments and compared these to experimental results. We
found that the ADF/cofilin made the actin filaments flexible for
bending and torsion. In addition, the Young’s modulus and
torsional modulus of the cofilactin filaments were much lower
than those of actin filaments.

Materials and methods
Materials

Among the numerous possible types and statuses based on
factors that include the organism, binding states, and sizes,
cofilactins, which are a complex of cofilins bound to actin

filaments, are used to compare the mechanical properties of
pure actin filaments and cofilactin filaments. That is, two
cases, one for cofilactin and another for actin, have to be
simulated independently in order to compare the conforma-
tional changes that lead to different mechanical properties.
When preparing two discrete simulations, it would be ideal to
find the protein information for cofilactin and actin filaments
under exactly the same conditions.

However, it is difficult to find the protein information for
cofilactin and actin filaments with the status and type. There-
fore, the protein data for cofilactin filaments containing 12
actin subunits and 12 cofilin subunits with a length of B27 nm
found in the PDB were selected for use in a cofilactin simula-
tion (shown in Fig. 1b), and the same protein that only
contained 12 actin subunits without the 12 cofilin subunits
was used for the actin simulation (presented in Fig. 1a). A 9.0 Å
resolution cryo-electron microscopic three-dimensional recon-
struction of the cofilin-decorated actin filaments was obtained
from the PDB with a PDB code of 3J0S. The initial structures of
the cofilactin were taken from Galkin et al.42 and contained
both actin cytoplasmic derived from Gallus gallus and cofilin-2
from Homo sapiens. The resolution of the PDB is quite low, but
its atomic positions are based on high resolution structures42

and our CGMD approach is less dependent on the detailed
atomic positions. All of the structural representations are done
with VMD.43

Methods

Coarse-grained molecular dynamics simulation (CGMD).
Using information from the PDB without any treatment could
cause problems because the protein structures extracted from
the PDB could be distorted by the experimental conditions and
techniques, although the protein data could be used directly for
constructing suitable structures for an ENM analysis.44 Further-
more, the atomic structures of pure actin filaments have to be
different from those of cofilactin filaments depending on
whether or not the cofilins are bound into the actin filaments.

Fig. 1 Actin and cofilactin structural models used in the coarse-grained
MD simulations. (a) Actin filament, (b) cofilactin filament. Both filaments are
obtained from PDB with PDB code of 3J0S.
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Because we started with considering the PDB data for cofilactin,
the cofilin removed pure actin structure was not an energeti-
cally and structurally appropriate pure actin structure. To
obtain more reliable position data for the actin filaments, two
separate MD simulations had to be conducted for the pure
actin and cofilactin. Therefore, the protein structures from the
PDB had to be relaxed and equilibrated by applying the MD
simulation to enhance the reliability of the research results.

An MD simulation makes it possible to obtain reliable
atomic structures using the PDB data for both pure actin and
cofilactin. However, the actin filaments have a large size and a
large degree of freedom (50 556 atoms or 722.214 kDa for
cofilactin 3J0S), which causes difficulties in relation to the need
for a long computational time and large amount of computa-
tional resources. To overcome this problem, we applied CGMD
using MARTINI.21,22 Applying MARTINI allowed us to reduce
the degree of freedom of the actin filaments to about one fourth
compared to the all-atom structure, as shown in Fig. 2a and b.
Depending on the amino-acid’s size and type, MARTINI
describes one amino-acid with around one to five pseudo
atoms. MARTINI version 2.4 and force field MARTINI 21p were
used for two simulations via GROMACS version 4.6.5,45–48 one
for cofilactin and the other for actin. First, coarse-grained pdb
files and topology files were created using the original pdb
data and dssp files. Then, a water box was set using polarized
water molecules having 1 nm dimension from the end of the
cofilactin and actin filaments. We chose the polarized water file
because the electrostatic interactions between atoms had to be
considered to obtain a reasonable output from the simula-
tion.49 Finally, CGMD simulations were conducted under per-
iodic boundary conditions (PBC) at a constant temperature
(T = 298 K). A free dynamics simulation of the entire system
was performed for 40 ns with 2 fs time step and 20 000 000 steps
to obtain the equilibrium structure.

