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Abstract

Systematic numerical investigations of conformational motions in single actin molecules were performed by employing a
simple elastic-network (EN) model of this protein. Similar to previous investigations for myosin, we found that G-actin
essentially behaves as a strain sensor, responding by well-defined domain motions to mechanical perturbations. Several
sensitive residues within the nucleotide-binding pocket (NBP) could be identified, such that the perturbation of any of them
can induce characteristic flattening of actin molecules and closing of the cleft between their two mobile domains. Extending
the EN model by introduction of a set of breakable links which become effective only when two domains approach one
another, it was observed that G-actin can possess a metastable state corresponding to a closed conformation and that a
transition to this state can be induced by appropriate perturbations in the NBP region. The ligands were roughly modeled as
a single particle (ADP) or a dimer (ATP), which were placed inside the NBP and connected by elastic links to the neighbors.
Our approximate analysis suggests that, when ATP is present, it stabilizes the closed conformation of actin. This may play an
important role in the explanation why, in the presence of ATP, the polymerization process is highly accelerated.
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Introduction

Actin is one of the most abundant proteins of the living cell. It
builds part of the cytoskeleton and is involved in cell motility,
transport inside the cell and muscle contraction [1]. A property of
this protein, essential for its biological functions, is that it can
polymerize forming long helical filaments. Actin is also an enzyme
catalyzing hydrolysis of adenosine triphosphate (ATP) into its
products adenosine diphosphate (ADP) and inorganic phosphate
(P;). It is well known that, in the presence of ATP, the
polymerization process is greatly accelerated [2,3]. Because of its
importance, extensive experimental investigations of actin have
been undertaken and a large amount of data is available. By using
X-ray crystallography, equilibrium structures of actin monomers
(G-actin) in complexes with ADP [4] and ATP together with other
proteins [5,6] have been determined. Employing cryo-electron
microscopy, the equilibrium structure of filaments (F-actin) could
be identified with high resolution [7-11]. Fluorescence resonance
energy transfer (FRET) investigations of filaments have been
performed, revealing the dynamics with transitions between
distinct conformational states [12]. Nonetheless, many functional
aspects of actin are not yet fully understood. Particularly, this
refers to the role of ATP and the effects of nucleotide binding and
hydrolysis reaction. Theoretical studies of actin models should
contribute to the clarification of such aspects.
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In enzymes, binding of ligands and catalytic conversion
reactions are often accompanied by conformational changes, so
that pronounced mechanochemical motions take place inside these
proteins (see, e.g., [13-15]). Moreover, catalytic reactions and
binding or release of ligands may also be affected by the
application of external strains. This has been recently directly
demonstrated for myosin, which, being a molecular motor, is also
an enzyme catalyzing ATP hydrolysis. Depending on the direction
of the applied force, coupling of myosin to actin filaments [16] and
its ADP affinity [17] could be controlled. Thus, myosin could be
seen as a single-molecule mechanical sensor, with chemical events
being sensitively modulated by the strains which were externally
applied.

The strain-sensor behavior of myosin in response to the
application of external forces to its tail was confirmed in recent
theoretical investigations [18]. It was furthermore found that the
protein responds by definite conformational changes to the forces
applied to individual residues in the nucleotide-binding pocket
(NBP) and such characteristic responses are strongly sensitive to
the choice of the residues to which the perturbations are applied.
Thus, the strain-sensor behavior can also underlie intrinsic
mechanochemical motions in myosin, i.e. its responses to binding
and detachment of ligands. In the present work, a similar
investigation of mechanical properties and intrinsic responses is
undertaken for G-actin.
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A detailed theoretical description of mechanochemical confor-
mational motions in proteins can be provided by all-atom
molecular dynamics (MD) simulations. The difficulty encountered
is that such motions are typically on the scale of milliseconds or
longer, whereas, in full MD simulations, only the dynamics on
much shorter time scales can be resolved. To overcome this
limitation, various acceleration methods have been proposed (see,
e.g., [19-22]) and specialized hardware for efficient MD
simulations is being developed [23-25]. By using accelerated
MD simulation methods, conformational dynamics of actin
monomers has been investigated and responses due to interaction
with ATP and other ligands have been analyzed. Nucleotide-
dependent folding of the flexible DNase-I binding (DB) loop could
be observed [26,27]. It was demonstrated that the nucleotides
induce significant local deformations in the region of the ATP
binding pocket which can become partially closed [27].

An alternative to all-atom models of proteins is provided by
coarse-grained dynamical descriptions. Various such descriptions
have been proposed (see a review in Ref. [28]) and the Go-like
models [29-32] deserve to be particularly mentioned. In the last
years, elastic-network (EN) models of proteins became increasingly
popular [33-41]. In this approach, amino acids are replaced by
identical point particles and the interactions between residues are
approximated by introducing elastic links between such particles,
so that an elastic network is obtained. The links have different
natural lengths, but, as often assumed, the same stiffness. The
architecture of the elastic network, i.e. the pattern of connections
between its nodes, is constructed on the basis of experimentally
known equilibrium conformation of a protein. Several variants of
the EN approach exist and the method known as the anisotropic-
network model [42,43] is used in our investigations.

Despite their high degree of simplification, EN models have
turned out to be remarkably effective. Investigations revealed that
such models can predict ligand-induced conformational changes
and describe thermal fluctuations (B-factors) in many proteins [39—
47]. While much attention has been paid to the normal-mode
analysis corresponding to linearized EN models, full nonlinear
equations of relaxational EN dynamics were also explored [18,48—
53]. It was shown that EN models can be extended to include the
possibility of partial unfolding and refolding of proteins
[36,37,54,55]. Effects of hydrodynamic interactions with the
solvent can be incorporated into the EN models [56,57] and
thermal fluctuations can also be considered in the framework of
this approach. Entire operation cycles of the molecular motor
hepatitis C virus (HCV) helicase [52] and of the enzyme adenylate
kinase [56] could be effectively reproduced within the EN
simulations.

There is one property of elastic-network models which makes
them particularly appealing. Since all residues are pictured as
identical point particles, irrespective of their actual chemical
structure, and because interactions between the particles do not
depend on the chemical nature of the corresponding residues, EN
models turn out to be stripped of almost all chemical details. In this
rough approximation, a protein is viewed as a mechanical object,
i.e. as a complex elastic network. Therefore, by studying such
models, one can investigate purely mechanical aspects of
conformational protein dynamics, distinct from the chemical
aspects. By using the EN approach, we have previously analyzed
large-scale conformational responses of myosin-V to the applica-
tion of forces to individual residues in its various functional
regions, including the NBP [18]. Thus, the strain-sensor behavior
in this motor protein could be demonstrated and the results of the
single-molecule experiments [16,17] could be explained. In our
EN study of HCV helicase, interactions with the double-strand
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DNA have been taken into account and the ratchet inchworm
mechanism of translocation and DNA unwinding could be directly
verified [52].

