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Coarse-Grained Modeling of the Actin Filament Derived from
Atomistic-Scale Simulations

Jhih-Wei Chu and Gregory A. Voth
Center for Biophysical Modeling and Simulation and Department of Chemistry, University of Utah, Salt Lake City, Utah

ABSTRACT A coarse-grained (CG) procedure that incorporates the information obtained from all-atom molecular dynamics
(MD) simulations is presented and applied to actin filaments (F-actin). This procedure matches the averaged values and
fluctuations of the effective internal coordinates that are used to define a CG model to the values extracted from atomistic MD
simulations. The fluctuations of effective internal coordinates in a CG model are computed via normal-mode analysis (NMA),
and the computed fluctuations are matched with the atomistic MD results in a self-consistent manner. Each actin monomer
(G-actin) is coarse-grained into four sites, and each site corresponds to one of the subdomains of G-actin. The potential energy
of a CG G-actin contains three bonds, two angles, and one dihedral angle; effective harmonic bonds are used to describe the
intermonomer interactions in a CG F-actin. The persistence length of a CG F-actin was found to be sensitive to the cut-off
distance of assigning intermonomer bonds. Effective harmonic bonds for a monomer with its third nearest neighboring
monomers are found to be necessary to reproduce the values of persistence length obtained from all-atom MD simulations.
Compared to the elastic network model, incorporating the information of internal coordinate fluctuations enhances the accuracy
and robustness for a CG model to describe the shapes of low-frequency vibrational modes. Combining the fluctuation-matching
CG procedure and NMA, the achievable time- and length scales of modeling actin filaments can be greatly enhanced. In
particular, a method is described to compute the force-extension curve using the CG model developed in this work and NMA. It
was found that F-actin is easily buckled under compressive deformation, and a writhing mode is developed as a result. In
addition to the bending and twisting modes, this novel writhing mode of F-actin could also play important roles in the interactions

of F-actin with actin-binding proteins and in the force-generation process via polymerization.

INTRODUCTION

Actin filaments (F-actin) are the most abundant component
of the cellular cytoskeleton, and they also play critical roles
in numerous processes in eukaryotic cells: cytoskeletal sup-
port, cell motility, cell division, endocytosis, and intracellu-
lar transportation (1-4). The functions of actin filaments are
closely related to its mechanical properties, such as the flex-
ural rigidity. Understanding how the structures and confor-
mation of monomeric building blocks (G-actin) confer the
specific properties of F-actin is thus important in the fields of
molecular biology and biophysics.

Continuum models based on the linear elastic theory have
provided a general framework for characterizing the me-
chanical properties of the cytoskeleton (1,5-8). However,
these models do not consider the atomic details of the
composing proteins and ligands, and therefore cannot reveal
the structural/property relationship of F-actin. On the other
hand, molecular dynamics (MD) simulations with all-atom
force fields include microscopic structures and interactions
and are suitable for a detailed description of biomolecules
(9—11). For example, the DNase I-binding loop (DB-loop) of
G-actin adapts a loop conformation in G-ATP (ATP-bound
G-actin) (12,13) and folds into an a-helix in G-ADP (ADP-
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bound G-actin) after ATP hydrolysis and the dissociation of
phosphate groups (14). MD simulations (15) on a repeat unit
(13 monomers) of F-ATP (F-actin composed of G-ATP) and
F-ADP (F-actin composed of G-ADP) have characterized the
significant effects of the DB-loop conformation on the struc-
tural and mechanical properties of actin filaments. These
atomistic simulations also provide valuable insight into the
molecular origin of processes that regulate the growth dy-
namics of F-actin, such as the annealing reaction (16,17).
Unfortunately, the accessible time- (<100 ns) and length
scales (<50 nm) of all-atom MD simulations are still limited,
which hinders the studies of longer filaments, their growth
dynamics, and the interactions of F-actin with motor proteins
such as myosin.

One possible solution is to employ coarse-grained (CG)
models (11,18-21), in which the details in an all-atom
description are reduced, and the accessible scales can be
increased. If the essential physics of interested processes are
captured, CG simulations can be used to systematically study
complicated biological systems. However, it is usually dif-
ficult to know a priori the features of a system that need to be
included in a CG model. Therefore, it is important to be able
to systematically improve a CG model based on the prop-
erties and details from a fine-grained (even atomistic-scale)
description. In other words, the ability for a CG model to
exchange information with the underlying fine-grained
description is critical. Such multiscale CG procedures have
appeared for soft materials such as the biological membranes
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(22-24), but have not yet been reported for the components
of cytoskeleton, such as the actin filament.

F-actin is an assembly of the protein G-actin (375 residues).
Until recently (15), the size of F-actin has limited earlier
theoretical works at the coarse-grained level (25-27). Due to
the stiffness of F-actin (persistence length 12—-15 pwm for F-
ATP and 7-10 um for F-ADP (28)), the harmonic approxi-
mation was usually employed and combined with normal mode
analysis (NMA) (29) in the CG studies of F-actin. Common
CG representations of F-actin are similar to the elastic network
model (ENM) (30-35) that has been widely used for a coarse
representation of globular proteins and their complexes. In
ENMs, effective harmonic bonds with a universal force
constant connect the CG sites of a reference structure that are
within a cutoff distance. For modeling protein molecules using
ENM, the CG sites are usually chosen to be the « carbons (C,,)
and x-ray structures are usually the reference structures. For the
modeling of F-actin, a coarser treatment, in which each G-actin
monomer represents a CG site, has been employed (27). With
the determination of CG sites given a reference structure, two
adjustable parameters are involved in the ENM: the cut-off
distance of adding effective harmonic bonds and the value of
the universal spring constant. Despite its simplicity, the ENM
has been shown to be useful in capturing the ‘shape’” of low-
frequency vibrational modes of a system by using NMA. ENM
has also been applied to aid in the refinement of structural
models of macromolecules, including F-actin, from low-
resolution structural data (25,36-39).