Elastic network model (ENM). We applied an ENM to
analyze the fluctuation behavior of the actin and cofilactin
obtained in the CGMD simulations. Seven models of different
length were built with the final position data from CGMD using
ENM. The ENM considered alpha-carbon atoms to represent
the residue of a protein, and the actin constructed using only
alpha-carbons is shown in Fig. 2c. The interaction of the alpha-
carbon atoms can be described using the harmonic potential
energy. This interaction is defined by connecting a pair of
atoms using linear springs with lengths shorter than the cut-
off distance, as depicted in Fig. 2d.

After connecting all the suitable alpha-carbon atoms, we can
evaluate the overall conformational potential of the structure.
The potential energy V for an ENM connected using harmonic
springs with a force constant g is given by

V ¼ g
2

XN
i¼1

XN
ja1

rij � r0ij

� �2
(1)

where N represents the total number of residues, rij is the
distance between two residues i and j, and superscript 0 stands
for the equilibrium conformational state.

In order to analyze the fluctuation dynamics of protein
structures via an ENM, the Gaussian network model (GNM)
was first introduced. In this model, residues were assumed to
experience Gaussian-distributed fluctuations about their mean
positions; results using this model have successfully connected
with experimental data.24,50 However, a GNM has limitations
when used to predict three-dimensional fluctuations, because it is
based on a one-dimensional model for evaluating the mean-square
displacements and cross-correlations between fluctuations.27

Therefore, an extended model containing three-dimensional
information about the residues, an anisotropic network model
(ANM), is generally applied. (We use the ENM to replace the
ANM after this because we are only considering a three-
dimensional model.) The stiffness matrix of the ENM can be
calculated through second derivations of the potential energy
in terms of x, y, and z. The second derivatives of the potential

Fig. 2 Visualization of creating an elastic network model. (a) The original
cofilactin structure composed of all atoms, (b) coarse-grained model by
using force field martini21p (four-to-one mapping), (c) coarse-grained
model reduced to just the alpha-carbon atoms, (d) zoom-in view of the
elastic network model (c) composed of alpha-carbon atoms which linear
springs are connected between.
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energy of each pair, hij, becomes a 3 � 3 matrix having nine
components. Finally, the Hessian matrix H can be written as:

hij ¼

@2V

@Xi@Xj

@2V

@Xi@Yj

@2V

@Xi@Zj

@2V

@Yi@Xj

@2V

@Yi@Yj

@2V

@Yi@Zj

@2V

@Zi@Xj

@2V

@Zi@Yj

@2V

@Zi@Zj

2
66666664

3
77777775

(2)

H ¼

h11 h12 � � � h1N
h21 h2N

..

. ..
.

hN1 hNN

2
6664

3
7775 (3)

Because the Hessian matrix is the system’s stiffness matrix,
the vibrational characteristics of the system can be easily
analyzed using a NMA such as Hq = mo2q where m is the mass
matrix of the protein structure, and o and q represent the
natural frequency and its corresponding eigen-mode, respec-
tively. As mentioned in obtaining the Hessian matrix, each pair
has a 3 � 3 matrix. The Hessian matrix has a size of 3N � 3N,
which is the same as m and q. The result has six zero modes,
which represent six rigid body motions of the system, such as
the translation and rotation of the system in the x, y, and z
directions. The other modes correspond to specific motion
characteristics of the protein depending on its globular shape,
i.e., bending, twisting, axial, and combinations of these. Low-
frequency modes appear to have global motions, and modes
with higher frequencies show local motions of the proteins.
A NMA using the ENM is especially effective for depicting the
global motion of the protein without considering the detailed
chemical interactions. In particular, for filamentous structures,
i.e., f-actin, amyloid fibrils, and tubulin, low-frequency modes
describe specific modes, which make it possible to obtain the
mechanical properties of those materials. Therefore, normally
only the least number of modes, from thirty to hundreds of
modes, is used to analyze a material’s characteristics.