Previously, conformational dynamics of G-actin was investigat-
ed through the normal-mode analysis using an all-atom descrip-
tion for the protein and its ligands [58]. Two slow modes,
corresponding to characteristic propeller and scissor motions of the
principal domains, were found. However, such normal-mode
analysis is strictly applicable only for small-magnitude conforma-
tional motions, so that the linearization of dynamical equations in
terms of atomic displacements is still justified. In contrast, large-
magnitude mechanical motions in G-actin are considered in this
study. Our analysis goes beyond the normal-mode description and
is based on full nonlinear equations of the EN approach.
Moreover, emergent (and breakable) elastic links are introduced
into the model, so that, in addition to the equilibrium state of the
network, its metastable stationary states appear. Note that a
nonlinear double-well EN model has previously been employed to
consider the coil-to-helix transition of the DB loop in G-actin [59].

Our aim was to systematically probe mechanical responses of
the actin macromolecule and to understand internal organization
of its dynamics. As we have found, two mobile actin domains are
able to perform well-defined large-scale motions. They can come
so close to each other that additional interactions between the
residues from different domains develop; thus the actin can get
locked in a metastable closed state. Furthermore, our detailed
study of mechanical sensitivity of the molecule to application of
various perturbations in the nucleotide-binding region has
revealed that characteristic global domain motions can also be
casily induced by application of only local perturbations to some
selected residues in the NBP. Binding of nucleotides and the
hydrolysis reaction lead to local mechanical perturbations in the
NBP and, in this way, can induce characteristic large-magnitude
motions of mobile domains. In the coarse-grained EN models,
chemical aspects of ATP binding cannot be adequately resolved.
In the future, more elaborate investigations combining the EN
approach with local MD simulations may be needed to
systematically study such processes. In the present study, such
effects were approximately considered by placing a fictitious ligand
dimer into the actual nucleotide binding pocket and by
introducing elastic links between the ligand and the nearest
residues. We have found that binding of a model ligand, imitating
the ATP, can stabilize the closed state of actin and induce a
transition to this state from the equilibrium open state of the
molecule. This observation can be important for understanding
the role of ATP in the polymerization process.

Results

In this study, actin is described in terms of the coarse-grained
anisotropic network model [42,43]. In the EN approach, a protein
is considered as a mechanical object formed by a network of beads
connected by elastic links. The network structure is deduced from
experimental data. In Fig. 1, G-actin in its ribbon representation
and the corresponding elastic network are shown. Each residue is
modeled as a bead and neighboring amino acids are connected by
elastic links with the same stiffness if their equilibrium distance is
smaller than a certain cutoff length /y. Thus, the elastic energy of

the network is E¢ =(x/2) Ziq Ai,-(di,-—d;]p))z. Here, k is the
stiffness of the elastic links, Aj the connectivity matrix, dj; the
distance between nodes and dfjo) the corresponding equilibrium

distance. The equations of motion describing the dynamics of the
actin elastic network are formulated in the Methods section. Note

October 2012 | Volume 7 | Issue 10 | e45859



Figure 1. Actin and its elastic network: (A) G-actin in the ribbon
representation, colored according to its subdomains S1
(orange), S2 (yellow), S3 (blue) and S4 (green). The bound ADP
molecule (red) is shown. (B) The elastic network of G-actin, colored in
the same way. Magenta dotted lines indicate breakable links (Lennard-
Jones type bonds) between some residues (also marked magenta) in
the subdomains S2 and S4. The nucleotide-binding pocket (NBP) is
schematically displayed.

doi:10.1371/journal.pone.0045859.g001

that in the rescaled units used, the forces are measured in A, i.e. a
force of F=1A stretches a single elastic link by 1A.

As a reference state for the construction of the elastic network,
the uncomplexed G-actin in the ADP-bound state (PDB ID: 1J6Z)
was used [4]. For comparison, the elastic network of the F-actin
model (PDB ID: 3MFP), obtained by fitting to cryo-electron
microscopy data, was chosen [11]. The G-actin data consists of
372 residues divided into two major domains, known as the outer
and the inner domains. They are separated by a cleft in which the
nucleotide binds. Traditionally, each of them is further divided
into two subdomains [60]. The outer domain contains subdomains
S1 (residues 1-32, 70-144 and 338-372) and S2 (residues 33-69).
Part of subdomain S2 is the DB loop playing an important role in
inter-subunit binding. The inner domain consists of subdomains
S3 (residues 145-180 and 270-337) and S4 (residues 181-269).
Figure 1A shows the subdomain structure of the actin monomer.

In our simulations, positions of all residues were determined at
each integration step and, therefore, complete information about
conformational motions was available. This full data was used,
e.g., when conformational snapshots were constructed or videos of
characteristic conformational motions were generated. For concise
characterization, we have additionally used a set of three order
parameters followed in the simulations. Specifically, distances L3
and Lj4 between the centers of mass of S1 and S3 and the centers
of mass of S2 and S4, respectively, were chosen. As the third order
parameter, the dihedral angle 0, i.e. the angle between the plane
defined by the mass centers of S1, S2 and S3 and the plane defined
by the mass centers of S1, S3 and S4, was taken.The distance Lo4
characterizes the scissor-like motion of the two mobile domains,
while the angle 0 provides a characterization of the propeller-like
twist (see below). The three chosen order parameters show large
variation when experimentally known conformations of G- and F-
actin are compared. It should be noted that these order
parameters agree with the dynamical variables employed in the
coarse-grained four-domain description of the actin filament by

Chu and Voth [61].

Domain motions and metastable states

In the first part of our study, characteristic global motions of
actin domains, shown in Fig. 1, were investigated. Our attention
was focused on large-magnitude motions for which nonlinear
effects were essential and where metastable protein conformations
could be approached. To systematically explore the mechanics of
G-actin, randomly generated static forces were applied to all
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residues forming the protein and, by integrating equations (3),
various deformed states were obtained. Additionally, we consid-
ered conformational relaxation processes from such deformed
states to the equilibrium conformation of G-actin once the external
forces had been removed.

Generally, application of a static force induces rigid translations
and rotations of the entire protein. To eliminate such effects,
additional balancing forces were computed at each integration
step and applied to the network. They were chosen in such a way
that only global translations and rotations could be caused - and
thus compensated - by them, without any internal deformations
arising. This immobilization procedure was the same as in Ref.
[18], where its detailed description can also be found. We have
always used it in the presence of external forces in our current
investigations.