Since the specific properties of actin filaments that endow
their biological functions are derived from the protein-
protein interactions among actin monomers in an F-actin, a
CG model ideally needs to describe these interactions in a
physical manner. Protein-protein interactions also confer an
F-actin its flexural rigidity, and a CG model should also be
able to reproduce its persistence length. It seems apparent
that the ENM, with only two adjustable parameters, is not
suitable for achieving these goals. First of all, the interactions
among difference sites depend on the nature of the local
environments and may not be represented by a universal
spring constant. An ENM with distance-dependent force
constants could be of use, but the functional form of the dis-
tance dependence needs to be determined. The cut-off
distance within which an effective harmonic bond is applied
in an ENM affects both the flexural rigidity and the effective
protein-protein interactions, and also needs to be determined.
The elastic-network-based approaches therefore require sys-
tematic ways of refinement for the CG model to be of use in
biophysical simulations of actin filaments. Moreover, the
C,-based ENM may still be too fine-grained for an efficient
CG modeling of a long actin filament, whereas the one-
monomer/one-site model could be too coarse to describe
certain properties of F-actin, such as the polarity at the + and
the — ends and its interactions with actin binding proteins.
Therefore, an intermediate resolution CG model of F-actin
should prove to be quite valuable.
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In this work, a new intermediate-resolution CG model of
an actin filament is developed (Fig. 1). Each monomer is
composed of four CG ‘‘particles’’; each corresponding to
one of the subdomains of G-actin. The basic topology of the
actin monomer is thus preserved at this scale of resolution,
and the important emerging behaviors from ATP hydrolysis
or interactions with motor proteins can also be represented
effectively. The subdomain description of G-actin has also
been widely used in the structural analysis of F-actin (12—14,
40-43). The effective interactions of a CG actin monomer in
this work include three harmonic bonds that connect D2 and
D1 (see the captions of Fig. 1 for the definitions of

FIGURE 1
CG representation (right). Each actin monomer has four sites denoted as Dn,
where n = 1-4. Actin monomers are denoted by italic numbers.

Atomic model of F-actin (/eff) of Holmes et al. (40) and the
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abbreviations), D1 and D3, and D3 and D4, two harmonic
angles of D2-D1-D3 and D1-D3-D4 that represent the open/
closed conformations of the ATP cleft of G-actin, and a di-
hedral angle of D2-D1-D3-D4 that corresponds to the mode
of propeller rotation of G-actin. The use of six effective
internal coordinates in the CG model of G-actin is also con-
sistent with the number of independent vibrational modes of
a four-particle molecule. Interactions between actin monomers
in a filament are described by effective harmonic bonds similar
to that of the ENM but without assuming a universal force con-
stant or a particular form of distance dependence.

After defining the CG sites and the forms of interaction
potentials, the process of obtaining these force fields then
determines a CG model. In this work, a new procedure is
devised to obtain the effective CG force fields from all-atom
simulations. The procedure is based on matching the fluctu-
ations of the effective internal coordinates (EIC) that are
chosen to describe a CG model to the fluctuations extracted
from the all-atom MD trajectories. The fluctuations of EICs
in a CG model can be calculated via NMA, and the effective
force constants in a CG model are then adjusted in a self-
consistent manner to reproduce the target fluctuations. This
procedure is also a way to match the vibrational modes of a
CG model to the quasiharmonic modes (29) from atomistic
MD simulations by using the EICs as basis functions. This
procedure endows a CG model with a ‘‘multiscale’’ nature
such that the information at the atomic level is systematically
propagated to the mesoscopic-scale (CG) representation, and
will be referred to as the fluctuation-matching method in the
following sections of this article. The results of such multi-
scale coarse-graining of actin filaments may also provide
valuable insight in the coarse-graining of larger components
of the cytoskeleton such as microtubules for which all-atom
MD simulations may not be feasible.

In the next section, details of the fluctuation-matching
procedure and the computation of persistence length of an
actin filament are described. Examination of various aspects
of the CG model will then be presented in the Results section
as will an example of using the CG model to study the be-
havior of F-actin at longer and larger scales, namely the force-
extension curves of F-actin. Finally, conclusions will be given.

METHODS

In this section, the procedures of developing CG models of F-actin are
described in detail. The methods for computing the persistence lengths of
CG F-actin are also reported.

The CG model

The CG model shown in Fig. 1 contains four sites per actin monomer, and
each site corresponds to one of the four subdomains of G-actin. The
adenosine group of ATP or ADP is incorporated into D3 and the phosphate
groups are incorporated into D4. Three bonds, two angles, and one dihedral
angle compose the intramonomer potential, so that important slow modes of
motion of G-actin, such as the propeller rotation and the opening/closing of
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the ATP cleft, are incorporated in a straightforward manner. Effective
harmonic bonds are used to connect the monomers in an F-actin. Between
each pair of CG monomers, there can be 16 (4 X 4) types of effective
harmonic bonds, all of which are considered explicitly. This generalization
allows one to evaluate the limitations of using a universal force constant in
the ENM.