Euler beam theory. Because actin filaments and cofilactin
filaments are very long relative to their circular areas, they can
be modeled as cross-sectional beams. In addition, the fact that
the filaments’ area-to-length ratio is less than 0.1 makes it
possible to apply the Euler beam theory. In the case of the free
vibration of a system, the equation of motion for the bending
and torsional vibration of a beam is written as follows:51–53

@2wðx; tÞ
@t2

þ EBI

rA
@4wðx; tÞ
@x4

¼ 0; for the bendingmode (4a)

@2yðx; tÞ
@t2

þ Gt

r
@2yðx; tÞ
@x2

¼ 0; for the torsional mode (4b)

where w and y are the transverse displacement for the bending
mode and the torsional angle for the torsional mode, respectively;
and x is defined along the longitudinal direction of a filament. In
addition, r is the mass density, A is the cross-sectional area of a
filament, EB is the bending elastic modulus, I is the second
moment of inertia, and Gt is the torsional shear modulus.

In order to solve the equation mathematically, the variables
should be separated as follows: w(x,t) = z(x)t(t), y(x,t) = f(x)t(t).
Then, the original equations for each motion are changed into
the following:

EBI

rA
d4z

dx4
� ob

2z ¼ 0; for the bendingmode (5a)

Gt

r
d4f
dx4
� ot

2f ¼ 0; for the torsionalmode (5b)

where ob
2 ¼ bn

4EBI

rA
; ot

2 ¼ np
L

� �2Gt

r
; ob and ot are the natural

frequencies for the bending and torsional modes, respectively;
and n and bn are the mode index and mode index-dependent
constant, respectively. Therefore, the mode shapes for each
deformation mode are defined as follows:

z(x) = AB
n[cosh bnx + cos bnx � sn(sinh bnx + sin bnx)],

for the bending mode (6a)

fðxÞ ¼ AT
n cos

npx
L
; for the torsionalmode (6b)

where the constants sn = 0.98, and bnL = 4.37. Finally, the
mechanical properties are related to the natural frequencies for
each mode as follow:

E ¼ rA
bn4I

ob
1

� �2
; for bending (7a)

Gt ¼
r
p2

ot
1

� �2
L2; for torsion (7b)

Using calculated Gt and polar moment of inertia J we can
calculate torsional rigidity (C) as C = GtJ. These equations
demonstrate that the mechanical properties such as Young’s
modulus and the torsional modulus of the system can be easily
computed using the above Euler-beam theory once the frequencies
are obtained from the NMA.

Results
Equilibration and structural change

We performed a 40 ns equilibration simulation with CGMD
using the previously mentioned pure actin filament and cofilactin
filament. Fig. 3 shows the root mean square deviation (RMSD)
and energy results from this equilibration simulation of our two
models. The RMSDs of the pure actin filament and cofilactin
filament indicate a structural difference between these two
models. As shown in Fig. 3a, the pure actin filament had an
RMSD of about 1.2 nm, while cofilactin had a value of B1.0 nm
(Fig. 3b). Both models were prepared using the same PDB data,
which contained cofilin bound to actin filaments. It is obvious
that the pure-actin filament showed a larger RMSD than the
cofilactin due to the elimination of the cofilin bound to the actin,
as we expected. In addition, the total energy values of both models
were calculated to examine whether or not these two models were
energetically stable. The results are depicted in Fig. 3c and d,
which exhibit stable energy behaviors for both structures.
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Clearly, the total energy values of the pure actin filament and
cofilactin filament were different, which depended on the
conformation of each actin monomer and whether or not the
cofilin was bound.