To generate static forces, for each residue a direction was
randomly chosen and the force magnitude was randomly selected
from the interval between 0A and 0.09A. Such independently
generated random forces were applied to all network nodes and a
new stationary configuration of the network in the presence of the
forces was determined by integrating for sufficiently long time the
equations of motion (3), until a stationary state in the presence of
forces was reached. Subsequently, the forces were lifted and a
conformational relaxation process was followed by integrating the
same equations.

Figure 2 displays results of such simulations for 100 different
choices of random forces and, thus, for 100 different relaxation
trajectories. The initial positions of the trajectories correspond to
the stationary states of the network in the presence of random
external forces. Hence, they characterize conformational responses
of the network. As we see, the distance Ly4 between subdomains
S2 and S4 can change considerably, i.e. up to 15%, and the
dihedral angle 0 between the inner and outer domains can
undergo variation up to 15 degrees. Significant changes in the
distance L3 between the lower subdomains S1 and S3 were not
found in our simulations. The experimentally observed difference
of about 13% in the distance L3 in F-actin, as compared to the
equilibrium state of G-actin, can be a consequence of the
interactions between monomers in the actin filament.

When external forces were switched off, the network was
undergoing relaxation back to its equilibrium conformation. The
relaxation trajectories starting from different initial deformed
states are displayed in Fig. 2. The end points of the trajectories
(green dots) correspond to the finally reached states; the farthest
points of the trajectories represent the starting positions. There are
only two such end points in Fig. 2. One of them lies in the origin of
coordinates and thus corresponds to the equilibrium state of the
elastic network. We have checked that the second state
corresponds to a small buckling of a single residue within the
flexible part of subdomain S4 and thus represents only a slight
local modification of the equilibrium state. Even after relatively
large deformations the network always returns to the equilibrium
state or to its slight modification.

Thus, we see that the two principal mobile domains of actin are
able to perform large-magnitude motions characterized by
substantial changes of the distances between S2 and S4, as well
as of the dihedral angle between the two mobile domains. The
displacements of residues, accompanying such motions, are large
and the linearized description and the normal-mode analysis are
not justified in this case (cf. the discussion in Refs. [18] and [51]).
Nonetheless, such approximate descriptions can be still employed
for qualitative understanding and interpretation of the observed
motions.
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Figure 2. Responses to global perturbations. 100 relaxation trajectories (red curves) start from different initial conditions,
generated by application of random, globally distributed static forces. Each trajectory begins from a stationary state obtained after
application of a different random set of static forces. Such forces are removed when the subsequent relaxation trajectories are considered. The final
states for each of these trajectories are marked by green points. Panel B shows the projection of relaxation trajectories on the plane defined by the
dihedral angle and the distance between the mass centers of the two mobile subdomains.

doi:10.1371/journal.pone.0045859.9g002

We have computed the normal modes of G-actin in the
framework of the EN approximation used in the present study (see
Supplementary Movies). The slowest normal mode of the elastic
network corresponds to the propeller-like twist of the two mobile
domains which can be well characterized by the dihedral angle
(see Movie S1). The second slowest normal mode represents the
scissor-like opening or closing of the two domains, as seen in
Movie S2. These characteristic motions have been previously
identified by Tirion and ben-Avraham [58] in the framework of a
different normal-mode analysis where all actin atoms were
resolved and only angle variations of the bond angles were taken
into account. They are well reproduced in the anisotropic EN
model used in our study.

Our analysis based on full nonlinear equations of the elastic
network indicates that, for some large-amplitude motions, the cleft
separating subdomains S2 and S4 almost disappears, so that the
residues belonging to opposite domains could come near one to
another. In such situations, the EN model needs to be modified, as
explained below.

When an elastic network for a protein is constructed, distances
between all pairs of residues in the equilibrium reference state are
checked and elastic links are introduced whenever the distance
between a pair is shorter than the cut-off length. Suppose now that
some residues, well separated at equilibrium, come close when a
perturbation is applied. If we want to follow the concept of the EN
approximation, additional links connecting such residues would
need to be introduced once they are close one to another. Such
emergent (and breakable) links cannot be elastic, instead they
should be described by a pair interaction potential which becomes
flat as the distance between the particles increases. Hence, they
would be effectively present only when the two particles are close
one to another - and would disappear when the particles are far
apart.

To allow such bonds to emerge, we add into the EN model a set
of breakable links between those G-actin residues from opposite
domains which are connected by elastic links in the EN model of
F-actin. Thus, the original EN model of G-actin is expanded by us
through the introduction of five additional breakable links
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connecting pairs of residues 62-204, 63-203, 63-204, 66-203
and 67-203. The new links are described by truncated Lennard-
Jones potential (6) with the interaction parameters given in the
Methods section, where also further details and discussion can be
found.

Taking the expanded EN model, global mechanical responses of
the elastic network were examined and its relaxation trajectories
were explored using the same procedure as described above for the
original network. The results are displayed in Fig. 3A. Not
surprisingly, the relaxation behavior remains essentially the same
in the neighborhood of the equilibrium reference state of G-actin,
which defines the origin of coordinates. However, an important
change is observed in the region corresponding to the closed actin
conformations. Previously, such conformations could be easily
visited in response to mechanical perturbations, but the network
was always returning from them back to the equilibrium reference
state (cf. Fig. 2). In contrast, the expanded EN model of G-actin
possesses a new stationary closed state, stable with respect to
sufficiently small perturbations. Its origin is clear: if the two mobile
subdomains are brought close enough one to another, cross links
connecting them are established and, thus, the closed actin
conformation becomes locked.

Actually, not one, but two closed metastable states of actin can
be discerned in Fig. 3A. A detailed examination of them reveals
that they differ only by local buckling in the flexible region of
subdomain S4, involving a single residue, whereas the global
domain configuration is the same in both of them. As can be seen
in Fig. 3A, the metastable state is characterized by a closed cleft
between subdomains S2 and S4 and a smaller dihedral angle 0, i.e.
by a flattening of the molecule.

Summarizing the results of our investigations, we conclude that
large-amplitude propeller and scissor motions of the principal
mobile domains can take place in the elastic network of G-actin.
These motions are generic and the protein responds by them when
random globally distributed perturbations are applied. Moreover,
we find that, in the expanded version of the EN model, the protein
can also be found in the closed stationary conformation which
represents its new metastable state. A transition from the
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Figure 3. Responses to global perturbations (A) and to local pertubations of sensitive residues in the NBP region (B) are shown in
the presence of breakable bonds. 100 relaxation trajectories (red curves) start from random initial conditions. The final states for each initial
deformation are marked by green points. In addition to the equilibrium, metastable closed states are observed.

doi:10.1371/journal.pone.0045859.g003

equilibrium reference conformation to this metastable state can be
induced by applying appropriate perturbations to the network
nodes.