The structure of F-actin is shown in Fig. 1. The Holmes model developed
by x-ray fiber diffraction indicates that F-actin is a left-handed helix with a
rotation of 166° and a rise of 27.5 A (40). F-actin can also be viewed as two
right-handed helices wound together. Each monomer is in direct contact with
four neighbors in the filament as shown in Fig. 1, two from the same right-
handed helix that a monomer locates and two from the opposite helix.
Therefore, effective harmonic bonds should be placed between monomers
iand i = 1 in the opposite helix and i/ and i = 2 along the same helix. With
reduced degrees of freedom and the simplified forms of interactions, it is
possible that additional interactions are required in the CG model to
reproduce certain properties of F-actin. Since the force constants of EICs are
going to be determined by the fluctuation-matching procedure, the cutoff
distance, Ry, within which an effective harmonic is placed is thus the
adjustable parameter of the model. To examine the influence of Ry on the
properties of the CG F-actin, models with different values of Ry have been
built and analyzed. Different Rys in the CG models of F-actin are represented
by the largest interval between two monomers that exhibit effective
harmonic bonds, and all 16 effective bonds between any two pairs of
monomers are explicitly considered. In this work, the largest interval that has
been studied is 6; that is, monomer i in the filament can have effective bonds
with monomers i = m, where m = 1-6.

Parametrization of the effective force fields via
the fluctuation-matching method

The details of the all-atom MD simulations of a 13-monomer repeat of both
F-ATP and F-ADP under periodic boundary conditions have been reported
elsewhere (15). The MD simulations of F-actin contain 575,000 atoms,
including explicit solvent molecules, and trajectories of 40 ns have been
generated (15). The center of mass of the subdomains of F-ATP and F-ADP
were extracted from the last 10 ns of the all-atom trajectories. The CG
versions of the all-atom (CG-AA) trajectories then provide the target data for
developing the coarse-grained models of an actin filament.

The equilibrium values of EICs, are obtained from the corresponding
averages obtained from CG-AA trajectories. For each EIC, the fluctuations
can also be calculated, (SEIC?) = ((EIC; — (ElCi))z), from CG-AA trajec-
tories, and are the target data to determine the effective force constants of a
CG model. Since the fluctuations of EICs in a CG model can also be
computed via NMA (29), the effective force constants in a CG model are
determined by matching the fluctuations computed from NMA to that ob-
tained from CG-AA trajectories. The number of unknowns thus equals the
number of EICs in a CG model.

It is important to note that the fluctuation of an EIC depends not only on
its own force constant, but also on the force constants of other EICs. This is
because the CG models that are employed in this work contain a network of
interconnected harmonic bonds. Therefore, the following iterative relation-
ship was utilized to obtain a self-consistent solution for the force constants in
a CG model:

K=K+ a X (SEICT — SEIC;™™), (1)
where £; is the force constant of the j‘h EIC in a CG model, 8EIC; is the
fluctuation of the /™ EIC computed from NMA, and SEIC{S™* s the
fluctuation of the /™ EIC extracted from CG-AA trajectories. The superscript
n denotes the number of an iteration step, and « is a positive numerical
factor. The philosophy is that even if k; affects the fluctuations of all other
EICs, its effects on the j™ EIC should be most significant; the interde-
pendence of EICs are incorporated by using Eq. 1. Furthermore, the allowed
values of force constants are limited to positive numbers or zero; therefore,
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the force constant of an EIC becomes stationary only if the computed
fluctuation matches with the all-atom result or if it is decreased to zero. A
force constant of zero indicates that the fluctuation of an EIC is still smaller
than that in CG-AA trajectories, even if its force constant is reduced to zero,
and such an EIC is considered redundant in a CG model and is automatically
picked up during the self-consistent iterations. The fluctuation-matching
procedure is thus a systematic way to mimic the pattern of internal
coordinate fluctuations in all-atom simulations, and the number of EICs
whose fluctuations match with those in all-atom simulations is maximized in
a CG model. The fluctuations of the EICs with a force constant of zero are
underestimated, and these EICs are considered redundant. A mismatching of
the fluctuations of certain EICs is inevitable with the reduction of degrees of
freedom and the simplification of using effective harmonic interactions.

Since periodic boundary conditions were applied in the all-atom
simulations for a repeat of F-actin with 13 monomers, each type of internal
coordinate, an iD2-(i + 2)D1 bond (see Fig. 1), for example, has 13 distinct
copies in these atomistic simulations. Due to the limited timescale of
sampling and/or the fact that an enforced periodic crossover every 13
monomers is a source of frustration for F-actin (the twist of F-actin appears
to be random with magnitude of fluctuation around 5° (44)), not all 13 copies
of a specific type of EIC have the same averages and fluctuations in the
CG-AA trajectories. To examine the CG procedure regardless of this issue,
two sets of CG models have been built and analyzed. In the first set, each of
the 13 copies of a particular EIC in the atomistic MD simulations is treated
independently, i.e., for a CG model containing effective harmonic bonds
between monomer i and i & m, where m = 1-6, there can be a total of 1248
(16 X 6 X 13) types of intermonomer bonds. In the second set, all 13 copies
of a type of EIC have the same value of force constant and equilibrium
length, and the target data of fluctuations are root mean-square averaged
over the 13 copies in CG-AA trajectories.