In the 40 ns equilibrium simulation, the conformational
differences between the pure actin filament and cofilactin
filament were observed after ensuring the energy minimization
and protein dynamics. Fig. 4a and b show the pure actin
filament and cofilactin filament after the equilibrium simula-
tion, respectively. The structural change is identified in com-
parison with Fig. 1. A comparison of the pure actin filaments in
Fig. 1a and 4a depicts that the shape of the external area has
changed, which indicates that each monomer experienced a
conformational change after the cofilin was eliminated. The
cofilactin shows a bent conformation after the equilibrium
simulation, which seems to be the effect of cofilin binding.
The structural changes in these two models were confirmed,
but we had to measure the difference between the two models
to build longer fibril models. The structural changes in the
centroids of each chain were continually determined. Then, we
could categorize the conformational characteristics between
these filaments using three variables: the distance between
monomers (d), twisting angle (Y), and tangential angle (j),
which are depicted in Fig. 4d with details. Here, the twisting

angle indicates how each layer is twisted, and the tangential
angle represents how much the entire filament is rotated with
respect to the major axis, respectively.

These three values of parameters were measured for the two
models, and the results are listed in Table 1. When monitoring the
conformational change, the three values for the actin filament were
all less than those for the cofilactin filament. The coarse-grained
MD simulation results indicated that the actin filament was much
straighter than the cofilactin, as the cofilin causes twisting of the
bare actin filament and makes some clefts through interaction with
the actin monomers. The greater twisting of the cofilactin indicated
that it could have more torsional flexibility than the pure actin
filament, which will be confirmed later, while the change in the
tangential angle also implied a smaller Young’s modulus for the
cofilactin filament. These conformational changes due to the bind-
ing of cofilin seemed to lead to changes in mechanical properties
such as the bending modulus and torsional modulus of the actin
filament. The straightness of the filaments can also be measured by
calculating the correlation factor (Cs), which is defined as follows:

CðsÞ
� �

¼ cos jðsÞ � jð0Þ
h iD E

¼ e
�s
2Lp (8)

where s is the segment contour length of a filament, j is the
tangential angle, Lp is the persistence length, and its value

Fig. 3 Equilibrium simulation results for actin and cofilactin structures. (a) and (b) show plots of RMSD fluctuation and potential energy of the actin
filament. (c) and (d) show the same plots of the cofilactin filament. Two simulations are guaranteed with having saturated RMSD and potential energy
during computations for 40 ns.
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defines the Lp-dependence of the tangential angle. The CGMD
results showed that the correlation factor of the actin filament
was saturated to one, whereas it decreases to 0.983 for
cofilactin. This corresponded to the previous experimental
and computational results proposing that filament subunits
with bound cofilins are less flat and maintain significantly
more open nucleotide spaces than bare filament subunits,
which could be one of the main changes caused by cofilin
and make the actin filaments more flexible in bending and
torsion.54–56

As proteins were equilibrated with saturated RMSD fluctua-
tions, and major dynamic changes were simultaneously
observed, we could stack their monomers into filaments with
different lengths. We produced seven filament samples
with lengths of 25–180 nm for each case when preparing the
ENM and NMA. Here, we produced cofilactin filaments by
stacking only actin monomers after the interaction of cofilins
via CGMD simulation, because we wanted to verify the effect
of the cofilin on the actin filaments in relation to the con-
formational change and mechanical properties induced by the
shape difference. In order to consider all the interactions
between the surrounding atoms and environment, monomers
G7 and G8 (depicted in Fig. 4c) positioned in the middle were
used as the basic elements, and all the results from the CGMD
simulation were considered.

Vibrational modes of cofilactin and actin

Eigenvalues and eigenvectors can be obtained by solving eigen-
value problems using Hessian matrices. Then eigenvectors
were analyzed individually to determine the bending and tor-
sion modes. As shown in Fig. 5, in a 10-layer-actin filament case
(L = 50 nm), the major bending mode index is equal to seven,
the torsional mode index is equal to ten (described in Fig. 5a),
and their frequencies are around 30.7 and 90.1 GHz (depicted
in Fig. 5b), respectively. These bending and torsional mode
shapes are presented in Fig. 5c and d, respectively.