Responses to perturbations in the nucleotide-binding
pocket

When nucleotides (ATP or ADP) are bound to actin, this leads
to local mechanical perturbations in the NBP. This pocket is
located at the bottom of the cleft separating subdomains S2 and S4
(see Fig. 1). It includes a number of residues which are identified
below. In the second part of our study, domain motions induced
by application of static forces to individual residues in the NBP
region were systematically probed.

Our attention was focused on the perturbations corresponding
to the transition from the ADP- to the ATP-bound states of G-
actin. The nucleotide-free state is less relevant in the context of
actin polymerization and it was not analyzed here. As the
reference conformation, the ADP-bound state (PDB ID: 1]J6Z) was
always taken. When ATP is instead bound, this means that the
phosphate P; is additionally present in the pocket. Hence, only the
residues in the neighborhood of phosphate should be directly
affected. They are residues 12-16 in the S-loop, residues 71-75
(with the methylated histidine at the position 73) in the H-loop,
residues 155—160 in the G-loop, and residue 301 in the subdomain
S3.

Our analysis was performed similar to the previous investigation
for myosin-V [18]. To probe the responses, static forces with
randomly generated orientations and a fixed magnitude were
applied to an individual residue in the chosen set, equations of
motion (3) were integrated and pair distances between the
subdomains, as well as the dihedral angle, were determined in
the new stationary state.

To probe mechanical sensitivity of each residue, 200 simulations
have been performed for each probed residue. In each of these
simulations, a static force with randomly generated orientations
and the magnitude f'=4A was generated and the subdomain
distances L3, Log and the dihedral angle 0 were determined in the
resulting stationary state. For each residue the maximum response
over the ensemble of 200 realizations was taken to characterize the
sensitivity of this particular residue with respect to a certain
distance or the dihedral angle.
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The results of the sensitivity analysis are presented in Table 1.
As we see, the maximal induced changes of the distance L3
between subdomains SI and S3 were always small and not
essential. In contrast, both the distance Ly4 and the dihedral angle
0 could change substantially when perturbations to certain
residues were applied. According to Table 1, the sensitive residues
are 15, 16, 72, 73, 158 and 159. Applying forces of magnitude
f'=4A to such residues, dihedral angle changes of more than 6.9
degrees and relative domain distance L4 changes of more than
11% could be induced. The sensitive residues are additionally
displayed in Fig. 4. Note that pairs of sensitive residues are located
within each of the three important loops S, H and G.

In the above sensitivity analysis, the original EN model was
employed. As we have shown in the previous section, this model
can be, however, expanded by including a set of breakable links

H-loop

Figure 4. Residues in the neighborhood of the phosphate P;
(red cross) which belong to the three sensory loops G, H and S
inside the NBP. Red beads indicate the sensitive residues as identified
in Table 1.

doi:10.1371/journal.pone.0045859.g004
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Table 1. Sensitivity of selected residues in the NBP region.
Residue ID A8 DL;3/L) DL, /LY
12 43 0.012 0.09

13 5.2 0.017 0.10

14 43 0.018 0.11

15 8.0 0.019 0.15

16 10.0 0.016 0.15

71 5.1 0.016 0.08

72 7.8 0.021 0.13

73 7.9 0.026 0.14

74 23 0.020 0.10

75 46 0.027 0.09

155 5.2 0.014 0.08

156 38 0.016 0.09

157 3.8 0.017 0.12

158 6.9 0.020 0.13

159 8.4 0.018 0.11

160 6.7 0.018 0.10

301 5.9 0.014 0.05
doi:10.1371/journal.pone.0045859.t001

which become effective when subdomains S2 and S4 come close
one to another. Domain motion responses to the application of
forces to sensitive residues in the NBP region have been further
analyzed in the framework of the expanded EN model.

For the detailed analysis, only one sensitive residue in each of
the three loops was chosen. Similar behavior could be expected if
its neighbor in the same loop was instead selected. Thus, we
focused on the responses induced by application of perturbations
to the group of three residues: 16 (in G-loop), 73 (in H-loop) and
159 (in G-loop). Static forces were applied, at the same time, to all
three residues in the group. The magnitude of each force was
randomly chosen between 0 and 2A and its orientation was
random. For every choice of forces, evolution equations (3) for the
expanded EN model were integrated until a stationary state was
reached. After that, the forces were lifted and the relaxation
process was followed by integrating the same equations. The
results are displayed for 100 different random perturbations in
Fig. 3B.

Comparing Figs. 3A and 3B, it can be noticed that, although the
forces were applied to only three NBP residues, essentially the
same domain responses as for the application of globally
distributed perturbations could be produced. The minor metasta-
ble states in Fig. 2, corresponding to single-residue buckling in the
highly flexible region of subdomain S4 were absent because forces
in that region were not applied. As we see, perturbations of the
three sensitive residues already led to characteristic propeller- and
scissor-like motions of the inner and outer domains. Furthermore,
such local perturbations were sufficient to induce a transition to
the metastable closed state of G-actin.

Thus, a small number of sensitive residues lying in the NBP
region and belonging to three different loops could be identified.
Applying appropriate static perturbations to a group of three such
residues, each from a different group, a transition from the open to
the closed state of G-actin could be reproduced. Remarkably, local
deformations in the NBP region were able to spread over the
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elastic network and become transformed into large-amplitude
global motions of mobile domains.

Ligand-induced conformational changes

Since EN models are coarse-grained and entire residues are
replaced by point-like particles, the detailed atomic structure of
ligands (ATP or ADP) cannot be resolved in this approach. In this
section, the ligands will be treated as additional particles. As it
turns out, even this greatly simplified phenomenological descrip-
tion allows us to understand some important aspects of ligand-
induced conformational changes.

The structure of G-actin with ADP is experimentally known and
it was already used by us to construct its elastic network. Below,
ADP is explicitly included into the EN description. We treat it as a
single particle and put this particle into the equilibrium C1’
position, connecting it by elastic links to all residues within the
cutoff distance Iy (see Fig. 5A). The natural lengths of the links are
chosen equal to the equilibrium distances between C1’ and the
respective residues. Hence, by construction, the introduction of
such a particle does not change the equilibrium conformation of
the protein network. Because the particle is only connected to one
of the subdomains (i.e. to Sl), its introduction does not also
significantly affect the dynamics of the mobile domains. The
equilibrium state of the elastic-network of G-actin with the
additional particle, modeling ADP, is shown in Fig. 6A.