The basic unit of the CG model is thus a 13-monomer fragment of
F-actin. The boundary effects of the 13-monomer fragment disappear with a
minimal number of repeats of three, since each repeat only interacts with the
neighboring ones. The fluctuations of EICs from NMA of the middle
fragment in a three-repeat filament were also found to be identical to those of
a five-repeat or a seven-repeat filament. The three-repeat filament was thus
used to develop the CG parameters from the all-atom simulations.

Computation of persistence lengths

The persistence length (L) is an important material property of the actin
filament and is closely related to its biological functions. NMA provides the
solutions of equations of motion under the harmonic approximation, and
thus the configurations of a CG model corresponding to arbitrary timescales
at 310 K can be generated from the eigenvalues and the eigenvectors
obtained from NMA (29). Specifically, trajectories corresponding to 10
times the period of the slowest modes are generated using a time step of one-
tenth of the period of the slowest mode. Different trajectories are obtained by
assigning randomly the initial phases of the vibrational modes. For a CG
model of three repeats of F-actin, this set of configurations corresponds to a
trajectory of 500 ns; for a CG F-actin of a length of 1 um, these con-
figurations correspond to a trajectory of 50 us. Increasing the length of each
trajectory or the number of independent trajectories did not change the results
of the computed persistence length.

To compute L, the four-site-per-monomer model is mapped into a linear
polymer based on the following procedure. The center of mass of monomer
i at one of the two right-handed helices is first calculated, and the centers of
mass of monomers i-1 and i + 1 at the opposite strand are then calculated,
averaged, and denoted as i’. The center between i and i’, whose position is
denoted as r;, is used to define the corresponding position of monomer
i along the linear polymer. The contour length of the polymer is defined as
the sum of the distances of each segment (r;, r;+1). The tangent vectors along
a polymer are computed from these r;s, and the bending angles along a
filament are determined. The effects of spontaneous curvatures due to the
mapping procedures are taken into account as described in Chu and Voth
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(15). The persistence length of an F-actin is computed directly from the slope
of exponential decay of the ensemble-averaged cosine of bending angle
fluctuations as a function of the contour length, i.e.,

(cos(B(s) — By(s))) = exp(_L“) : 2)

P

Such exponential decay for a four-site-per-monomer CG model as described
in Fig. 1 is shown in Fig. 2; it is apparent that Eq. 2 is suitable to describe
the flexural rigidity of the CG F-actin developed in this work.

The NMA and other analyses of the CG models were performed using
CHARMM software (10) and the visual molecular dynamics program (45)
was used for the visualization and graphics of F-actin.

RESULTS

Using the fluctuation-matching procedure, CG models of
F-ATP (ATP bound F-actin) and F-ADP (ADP bound F-actin)
can be built with the parameters determined directly from
atomistic MD simulations. Models in which the 13 copies of a
particular type of EIC (an iD2-( + 1)D1 bond, for example;
see Fig. 1) are treated independently are denoted as A;; models
in which the 13 copies of an EIC type have the same
parameters are denoted as B;. The subscript denotes the largest
interval between two monomers to have effective bonds in a
CG model. For example, a monomer i in the Ag model has
intermonomer bonds with monomers i = m, where m = 1-6.
The total number of bond types for the intermonomer in-
teractions in Ag is thus 1248.

The results presented below are for isolated CG F-actin
(without using periodic boundary conditions) composed of
three repeat units with a total of 39 monomers and a length
of 106 nm. CG models as long as 1 um (30 repeat units)
have also been built using the parameters obtained from the
aforementioned procedure. The results indicate that material
properties of the four-sites-per-monomer CG model are
indeed independent of the length of an F-actin.
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FIGURE 2 Log of the cosine function of binding angles of an F-actin as a
function of its contour length. 6(s) is the bending angle at contour length s,
and 60(s) is the equilibrium angle at s. In the x axis, the contour length, s, is
normalized by the average length corresponding to each monomer, 8s¢; that
is, the contour length is represented as the number of G-actin monomers
along an actin filament.
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The self-consistent iterations for solving force constants
using Eq. 1 usually converge within 1000 steps, with the
maximum relative error with respect to the target data being
<0.5%. The intramonomer parameters converge much more
quickly (<50 steps) and match the all-atom MD data
essentially exactly. The above phenomena were found to be
independent of the number of intermonomer degrees of
freedom. As mentioned previously, for the intermonomer
bonds with a force constant of zero, the fluctuations are under-
estimated compared to the target data. The percentages of
underestimation of these degrees of freedom relative to the
target data are averaged and reported in Table 1. As shown in
Table 1, the more effective the bonds that are included, the
higher the averaged percentage of underestimation, but the
incremental increase decays as the added effective bonds
become longer. The Ag model results in an averaged un-
derestimation of 10.6% for F-ATP and 14.1% for F-ADP.
When the parameter of an EIC is obtained by averaging over
the 13 copies in a repeat, the underestimation of fluctuations
becomes lower. For F-ATP, the B¢ model gives an average
underestimation of 4% for F-ATP and 5% for F-ADP.