We analyzed the major modes by building seven different
length models for the actin and cofilactin filaments. In Fig. 6,
we only describe the mode index and eigenvalue for the length
data of the actin filament, because the cofilactin showed
similar behavior. As the length increased, the bending mode
index maintained its value for the seven models, while the
torsional mode index increased (Fig. 6a). This indicated that
the dominant vibrational behavior of the 10-layer-actin fila-
ment was bending. The torsional mode index increased as the
length increased because the various bending modes appeared
as the filament became longer. It is obvious that as filament
gets longer, various bending mode appears as the degree of
freedom increases, which leads to increase in the number of
bending modes. However, the eigenvalues in each mode were
saturated at around zero as the length increased, which is
described in Fig. 6b. As the actin filament exceeded 100 nm,
the eigenvalues of the bending mode and the torsion mode
exhibit to be stabilized. Bending mode maintained its index
while the eigenvalue were stabilized, however, the torsional
mode index was increased while the eigenvalue was stabilized.
The eigenvalue saturations for these two major modes indicate
that we may expect stable mechanical properties for actin
filaments longer than B100 nm.

Table 1 Main parameters of characteristics showing actin and cofilactin
structural transitions after the simulations

Parameters Actin Cofilactin

Distance, d (Å) 50.06 52.25
Tangential angle, j (deg) 0 10.68
Correlation factor, Cs 1.000 0.983
Twisting angle, Y (deg) 30.68 42.15

Fig. 4 Conformation change results after coarse-grained MD simulation. (a) Visualization of the actin filament after equilibrium, (b) visualization of the
cofilactin filament. Even though (a) and (b) have identical calculation conditions, conspicuous structural differences have been noticed. (c) and (d) contain
basic information and explain definitions to illustrate conformational changes. (c) Shows 12 actin monomers (Gn) in one filament, (d) represents the
tangential angle (j) from the z-axis and twisting angle (Y) calculated from vectors (Vi, Vn) of each monomer.
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Mechanical properties of actin

Based on the ENM analysis results, the mechanical properties
of each actin filament length can be calculated by applying the
Euler beam theory. The axial area and the area moment of
inertia of the actin filament (I) were found to be 3.92 �
10�17 m2 and 1.43 � 10�34 m4, respectively, when calculating
with the previous simulation data containing position informa-
tion of the filament. Thus, the persistence length (Lp), bending
rigidity (EI), and torsional rigidity (C) are easily found using
eqn (7) and (8). In the case of the longest actin filament in our
research (L = 180 nm), we have an Lp of 10.53 mm, EI of 4.50 �
10�26 Nm2, and C of 4.37 � 10�26 Nm2. These can be compared
with experimental data to determine the reliability of the ENM
results. Our measured data and the experimental data of other
groups are listed in Table 2. Our calculated values for C and EI
fit well in the known range of values for actin filaments.57

Various groups have investigated the bending rigidity of
actin filaments. Oosawa found bending rigidities of 2–7 �
10�26 Nm2 through either observing the thermal fluctuations
of individual single filaments using a microscope or employing
active micromanipulations.58 Yanagida et al., Gittes, and Ott
et al. applied fluorescence microscopy to record the thermal
fluctuation and find the bending rigidities. Yanagida et al.
found a value of 6.5 � 10�26 Nm2 in the presence of Ca2+ and
ATP by measuring the end-to-end distances and contour

Fig. 5 The results of vibrational analysis for an elastic network model of a 10-layer-actin filament. (a) Mode indices, (b) frequencies for bending and
torsion, respectively. (c) and (d) represent each mode shape.

Fig. 6 Plots of mode indices and eigenvalues (l) along the length of the
actin filament. (a) Shows that the mode index of bending is equal in whole
lengths and that of torsion increases as length increases. (b) Shows that
eigenvalue of each mode saturates with increased lengths.