When an ATP molecule is bound to actin, we model it as a
dimer consisting of two particles (Fig. 5B). The first of them
corresponds to the ADP part of ATP and the second of them
imitates the P;. The first particle is at the same position where
ADP was located in the equilibrium conformation of G-actin. The
second particle is placed in the center of mass of the residues 16,
73 and 159, and the ADP. It is connected by elastic links to these
four particles (see Methods for the detailed description).

In contrast to ADP, residing entirely on one of the mobile
domains, the phosphate interacts with the residues from different
mobile domains (cf. Fig. 4) and, thus, its arrival may induce
relative domain motions. Both the X-ray diffraction experiments
[4] and MD simulations [27] reveal that, in the presence of ATP,
the nucleotide binding pocket becomes contracted. To approxi-
mately account for this effect, we assume that the natural lengths
of the elastic links, which connect the P; ligand particle to its
neighbors, are shorter than the distances between them and the P;
ligand when it is introduced. Namely, the natural lengths of the
elastic links, connecting P; to residues 16, 73 and 159 and ADP,
are chosen to be equal to 20% of the distances between these
residues and the P; position (i.e., the center of mass of these three
residues) in the reference state which corresponds to the
equilibrium conformation of G-actin with ADP bound. Thus,
these links are initially stretched; they tend to contract the
nucleotide-binding region.

Binding of the ATP, imitated in our simple phenomenological
model through the introduction of an additional P; ligand, leads to
a shrinking of the NBP which translates into conformational
motions of the inner and outer domains. The two domains
approach one another, so that within the expanded EN model the
additional links connecting them become effectively established
and they lock the closed conformation of the protein. This process
is illustrated in the first part of the supplementary Movie S3. The
final closed conformation of G-actin, stabilized by binding of ATP,
is displayed in Fig. 6B.

The hydrolysis reaction and the release of phosphate are
roughly imitated in our model by cutting all links which connect
the P; ligand to its three neighbors and the ADP and by removing
this particle from the pocket. When this takes place, the actin is in
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Figure 5. Simple modeling of ligands. (A) The ADP is modeled as an additional node (purple bead) added to the elastic network. It is connected
to all its neighbors (grey beads) by elastic links. (B) The ATP is modeled as a dimer consisting of ADP (purple bead) and P; (grey bead), connected by
an elastic link. The ADP is elastically connected to its neighbors and the phosphate is elastically linked to the three sensitive nodes (red beads).

doi:10.1371/journal.pone.0045859.9g005

its closed conformation shown in Fig. 6B. The removal of P;
changes the interactions within the NBP and, as we observe in our
numerical simulations (the second part of Movie S3), leads to a
certain opening of the cleft between the two mobile domains.
However, in absence of thermal fluctuations (see below), the
additional links between the two domains then do not break and,
after the phosphate release, the actin is found in its metastable
closed state (Fig. 6C).

Binding of the artificial ligand leads to a new, unique
equilibrium position. 100 relaxation trajectories in the presence
of the ATP ligand are shown in Fig. 7. Initial deformations were
prepared by applying static external forces with random directions
and an amplitude drawn from the interval [0,2 A] to the three
sensitive residues in the NBP. Starting from the equilibrium
conformation of G-actin, the equations of motions (3) were
integrated in the presence of the ligand until a stationary state was
reached. Additionally, Fig. 7 shows the relaxation trajectory which
starts from the original equilibrium state of G-actin in the absence
of a ligand. As revealed by Fig. 7, binding of the ligand makes the
open conformation unstable and stabilizes the closed actin
conformation.

So far, effects of thermal fluctuations have been excluded from
our analysis. Such effects may become, however, important if
metastable states are possible. If thermal fluctuations are strong

Figure 6. Ligand-dependent conformational states of G-actin.
(A) Equilibrium state with the ADP ligand bound. (B) Equilibrium state
with the ATP ligand bound. (C) Metastable state with the ADP ligand
bound. ADP is shown as a bigger red bead, and P; is visualized as a
small red bead; ATP is modeled as a dimer consisting of ADP and Pi.
Magenta-colored beads indicate residues between which additional
breakable links can become established. Such breakable links are shown
by solid magenta lines, if they are actually present, and by dashed lines
if they are broken.

doi:10.1371/journal.pone.0045859.g006
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enough, they can induce transitions between stable and metastable
states, so that all of them can be visited by the system.

The effects of thermal fluctuations can be taken into account by
mntroducing additional random forces with appropriate intensities
into the equations of motions (see Methods). Integrating such
stochastic differential equations over sufficiently long time, data
was gathered and statistical distributions for various order
parameters in the presence of different ligands (ADP or ATP)
were constructed. Figure 8 displays statistical distributions of the
distance Ly4 between the centers of mass of the mobile domains S2
and S4 in the ADP- or ATP-bound states, as described by our
approximate model. In the ADP-bound state (black curve), the
protein prefers to stay in the open conformation, with the distance
between the domains approximately equal to 31.0A. The closed
conformation, representing a metastable state, is however also
occasionally visited, as evidenced by the presence of a shoulder in
the statistical distribution of the interdomain distances. Binding of
ATP stabilizes the closed conformation, leading to the distance
distribution shown by the red curve in Fig. 8. In the presence of
ATP, spontaneous transitions to the open conformation are not
possible (or very rare), as evidenced by the presence of a clear
distribution maximum at the distance L4 =27.5A in this case.
The width of the distance distributions characterizes the stiffness of
the monomer. With ATP bound, the variance of the distance L4
is reduced to 0.45A2, as compared to the variance of 1.44A2 in the
ADP-bound state. Thus, the presence of ATP in the NBP stiffens
the monomer considerably.

Already the rough modeling employed in this section reveals
some important effects of the nucleotides. Binding of ATP can
directly lead to flattening of the protein and closing of the cleft
between its inner and outer domains. While the ATP-free actin
shows the tendency to switch between its two equilibrium states,
the ligand can stabilize the closed conformation of actin and,
furthermore, stiffen the macromolecule. Note that the structural
details of the ligand-induced closed conformational state may
depend on the parameters of interactions between the ligand
particle and the NBP residues. Moreover, the dimer model of ATP
used in the above simulations represents only a simple approxi-
mation for the actual ATP molecule. Therefore, the results of our
numerical investigations including the ligand should be viewed as
only providing a demonstration that a transition to a stable closed
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Figure 7. The pattern of relaxation trajectories for the ligand-network complex. The blue trajectory shows relaxation starting from the
open equilibrium conformation of G-actin without the ligand. The others start from the perturbed conformations which were obtained by applying
random static forces to the three sensitive residues in the NBP region. The open conformation does not correspond to a stationary state of the
complex and all trajectories converge to the new equilibrium closed state indicated by the green dot.

doi:10.1371/journal.pone.0045859.g007

conformation can be induced by ATP binding. This prediction
can be further tested by experiments and special MD simulations.