Persistence lengths of coarse-grained
actin filaments

The computed persistence lengths of different CG models of
F-actin are shown in Fig. 3. For the A and B models of both
F-ATP and F-ADP, the flexural rigidity of a CG F-actin
increases monotonically with the number of intermonomer
bonds. Including effective bonds only with the nearest neigh-
bor across the strand for a monomer (the i-(i * 1)
interactions) in, i.e., the A; and B; models, the resulting
persistence lengths are 7-8 times smaller than the results of
atomistic MD simulations. The ATP-hydrolysis-induced
conformational change of the DB loop weakens the cross-
strand interactions as delineated by the all-atom MD sim-
ulations (15), and these changes of interactions translate into
smaller values of force constants in a CG model. Compared
to atomistic MD simulations, force constants of the A; models
of F-ATP and F-ADP lead to a similar relative strength of
flexural rigidities, even though the absolute value of each is
smaller than the all-atom result.

TABLE 1 Averaged relative underestimation of fluctuations (%)
for the internal coordinates that have a force constant of zero
compared to the CG-AA results

Model F-ATP F-ADP Model F-ATP F-ADP
A 2.1 2.0 B, 1.2 0.4
As 37 45 B, 1.1 1.7
As 6.3 75 B, 24 2.5
A 8.3 9.9 Bs 2.9 3.6
As 9.7 1.6 Bs 37 43
As 10.6 14.1 Bs 4.0 5.0

Both the A and B CG models for F-ATP and F-ADP are shown.
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Adding effective bonds for a monomer with its nearest
neighbor monomer along the same protofilament (the i-(i =
2) interactions in Fig. 1), the A, and B, models, increases the
persistence lengths by three to four times, indicating that the
interactions along each protofilament are important in con-
ferring the elasticity of an actin filament. However, the re-
sulting flexural rigidity of A, and B is still 1-2 times smaller
than the atomistic results, even when all possible effective
bonds among actin monomers that are in direct contact have
been included. Therefore, with a reduced number of degrees
of freedom and the simplification of interactions in CG
modeling, criteria simply based on physical inspection may
not be enough to capture certain important properties of
F-actin. Although the force constants of A, and B, models
could be scaled to reproduce the desired values of persistence
length, it is one of the goals of this study to explore the pos-
sibility of reproducing both the fluctuations of EICs and the
flexural rigidity of F-actin.

Going beyond the nearest neighbor connections does
increase the flexural rigidity of CG filaments as shown in
Fig. 3. With effective bonds connecting a monomer with its
first to third nearest monomers, the computed persistence
length of the Ag model of F-ATP is 16.2 um, in good
agreement with the atomistic MD result (15.8-16.5 um (15)).
It can also be seen from Fig. 3 that the incremental increase of
Lp of CG F-ATP decays with the inclusion of longer effective
bonds. This result is due to the fact that the force constants of
the effective bonds decrease with its equilibrium length; more
details of the distance dependence of the force constants will
be discussed later. For F-ADP, on the other hand, the A4 (L, =
9.68 um), As (L, = 10.7 um), and A¢ (L, = 13.8 um) models
overestimate the persistence length compared to the MD result
(8.73 wm), but the A3 (L, = 6.83 wm) model underestimates
it. Since the CG procedure generally underestimates the
fluctuations of certain internal coordinates (those with a force
constant of zero), it is thus possible that it overestimates the
flexural rigidity. For F-ATP such an overestimation did not
occur in both A and B models, possibly because the over
restraint of certain degrees of freedom is compensated by the
loss of integrity due to the reduced degrees of freedom. For
F-ADP, on the other hand, the presence of structural distortion
and defects caused by the change of the DB-loop conforma-
tion (15) increases the heterogeneity of the filament. As a
result, matching the fluctuations of some internal coordinates
may lead to more significant underestimation of the fluctu-
ations of others and lead to an overestimation of L. Indeed,
the percentages of underestimated fluctuations of the zero-
force-constant EIC are higher for F-ADP than for F-ATP as
shown in Table 1. After the heterogeneity is removed in the
corresponding B models of F-ADP by averaging the param-
eters of an EIC over the 13 copies in a repeat, the resulting
persistence lengths of the Bg models agrees well with the
atomistic MD results, as shown in Fig. 3.

The computed persistence lengths of CG F-actin (in Bg
models, for F-ATP, 14.4 um, for F-ADP, 8.7 wm) are in
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good agreement with the experimental measurements (for
F-ATP, 13.5 pm, for F-ADP, 9 um (28)). In addition to
flexural rigidity, the torsional rigidity, kt (F-ATP: k1t =
22 X 107?° Nem?% F-ADP: kr = 1.8 X 107%° Nem?),
which was not used as a target property during the
parametrization of CG F-actin, is also in good agreement
with experimental measurements (kt = 2.8 X 1072 Nem?
for Mg®" bound F-actin and 8.5 X 1072° Nem? for Ca**
bound F-actin with the presence of phalloidin-tetramethylr-
hodamine (46)) and earlier theoretical models (kt = 2.6 X
107>° Nem® (47)).

The above results indicate that other than modifying the
force constants of the effective bonds, the cutoff radius, Ry,
of assigning these bonds can also be used to adjust the
flexural rigidity of a CG F-actin. The force constants of the
CG F-actin are obtained by matching the fluctuations of EICs
in all-atom simulations, and more extensive CG bonds than
those suggested by physical inspection are needed to
reproduce the flexural rigidity. It was found that CG models
with effective bonds between a monomer and its first to third
nearest monomers provide quantitative agreement in persis-
tence length with the all-atom simulations and experimental
measurements. It is thus possible for a CG F-actin to re-
produce both the pattern of EIC fluctuations and the elastic
properties from the fine-grained MD description by using the
fluctuation-matching method.