Table 2 Comparison of mechanical properties of the actin filament
between the results of the elastic network model and experiments

Method ENM Experiment

Lp (mm) 10.53 9.856 (�0.14)
EI (10�26 Nm2) 4.50 1.5–8.758–65

C (10�26 Nm2) 4.37 0.14–8.562,66–68 (�1.3)
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lengths, and Gittes et al. and Ott et al. found values of
7.3(�0.44) � 10�26 Nm2 and 6.8(�0.14) � 10�26 Nm2 using a
sophisticated Fourier-mode analysis in the presence of Mg2+

and an analysis of the correlation between the tangents along a
filament, respectively.59–61 Yasuda et al. repeated fluorescence
experiments using phalloidin-stabilized actin filaments with a
tangent correlation analysis and found bending rigidities of
5.8(�0.1) � 10�26 Nm2 with Ca2+ and 6.2(�0.1) � 10�26 Nm2

with Mg2+.62 Isambert et al. more thoroughly explored the
influence of a nucleotide bound divalent cation, and the
presence or absence of phalloidin, as well as the tropomyo-
sin–troponin regulatory complex, and found a bending rigidity
of 3.2–8.7 � 10�26 Nm2.63 When optical tweezers were applied
by Dupuis et al. and Riveline et al., these groups found values of
1.5 � 10�26 Nm2 and 3.0 � 10�26 Nm2, respectively.64,65

There are many references to the torsional rigidity of an
actin filament. Tsuda et al. found a torsional rigidity of
8.0(�1.2) � 10�26 Nm2 with a buffer containing Mg2+ rather
than Ca2+.66 Yasuda et al. bound an actin filament in a straight
configuration to two beads and then used optical tweezers.
They found bending rigidities of 8.5(�1.3) � 10�26 Nm2 with
Ca2+ and 2.8(�0.3)� 10�26 Nm2 with Mg2+.62 Yoshimmura et al.
calculated a torsional rigidity of 0.2 � 10�26 Nm2 by resolving
the rotational motion through monitoring of the transient
absorption anisotropy.67 Finally, Prochniewicz et al. reported
torsional rigidities of 0.14 � 10�26 Nm2 with Ca2+ and phalloi-
din and 0.25 � 10�26 Nm2 without phalloidin.68

Various experiments have found different values for the
mechanical properties of actin. However, these depend on the
type of actin, experimental methods, and experimental condi-
tions. It is necessary to focus on the range of the mechanical
properties. The data gathered from experiments are listed in
Table 2. Here, Lp appears to have a value of 10.53 mm; EI shows
values of 1.5–8.7 � 10�26 Nm2, which have the same order of
magnitude; and C is calculated to have a range of 0.14–8.5 �
10�26 Nm2, which shows a difference of one order of magnitude
between the minimum and maximum values. However, these
ranges for the mechanical properties of actin are accepted
values because of the different conditions.57 The mechanical
properties that we calculated using the ENM results are not
identical to all of the experimental data. However, three proper-
ties fit the ranges of the experimental data. As previously
mentioned, the important point is the range of values because
the experimental data do not have exactly the same values. Our
mechanical property data were calculated using the ENM,
which lacked detailed chemical interactions between the side-
chains of the protein. However, it has been proven that the
ENM can measure the mechanical properties of fibril struc-
tures, which may be considered a beam model using the
continuum theory.39–41 The ENM is capable of measuring the
mechanical properties because it is a structure-dependent
model. The simple harmonic interactions between alpha-
carbons cannot describe interactions such as the van der Waals
interactions and electrostatic interactions. However, it has been
shown that the global motion of a structure is well depicted
by applying the ENM.23,28–31,35,36,38,50,69 For a known case, the

low-frequency normal modes describe the global motions of
proteins. In addition, the global motions for fibril-shaped
structures include the bending, torsion, and axial modes. Thus,
we can accurately describe these important major modes with
their mechanical properties, which makes it possible to find
mechanical properties of actin filaments that are similar to the
experimental results.