Discussion

In our study, the attention was focused on purely mechanical
aspects of actin dynamics. With this purpose, a greatly simplified
dynamical model of this molecule was considered where all
residues, independent of their chemical differences, were treated as
identical particles connected by identical elastic links. In addition
to the elastic links, the mechanical model also included a small
number of breakable links that become established when pairs of
residues come sufficiently close and break down at large

0.6

density
0.4

0.2

20 25 30 35
L24

Figure 8. Statistical distributions of interdomain distances L,
in G-actin under thermal noise in the presence of ADP (black)
or ATP (red) ligands.

doi:10.1371/journal.pone.0045859.g008
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separations. The information about the chemical structure of G-
actin was effectively encoded only in the architecture of the elastic
network, determined by the experimentally known equilibrium
conformation of the molecule.

Remarkably, this greatly simplified model has allowed us to
understand various aspects of intramolecular conformational
motions in actin monomers. The model shows that the mobile
mner and outer domains of actin are able to perform large-
amplitude propeller twist and scissor-like motions, earlier revealed
by the normal-mode analysis for small deviations from the
equilibrium state [58]. While performing such motions, two upper
subdomains (S2 and S4) can come so close one to another that
attractive interactions between pairs of residues from the opposite
domains become present. Such emergent interactions can lock the
actin molecule in its closed conformation and thus lead to the
formation of a metastable state.

We have found that, similar to myosin [16-18,62], G-actin
essentially behaves as a strain sensor, responding by well-defined
domain motions to mechanical perturbations. In our previous
study [18], we could identify a number of sensitive residues in the
front- and back-door regions within the NBP of myosin-V, such
that small perturbations of these residues were translated into
large-amplitude motions of the tail and into the closing or opening
of the actin binding cleft. Our present investigations of actin reveal
three pairs of sensitive residues, belonging to different domain
loops inside the NBP. Application of small perturbations to these
particular residues can result in large-amplitude domain motions
and in the transition to the metastable closed state. As we see, the
internal mechanics of an actin macromolecule is highly organized
and efficient communication between the NBP region and the
mobile domains is present.

To demonstrate that ligand (i.e. ATP) binding can indeed
induce large-scale conformational changes, we have imitated the
ligand by a dimer; one of the particles, corresponding to
phosphate, has attractive interactions with the sensitive residues
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mside the NBP. Previously, a similar ligand description was
employed when cyclic operation of the molecular motor hepatitis
C virus helicase was analyzed [52]. We have found that, under an
appropriate choice of the interaction parameters, binding of ATP
can induce a transition to the closed conformation and stabilize
this metastable state.

In the hierarchy of coarse-grained models proposed to describe
actin monomers and filaments (see [61] and the review [63]), the
employed description is most closely resolving the structure of the
individual proteins. Nonetheless, because of the simplifications
involved in the formulation of the EN model and since some of the
parameters, particularly referring to the interactions with ligands,
remained arbitrary in the present study, quantitative agreement
between the predictions based on the present coarse-grained
description and the experimental data or the data of all-atom MD
simulations should not be expected. The results of our approxi-
mate analysis, however, can be used for better understanding of
intramolecular dynamics of G-actin. They may provide helpful
guidelines for further experimental investigations and act as
motivation for MD studies.

The ATP-induced transition to the closed conformation of actin
can play an important role in the explanation why, in the presence
of ATP, the growth of actin filaments is strongly accelerated. The
closed conformation of G-actin, stabilized under ATP binding, is
not identical to that of the filamentous F-actin. However, in both
of these conformations the cleft separating the upper mobile
subdomains S2 and S4 is strongly reduced, so that a better fit and
higher affinity to the actin filament may result. Another effect of
binding of ATP, observed in our model, is the increased stiffness as
compared to the ADP state (see Fig. 8). This is in agreement with
the experimental data showing that the presence of ATP-bound
protomers leads to an increased stiffness of the filaments [64].

In recent experiments [12], metastable conformational states of
single actin protomers in the filament could be already detected.
The distribution of these states was sensitive to addition of myosin.
Actin binding proteins (ABPs), including myosin, play crucial roles
in the cell [65]. In the framework of our approach, interactions
with ABPs can be interpreted as mechanical perturbations and can
also be analyzed in future studies. It should also be possible to
perform FRET measurements in single G-actin molecules under
controlled conditions, thus elucidating conformational states
involved in polymerization (G-F transitions), and specifically, the
effects of ligands. The results of such experiments can be
compared with the predictions based on the elastic-network
models.

Methods
The Elastic Network Model

In the present study, conformational dynamics in actin
monomers, known as G-actin, is investigated in the framework
of the anisotropic EN model [42,43]. In this EN model, an elastic
network is formed by N identical point particles (nodes) which are
connected by identical elastic links. The network architecture is
defined by the experimentally known equilibrium positions REO) of
all residues i in the protein. For this purpose, the positions of o-
carbon atoms are taken. If the equilibrium distance
dlg-o) = \Rﬁ-o) fR;0)| between two nodes i and j is smaller than some
cutoff /y, a link is introduced. The natural length of the link is
chosen equal to the respective equilibrium distance dl-(/-o). Note that,
by construction, the equilibrium conformation represents the state
with the lowest elastic energy. Fig. 1 displays equilibrium
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structures of G- actin together with the elastic network of this
protein.

The total elastic energy of the network is given by the sum of the
energy stored in its elastic links

Fa= 55 A, (dy—d)’ (1)

i<j

where djj=|R;—R;| is the distance between two particles i and j
and the elements of the nxn adjacency matrix A are A;=1, if
d;»o) <ly, and A;;=0 otherwise. The spring stiffness constant i is
the same for all nodes. If external forces F; are applied to the
network, its energy is E=Eq— >, FiR;.

In our study, the cutoff length of G-actin in the anisotropic EN
has been determined by following the arguments by Atilgan et al.
[66]. A sequence of EN models with gradually increasing values of
the cutoff length was constructed and, for each cutoff length, the
eigenvalues of the linearization matrix (see below) were computed.
If the cutoff length was too small, the network was falling into
disconnected components or free rotations inside it were possible,
as evidenced by the fact that more than six zero eigenvalues of the
linearization matrix were found. The cutoff length of 8.5 A, used
in our numerical investigations, was chosen as the first cutoff
length at which only six zero eigenvalues were present. Note that,
in the study [66], a slightly higher cutoff length of 9.5 A was found
to hold in the anisotropic network approximation for a large group
of proteins (but actin was not considered there).