The current models use harmonic bonds to describe the
interactions among the actin monomers in an F-actin, and the
self-consistent iterative procedure of Eq. 1 generates a

pattern of EIC fluctuations that best matches the target data.
It was also found that the force constants that result from the
CG procedure decrease with their equilibrium lengths. As a
result, the properties of the CG model should reach con-
vergence when more effective bonds are included, and thus
enable systematic refinement of a CG model. The details of
the relationship between the force constants of the effective
CG bonds and their equilibrium lengths are presented in the
following section.

Dependence of the force constants on the
equilibrium lengths of the effective bonds

The force constants, &, of the intermonomer harmonic bonds
in the Bg models of F-ATP and F-ADP are plotted as a
function of their equilibrium length, by, in Fig. 4. Similar
behavior has been found in other models. The intermonomer
effective bonds are divided into two groups in Fig. 4. The
first group (G1) contains the bonds between monomers that
are in direct contact (the i-(i = 1) and i-(i * 2) interactions),
and the second group (G2) contains the rest of the bonds. The
G1 bonds are plotted as solid circles in Fig. 4, and the G2
bonds are plotted as open circles. For the effective bonds in
the G1 group, the force constants decay with their equilib-
rium length, and a power law expression was found to
describe the data better than an exponentially decaying
function. The orders of decay for the force constants of G1
bonds with by were found to be 3.22 for F-ATP and 1.8
for F-ADP (Fig. 4, solid lines). For G2 bonds, the force

k (kcal/mol/A)

_ FIGURE 4 Force constant, k, of the effective bonds
in the B¢ model of F-ATP (left) and F-ADP (right) as a
function of their equilibrium length, b,. The effective
- bond between a monomer and its nearest neighbor
monomers is shown as solid circles. The longer-range
effective bonds, including the interactions with the
second and third nearest monomers are shown in open
circles. The fitted scaling orders of £ and a function of
by for the solid circles and the open circles are also
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constants also decay with their equilibrium lengths but with
smaller orders, 0.57 for F-ATP and 0.31 for F-ADP (Fig. 4,
dashed lines).

The decay of force constants with the lengths of effective
bonds indicates that the proposed CG procedure would result
in convergent properties. However, the rates of decay be-
come slow when they go beyond the nearest-monomer
effective bonds (75—~80 A), and this tendency makes the
convergence difficult. A decay order <1 also indicates that
although the long-range effective bonds have smaller force
constants, their effective elasticity is higher. This is also the
reason that adding longer effective bonds could increase the
persistence lengths by 1-2 times going from A, and B, models
to Ag and Bg models.

From the above analysis, the following strategy can be
suggested for developing CG models of large bioassemblies
using an elastic-network type of interactions, such as micro-
tubules, for which all-atom MD simulations may not be
feasible. The specific pattern of the protein-protein interactions,
such as the order of power-law decay of the force constants as a
function of their equilibrium lengths, can be obtained by per-
forming MD simulations on small clusters of the composing
protein monomers (for example, a cluster of a tubulin with its
nearest neighboring monomers). A material property such as
the flexural rigidity is more sensitive to the effective interac-
tions of a longer range, and these interactions could be adjusted
so that a CG model has the desired flexural rigidity.

Although long-range harmonic interactions are required to
describe the flexural rigidity of a CG F-actin, it is not the case
for describing the structural properties of a filament. For
example, even for the A; model of F-ATP that has the fewest
number of effective bonds, the equilibrium structure only has
a root mean-square deviation of 0.065 A compared to the
averaged structure from all-atom MD simulations, and 0.056
A compared to the structure of the Aq model. Therefore, it
can be inferred from the above result that for the purpose of
using CG models to refine the model development from low-
resolution structural data, it is sufficient to incorporate only
the nearest monomer interactions in the case of actin fila-
ments. It is also suggested that a power-law expression of the
force constant as a function of their equilibrium lengths, with
the power-law order as an adjustable parameter, can be useful
to enhance the quality of model refinement.

Comparison with the quasiharmonic modes from
all-atom MD simulations

One of the purposes of CG modeling of macromolecules is to
describe the motions or fluctuations that are related to their
biological functions. In the framework of the harmonic
approximation, a few slow modes contribute a significant
portion of the total fluctuations (29,48,49). The success of
using simple models, such as the elastic-network model
(ENM), in characterizing the function-related motions of
certain globular proteins has encouraged the use of coarse-
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grained descriptions in modeling large biological systems
(30-35). However, due to the lack of all-atom MD simula-
tions for such systems, it is difficult to evaluate the accuracy
of a simplified model such as the ENM in describing large
biological systems such as actin filaments. Compared to the
ENM, the fluctuation-matching method proposed in this
study systematically incorporates the information of internal
coordinate fluctuations obtained from all-atom simulations in
addition to the structural information. It is thus interesting
and valuable to compare how the proposed fluctuation-match-
ing approach could improve the performance of the ENM in
terms of characterizing the shapes of low-frequency vibrational
modes of F-actin.