Comparison of mechanical properties of actin and cofilactin

Many previous experiments have found that cofilin makes actin
filaments flexible in bending and torsion.55,56,70,71 Computa-
tional approaches have also been used to study the conforma-
tional changes in actin filaments induced by cofilin, but its
mechanical properties have not yet been verified via computa-
tional calculations. Our objective in this work was to analyze
cofilin’s effect on the mechanical properties of actin filaments.
We compared the mechanical properties of cofilactin and actin
filaments to follow up on the previous experimental work. As
previously mentioned, we constructed two different models to
describe the cofilactin and actin filaments using the ENM. The
binding of cofilin causes a conformational change in pure
actin. Thus, to measure the mechanical properties, the cofilin
had to be removed. We removed the cofilin because the ENM
cannot describe the chemical effect of weakening of the actin
filament. All the residues were described using the alpha-
carbon, and the interactions were described using only the
harmonic potential, which means that the structure was actually
described as a single material beam. Therefore, including cofilin
in cofilactin merely involves adding a large axial area, large mass,
and large stiffness compared to pure actin. Thus, we considered
only the actin part from the equilibrated cofilactin structure to
construct the ENM, which had a similar axial area and the same
mass as the pure-actin-based ENM.

Following eqn (7) and (8), we calculated E, G, and Lp for both
the cofilactin and actin filaments. The results for these three
mechanical properties of the cofilactin and actin filaments are
depicted in Fig. 7a–c respectively. We first calculated Young’s
modulus for two models with different lengths. For the actin
filament, Young’s modulus seemed to stabilize at around
B300 MPa for a length greater than 75 nm. It increased from
150 to 300 MPa when the length was increased from 25 to
75 nm. Young’s modulus for the cofilactin experienced a
smaller change than the actin filament. The total increase in
the Young’s modulus for cofilactin was approximately 40 MPa
when the length was increased from 25 to 200 nm. The
saturated Young’s modulus values for the actin and cofilactin
filaments were 300 and 175 MPa, respectively. The actin fila-
ment had a Young’s modulus that was about twice that of the
cofilactin filament. It was obvious that cofilin binding wea-
kened the Young’s modulus of the actin filament, as previously
reported.56 However, the Young’s modulus values of our two
models fit the existing range for actin.57

We examined the torsional modulus for the actin and
cofilactin filaments to investigate the effect of cofilin binding.
For filamentous structures such as actin, amyloids, and tubu-
lin, bending is a major property of interest. However, actin is a
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twisted structure, and it is known to have a twisting effect when
tensile forces are applied.1,17 In addition, cofilin is known to
increase the torsional flexibility of actin when it is bound to it.55

Thus, we expected the cofilactin filament to have a different
twisted angle than the actin filament, as well as a different
torsional modulus. The torsional modulus results for the two
models are described in Fig. 7b. The torsional modulus of the
actin filament maintained a value of about 150 MPa for the
seven models with different lengths, and this behavior agreed with
that of the fibril-shaped structures found in other studies.39,40

However, the cofilactin filament demonstrated a unique behavior
where the torsional modulus decreased when the length increased.
For the shortest filaments (25 nm), the cofilactin and actin did not
show a significant difference in their torsional modulus values.
However, the cofilactin showed a torsional modulus drop of about
50 MPa, and it was maintained at B100 MPa. It was obvious that
the cofilin binding caused the actin filament to have a smaller
torsional modulus than the actin filament alone.