On the considered time scale of milliseconds, inertial effects are
negligible and conformational dynamics is purely dissipative [67].
In our present study, hydrodynamical interactions between
particles will be neglected. In the overdamped limit, particle
velocities are proportional to the forces acting on it and the
equations of motion are

aEcl

”Rl‘:Fif .
/ R,

)

We assume that the friction coefficient y is equal for all particles.
After an appropriate rescaling of time, the parameters x and y can
be removed from these equations and they take the form

N
R —F A0\ Ri—R;
R,=F, ;A,,(d,, dij) = (3)

Note that, in the new units employed, the force F is measured in A
A force of F=1A is stretching a single elastic link by 1A. An
important property of equations (3) is that they are generally
nonlinear in terms of the coordinates R; =(X},Y;,Z;) because of
the nonlinear dependence of the distances

dij= \/(Xi — Xj)2 +(Y;— Y,)2 +(Zi— Zj)2 on these variables.

The dynamics of the EN is followed by integrating equations (3)
using the explicit Euler method with the time step df=0.1. By
repeating integrations for some relaxation trajectories with a
smaller time step of df=0.01, we have checked that this does not
lead to significant changes. To check this, we have compared the
two stationary states in the presence of external forces that were
obtained by integrating the equations of motion (3) with two
different time steps of 0.1 and 0.01. The time evolution of the sum
of distances between all residues in the network were followed in
both simulations and the differences in distance between the
corresponding nodes were found to be below 0.001 A. Thus, the
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decrease of the time step did not lead to an accuracy improvement
and the choice of the time step as df=0.1 was sufficient for our
analysis.

Integration of relaxation trajectories has been continued until a
stationary state was reached. The numerical criterion was that the
sum of the distances between the centers of mass of four actin
subdomains and the dihedral angle have ceased to change by more
than 10~ A and 10~ degrees per step, respectively.

Generally, application of external forces can induce rigid
rotations and translations of the entire elastic object. To eliminate
such global motions, some immobilization procedure needs to be
employed. The easiest immobilization solution would have been to
pin three network particles. However, the disadvantage of such
simple method is that, depending on the choice of the pinned
particles, various internal deformations of the network may arise.
As an alternative, we have previously proposed a computational
immobilization method which does not lead itself to network
deformations [18]. In this method, additional forces that balance
out rigid rotations and translations are computed at each
integration step and applied to all network particles. The detailed
description of this method, which was also used in the present
study, can be found in Ref. [I18]. In our present study,
immobilization was always used if external static forces were
applied to the EN.

Linearized Equations of Motion

The equations of motions (3) of the EN model are nonlinear
because distances are nonlinear functions of the coordinates. EN
models are often used for the normal-mode analysis [39-47].
Then, only small displacements of particles from their equilibrum
positions are considered. The linearized equations are

A o KREO) —Rj(.o))'(l',‘fl‘j)} (4)

They hold for small deviations r; =R; — Rgo) from the equilibrium.
Equations (4) can also be written in the matrix form F; = — Ayr;,
with a 3N x 3N matrix A. The linearized equations of motion can
be solved analytically yielding the normal relaxation modes. In
terms of the eigenvalues 4, and the eigenvectors eg-&), the general
solution is

ri(t)="Y_ ky exp(—t)el”, (5)

where coefficients k, are determined by the initial conditions.
Thus, the eigenvalues determine the relaxation rate constants of
the respective normal modes. The slowest relaxation processes are
controlled by the normal modes with the lowest eigenvalues.

Assuming that only one of the normal modes is excited, the
motions of network particles are given by equations (5) where only
one term, corresponding to a particular mode, is present. Thus,
characteristic network motions in a specific normal mode can be
determined and visualized.

The two slowest normal modes for the elastic network of G-
actin have been computed and the respective motions are
displayed in Movies S1 and S2. The slowest normal mode
(A1 =3.2:1073) corresponds to the scissor-like motion of the inner
and outer domains (Movie S1). The second slowest mode
(A2=3.9-10"%) produces the propeller-like twist of the two
domains with respect to each other.
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The linearized equations (4) and, thus, the normal-mode
description are justified only while the displacements r; remain
much smaller than the equilibrium distances between the particles
connected by the elastic bonds [18,51]. Since such distances, by
construction, cannot exceed the cutoff length, the displacements
must be much smaller than /y=8.5A. This condition is not
satisfied for the motions approaching the closed conformation of
G-actin, which should be therefore treated in the framework of the
full EN description. Nonetheless, the slowest normal modes are
still in qualitative agreement with the results of the nonlinear
simulations.

The equations of motion (3) depend only on relative distance
changes. Therefore, they are always invariant against rigid
translations and rotations of the entire elastic network. This
implies that the linearization matrix A should always have six zero
eigenvalues. On the other hand, if more than six zero eigenvalues
are found, this indicates that the network breaks down into
disconnected components or that free internal rotations of some
residue groups are possible. This property can be used in the
selection of the cutoff length, as explained above.

Breakable Links

Studying the response to external forces, we notice that the
distance Ly4 between the centers of mass of subdomains S2 and S4
can decrease considerably (see Fig. 2), ie. residues in these
subdomains can come very close to each other. Within the EN
description, however, links should be present if residues are within
the cutoff distance ly. Thus, a set of several breakable links has
additionally been introduced into the model. Pairs of interacting
residues have been identified by using the structural data for the F-
actin (PDB ID: 3MFP) conformation. For simplicity, we have
assumed that only the five additional pairs of residues closest to
each other in this conformation establish breakable bonds. These
pairs of residues are 62—204, 63 —203, 63—204, 66—203, and
67 —203 (such residues are outlined in Fig. 1B).

In contrast to regular elastic links, breakable links are described
by the truncated Lennard-Jones potential

Vi(dy)—Vis(le)  diy<l.
0 otherwise

ViLi(dy) = { (6)

with the function

waao] () (3)]
/ dj i) |

The interaction parameters are [.=ly=8.5A, req=5A and

™)

D=1A% These links are effective only when the distances
between the two residues are below the truncation length /..

When breakable bonds are added, equations of motion (3)
should be modified by including additional forces

Fadd_ _ Z oVii(dy) )

- OR;
where the summation is performed over the subset of nodes j
which are connected by additional breakable links to the node i.