From the all-atom MD simulations of a repeat (13
monomers) of F-ATP and F-ADP, the quasiharmonic modes
of motion (QHM) can be obtained (29). These QHMs are
represented as orthogonal unit vectors with a dimension of
156 (13 X 4 X 3), and are ranked according to their fre-
quencies (eigenvalues) starting from the slowest mode. The
harmonic modes (HM) of motion of the CG models are
obtained by NMA, and the comparison of HMs and QHMs
provides a measure of the ability of a CG model to capture
the shapes of low-frequency vibrational fluctuations. The
magnitude of the dot product between a particular QHM and
an HM (JQHM °* HM|) can be used to quantify the
comparison. Since low-frequency vibrational modes are of
major concern, Fig. 5 shows the |QHM ¢ HM| of mode 1 (the
slowest vibrational mode) and the averaged |QHM ¢ HM| of
modes 1-5 for both F-ATP and F-ADP. The A models are
used to obtain the HM of a repeat of F-ATP and F-ADP under
periodic boundary conditions, since the equilibrium structure
of the A models has very small root mean-square deviations
(<0.1 A) with the averaged structure from the MD results.
The results of |QHM * HM| of the ENM are also obtained by
replacing the force constants of effective bonds in the A
models with a universal constant, and are also shown in Fig.
5 (right-hand panels). Note that the shapes of the eigenvec-
tors do not depend on the magnitude of the force constant.

For mode 1 of F-ATP, the CG HM gives a |QHM * HM]|
value of 0.8-0.85 (80-85% similarity) if going beyond the
nearest-monomer interactions, i.e., the A; model and higher
(see Fig. 5, left-hand panels). The averaged |QHM * HM]|
values of modes 1-5 also reach a value of ~0.5 for the A3
model and beyond. Adding more effective bonds only gives
aslight increase in |QHM ¢ HM]|, indicating the limitation of
using the harmonic form of interactions. However, with the
information of internal-coordinate fluctuations from all-atom
simulations, the HMs of the A models do have increasingly
better performance as the cut-off of effective bonds
increases. For the ENM, on the other hand, the values of
|QHM ¢ HM] are not a regular function of R,. The best
values of |QHM ¢ HM]| for F-ATP occur in the A, model
(mode 1, |QHM « HM| = 0.71, modes 1-5, |QHM « HM| =
0.47), in which only the nearest-monomer harmonic inter-
actions are included. Even though by using ENM one could
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get a reasonably good description of the low-frequency vibra-
tional modes, it is not known a priori what would be the
optimal Ry to use for a particular system; the values of |QHM
* HM]| by using the ENM for F-actin can differ by 50% by
changing Ry. There also does not exist a clear pattern of the
|QHM « HM]| values of ENM as a function of Ry in Fig. 5.
Employing the fluctuation-matching CG procedure not only
improves the robustness of predicting the shape of low-fre-
quency vibrational modes, it also improves the similarity of
mode 1 to that of the QHM by 12% and the average of modes
1-5 by 4% compared with the best result of using ENM.

For the case of F-ADP, the CG models from the fluctuation-
matching procedure show trends similar to those for F-ATP.
The |QHM * HM] value has reached 0.87 for mode 1 and 0.6
for modes 1-5 in the A¢ model. For the ENM, on the other
hand, the best value of |QHM ¢ HM]|, 0.69 for mode 1 (18%
less than the result of using the fluctuation-matching proce-
dure) occurs in A3, but the optimal choice for the average of
modes 1-5 occurs at As (0.32, 28% less than the result of
using the fluctuation-matching procedure), and these optimal
cut-offs are also different from that of F-ATP.

The above results indicate that the performance of ENM is
sensitive to the choice of Ry; choices other than the optimal
one can lead to results that are worse by as much as 50%. The
optimal choice of Ry is also different for F-ATP and F-ADP,
and no obvious rule can be inferred from the results shown in
Fig. 5. By incorporating the internal-coordinate fluctuations
from all-atom simulations in a self-consistent manner, the
robustness of the CG model can be significantly enhanced,
and the results are also quantitatively better by 10-30% as
measured by the values of |QHM * HM]|.

—-| FIGURE 5 Dot products of the vibrational ei-
1 genvectors computed from the NMA of the Aq CG
—{ model to that from the quasiharmonic analysis of
4 the all-atom MD trajectories. The values of Mode
1 (the mode with the smallest vibrational fre-
—{ quency; solid) and the averaged values of modes
E 1-5 (shaded) are shown for both F-ATP (left) and
F-ADP (right).

Bridging time- and length scales
using CG simulations

The fluctuation-matching procedure proposed in this work
couples the results of all-atom simulations to CG models via
self-consistent iterations, thus bridging the microscopic and the
mesoscopic scales. The NMA provides the exact solutions of
equations of motion under the harmonic approximation, which
is the basis of the linear elastic theory that has been widely used
to describe the mechanical properties of bioassemblies. The
NMA thus prevents the need to perform MD or Monte Carlo
simulations to obtain configurations for computing properties
of a system. Therefore, the CG model also bridges the time-
scales by extending the short-time information from the all-
atom simulations to the long-time behavior of F-actin using
NMA. In this section, a method for computing the force-ex-
tension curves of F-actin using the CG model is presented as an
example of using CG modeling to characterize biological sys-
tems at significantly longer and larger scales.