We evaluated the persistence lengths of the actin and
cofilactin filament depicted in Fig. 7c. The persistence length
is a factor that defines the length of a material in relation to its
behavior as an elastic beam or a chain. It is a mechanical
property that can show the difference between actin and
cofilactin filaments. We measured the persistence length using
eqn (8), which considers the correlation factor measured by the
tangential angle of the actin filament. Measuring the persistence
length using this process made it possible to compare the
simulation results with experimental results from the viewpoints
of the structural and mechanical properties. As previously
mentioned, the actin and cofilactin filaments in our simulation
appeared to have different tangential angles because the
cofilactin had a bent form after the equilibration process.
Therefore, the correlation factor showed different values for
the two models, and the persistence length followed this flow.
The persistence length of the actin filament approximately
doubled, increasing from 5 to 10.5 mm, when the filament
length increased. The persistence length of the actin filament
stabilized when the length reached 100 nm. The experimental
results gave an actin-filament persistence length of 9.8(�0.14) mm,
which was practically the same as our measurement.56 This was
due to the correlation factor of the actin filament, where a pure
actin filament maintained a value greater than 0.9 with a filament
length of up to 3 mm. The simulation result showed that the actin
filament had a correlation factor of one, which meant it had a
straight filament form. The cofilactin filament had a smaller
persistence length of 6.5 mm, which was smaller than that of
the actin filament. This indicated that the range in which the
cofilactin worked as an elastic beam was shorter than that of the
actin filament, and must be related to the cofilin binding effect.
However, in the experimental results, the persistence length of the
cofilactin was smaller than ours at 2.2(�0.026) mm.56 This was
related to the configuration of the cofilactin with a long length.
For an experimental result, the correlation factor for a cofilactin
filament upto a length of B5.5 mm was calculated, and it started
from 1 and dropped to B0.28. Compared to the actin filament,
this is a huge drop in the correlation factor, which indicated that
the configuration of the cofilactin filament was much more bent.
Compared to the experimental model, our simulation model’s
maximum length was just about 180 nm. Even the experimental
cofilactin filament had a large correlation factor for this short
length, similar to our simulation model. Thus, considering the
limitation on the total length of the cofilactin filament and the
relationship with the correlation factor, the persistence length
measured with our model was reasonable. However, it would be
more meaningful to measure the persistence length for a longer
filament to show the change due to cofilin binding.

Fig. 7 Comparisons of mechanical properties between actin and cofilac-
tin filaments. (a) Young’s modulus, (b) torsional modulus, (c) persistence
length with increased lengths. (a)–(c) Indicate that mechanical properties
of cofilactin are less than those of actin and actin structures affected by
cofilins are flexible in bending and torsion.
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Discussion

In this study, we examined the mechanical properties of actin
and cofilactin filaments and analyzed cofilin’s effect on an
actin filament using a CGMD simulation with MARTINI and an
ENM. The CGMD results demonstrated that cofilin causes the
actin filaments to be more twisted and crooked from the
viewpoint of conformational changes. The ENM results
explained that the mechanical properties of actin structures
affected by cofilins are smaller than those of pure actin
filaments. Those results are similar to the results of various
experimental or simulation methods. Therefore, this study is
beneficial because it provides fundamental insights and shows
that computational calculations are also helpful in explaining
biophysical phenomena and experimental conclusions in a very
efficient manner. Unfortunately, there are many voices arguing
that computer simulations, especially with an ENM, have
limitations and cannot exactly verify the biological roles or
functions of bio-structures. The reasons are based on the fact
that an ENM only manipulates the positions of alpha-carbon
atoms located at a subjectively fixed cutoff distance, which is
also drastically coarse grained, and the information is based on
PDB, which is not equilibrated. In order to overcome these
issues and verify the reliability of our work, we carefully
compared the mechanical properties of actin filaments with a
large quantity of experimental data and also applied MD
simulations to stabilize the positions of the atoms saved in
the PDB. Even though the size of the actin filaments was too
large to use an all-atom MD simulation, MARTINI (CGMD
simulation) was applied instead, and we successfully equili-
brated the positions of the atoms and used these as a basis for
structuring the ENM.

However, there were still limitations due to using the ENM
in our research. Our results showed that our cofilactin filament
fit the configuration behavior found in experimental results,
but it was obvious that we did not make longer filaments that
included cofilin. Therefore, we might have missed some
chemical effects that occur when cofilin is bound to actin in
longer filaments. However, a large quantity of computational
resources is required to simulate a large filament structure
such as actin. Our approach is another way to consider large
structures such as actin filaments.

In conclusion, coarse-grained MD results and ENM results
could provide data similar to experimental results and explain
the general conformational change tendency when cofilin was
added to actin filaments. Furthermore, it would be possible to
simulate the mechanical properties of cofilactin, including
cofilin, using such CGMD methods, or to enlarge the filament
structure using the data obtained from computational studies.
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