Our choice of the interaction parameters for breakable links was
based on the requirements that () this potential becomes flat when
distances between the residues exceed the cutoff length of 8.5 A
used in the construction of the elastic network from the
experimental data, (i1) the minimum of the interaction potential
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is found at the distance which lies between the minimum and the
maximum values of the natural lengths d,-S-O) of elastic links, as
deduced from the experimental data for G-actin, and (iii) when
breakable links are effective, they lead to attraction forces between
the domains which are similar to the forces which would have
been generated by regular elastic links if they were instead present.

Comparing the experimentally known conformations of the
globular G-actin and the filamentous F-actin [4,11], one can
notice that, under the cutoff length of [y =8.5 A, there are eleven
additional links between the subdomains S2 and S4 in the F-actin
structure. Generally, breakable links may be introduced between
all such eleven residue pairs. We have selected, however, only the
five closest pairs of residues and introduced breakable links
between them. We have chosen the same value of the equilibrium
distance req=35 A for all additional links. With the choice of
D=1 A? the interaction potential (7) near the equilibrium distance
was by a factor of 2.88 stronger than that of the regular elastic
links. By choosing D in this way, we could approximately
compensate for the smaller number of interacting pairs in our
model as compared to the experimental F-actin structure.
Moreover, this could take approximately into account that the
potential (7) becomes flat whereas the elastic forces continue to
increase as the cutoff distance is approached.

We have also repeated some of the simulations using soft
breakable links with D=0.5 A%, Supporting Figure S1 shows
patterns of relaxation trajectories in the absence or presence of the
ATP ligand in this case. They can be compared with the respective
Fig. 3B and Fig. 7 in the main text. When the ligand is absent (IFig.
S1A), a metastable stationary state is not found, but the respective
closed conformation can still be easily visited as a result of
perturbations. Binding of the ligand makes the open conformation
unstable and creates a stable state corresponding to the closed
conformation of the protein (Fig. S1B). Thus, ATP-induced
stabilization of the closed conformation of G-actin persists if soft
breakable links are chosen. In contrast, the metastable closed
conformation in the absence of the ligand is found only if
breakable links are strong enough.

Residues near P; in the NBP

An important actin binding protein is the bovine pancreatic
deoxyribonuclease (DNase I). Complexed with DNase I, a
structure of the actin monomer with ATP bound (PDB ID:
IATN) was experimentally resolved [60]. Accordingly, the
position of the phosphate is known for this structure. Using this
information, residues in the NBP that can interact with the P; can
be specified. Within a distance of 9.0A from the phosphate
position, residues 12-16 in the S-loop, residues 71-75 (with the
methylated histidine at the position 73) in the H-loop, residues
155-160 in the G-loop, and residue 301 in the subdomain S3 are
found. This set of residues is shown in Fig. 4 and has been selected
to probe the mechanical responses.

Ligand Modeling

In our numerical investigations, a greatly simplified phenom-
enological description of ligands ADP and ATP as a point particle
and a dimer has been employed. ADP was modeled by
introducing an additional node in the network whose equilibrium
coordinates were chosen to coincide with the position of the C1’
atom. This carbon atom connected the nucleotide’s ribose with the
adenine and, therefore, was located in the center of the ADP
molecule. The new node was connected to all neighboring residues
within the cutoff distance y by elastic links of stiffness x, the same
as for the elastic network of the protein. The neighbors of ADP
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were residues 156, 157, 181-181, 301-305, and 336 in subdomain
S3 and residues 210, 213, and 214 in subdomain S4 (Fig. 5A). The
natural lengths of all elastic links were chosen equal to the
respective distances in the equilibrium conformation.

When ATP was bound, it was modeled as a dimer which
consists of two particles, ADP and P;. The phosphate was modeled
as a node which is linked to the ADP node and three sensitive key
residues 16, 73, 159. It was placed in the center of mass of these
four nodes and connected by elastic links, again with the same
stiffness x as for the protein network (see Fig. 5B). It is known that,
when ATP is bound, this leads to shrinking of the nucleotide-
binding pocket [27]. To account for this, we assumed in our model
that the natural lengths of the links between P; and its neighbors
were by 80% shorter than the distances between the position of the
P; node and four other nodes in the equilibrium conformation of
ADP-bound actin.

Thermal Fluctuations

In the final part of our study, some effects of thermal
fluctuations are considered. Neglecting hydrodynamic effects, this
is done by introducing appropriate random forces into the
dynamical equations, i.e. by writing them as

: OE,
TR =F;— =2 50, )

Here, &,(¢) is Gaussian noise with the correlations

i) =0

D)y =020 — 1) (10)

in each direction separately. The parameter ¢ specifies the noise
intensity. It is related to the temperature T as 0> =2ykpT. In our
simulations, the value 6 =2A has been chosen. We have checked
that, with this choice of the parameter, the experimentally known
B-factors are reproduced by the order of magnitude. The
simulations including thermal noise are intended to provide only
an illustration of the fluctuation effects and, therefore, we have not
attempted to obtain a better fitting.

Our simulations with thermal noise are used to obtain a
statistical distribution of the interdomain distances L,4. Distances
are sampled every 400 integration steps and 10000 sample points
have been used to obtain the distribution in Fig. 8. The first 20000
integration steps were discarded before sampling to eliminate a
possible effect of initial conditions.

Supporting Information

Figure S1 Patterns of relaxation trajectories for the
elastic network of G-actin with the soft breakable links
of strength D=0.5 A” in absence (A) and in the presence
(B) of the ATP ligand. 100 relaxation trajectories starting from
the initial conditions obtained by application of random static
external forces to three sensitive residues in the NBP region are
shown. The orientations of forces are random and their
amplitudes are drawn at random from the interval between 0
and 2 A. The blue curve shows the relaxation trajectory starting
from the open equilibrium conformation of G-actin. As observed
in panel A, the metastable state is absent when soft breakabale
links are chosen. Nonetheless, the respective open protein
conformations are easily visited as a result of perturbations.
According to panel B, ligand binding leads to the appearance of a
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stable closed conformational state, whereas the open state of the
protein becomes unstable.

(TIFF)

Movie S1 Visualization of the motion corresponding to
the lowest eigenmode of the EN model of G-actin: the
propeller-like twist of outer and inner domains with
respect to each other.

(MOV)

Movie 82 Visualization of the motion corresponding to
the second lowest eigenmode of the EN model of actin:
the scissor-like opening and closing of the cleft between
subdomains S2 and S4.

MOV)

Movie 83 Ligand-induced conformational motions. The
initial state is the equilibrium conformation of G-actin with ADP
bound. Introducing an additional network node which corre-
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