The force-extension relationship of linear polymers has
been of great interest for the last two decades in exploring the
properties of biological polymers such as DNA and the cyto-
skeleton (50-52). Optical tweezers and atomic-force micros-
copy (AFM) can be used to constrain the two ends of a linear
polymer under a constant length or constant force condition,
and the resulting forces or lengths at different states of the
polymer are measured. The method described below can be
used to obtain the force-extension curve of F-actin under the
constant-length conditions using the CG model.

Harmonic bonds between the monomers at the two ends of
an F-actin can be used to represent the constraining effects in
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optical tweezers or AFM experiments. By using a large value
of force constant, the end-to-end distance of F-actin can be
constrained to the desired value. The geometries of the
modified CG potential are minimized to locate the equilib-
rium configuration, and NMA is then performed with the
modified potential so that the vibrational free energy at an
end-to-end distance can be calculated at a given temperature.
A force-extension curve can then be obtained from the deriv-
atives of the vibrational free energies of F-actin at different
end-to-end distances.

For a CG F-actin of three repeats (39 monomers, 106 nm),
the force-extension curves of F-ATP and F-ADP are shown
in Fig. 6. The B¢ models are used for the calculations of both
F-ATP and F-ADP because they best reproduce the persis-
tence length of F-ATP and F-ADP together. The maximum
displacements of the end-to-end distances were chosen to be
4% of the values at equilibrium (106 nm). In the stretching
regime (positive extension), and in a small portion of the
compression regime (extension = —0.4 to —0.6 nm), the
F-ATP has a stiffness of 37 pN/nm (per um), and the corre-
sponding value for F-ADP is 31 pN/nm (per wm). These
values are in reasonably good agreement with the experi-
mentally measured value of the stretching stiffness of an actin
filament (45 pN/nm/um) labeled with PHDTMR (phalloidin-
tetramethyl rhodamine) (53); phalloidin is known to be a
structural stabilizer for the actin-filament and may increase its
stiffness. Due to its large persistence length (elastic modulus),
the enthalpy dominates the contribution to the stiffness, and
the entropic stiffening effects are insignificant. In the
compression regime beyond a displacement of 0.4—-0.6 nm,
the filament starts to buckle (1), and little additional force
is required to increase the bend, as shown in Fig. 6. In the
presence of the constraining potential, the slowest vibrational
mode becomes a writhing mode, whose eigenvalue is nega-
tive if the NMA is conducted using the compressed structure
but without the constraining potential. Similar results have
also been observed for an F-actin as long as 1 pwm.

Since it is easy to buckle the actin filament (from Fig. 6,
the Euler force (1) is estimated to be 1.68 pN for a filament of
alength of 1 wm, and the Euler force of F-ADP is 65% that
of F-ATP), it follows that the newly found writhing mode
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could also be relevant for F-actin under a confined cellular
environment in addition to the bending and twisting modes.
Furthermore, for the force generation of polymerizing actin
filaments, these filaments are under compression, and the
writhing mode may also play important roles in the inter-
actions with the actin-binding proteins for the regulation of
this process.

DISCUSSION

In this work, a coarse-grained procedure that systematically
incorporates the information of atomistic MD simulations is
presented and applied to actin filaments. This procedure
matches the equilibrium values and fluctuations of the
internal coordinates chosen to define a CG model to the
values extracted from all-atom MD simulations. The fluctu-
ations of effective internal coordinates in a CG model are ob-
tained via normal-mode analysis. Therefore, this procedure
is particularly useful for CG models that employ a harmonic
form of potential for its internal coordinates, such as the
worm-like chain model for linear polymers and the elastic
network model for proteins, although it can also be applied to
other forms of potentials in a more approximate fashion.

In applying our CG procedure to the actin filament, the CG
sites are chosen to be the subdomains of the actin monomer,
and effective harmonic bonds are assigned between the
monomers in an F-actin. The force constants are determined
by the fluctuation-matching procedure, and thus the cut-off
distance of assigning the intermonomer bonds is left as an
adjustable parameter. It is demonstrated in this work that
certain properties of a system, such as the persistence length,
are sensitive to the cut-off distances. For F-actin, it was
found that a large cut-off of ~200 A is needed to reproduce
the values of persistence length computed from MD
simulations. Such a cut-off corresponds to having effective
bonds for a monomer with its third-nearest neighbors. It was
also found that the force constants of the effective bonds for a
monomer with its nearest monomers decay quickly as a
function of their equilibrium lengths with a power law order
of 2-3. For the effective bonds for a monomer with its
second- and third-nearest monomers, the power law decay of

25 [T T T T T T T T

20 — -1 —
< sk F-ATP 1 F-ADP _
° L 1 | FIGURE 6 Force-extension curves of F-actin with
g 10 = 1 _ three repeat units (3 X 13 = 39 monomers) of F-ATP
§ = 1 4 (left) and F-ADP (right). The corresponding stretching
o SH =37 oN/nm T~ —{  stiffness per wm of the filament are also labeled. Under
g - =2/pnm. | k=31 pN/nm - compression, the filament buckles and a writhing mode
= 0 -1 — is developed.
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the force constants is slow, with an order <1. However, if the
desired objective is only to reproduce the structural proper-
ties, using small cut-offs is enough. These observations sug-
gest a general strategy for coarse-graining stiff polymers
where the short-range effective interactions can be param-
eterized from the structural data or from simulations of clus-
ters, and the long-range ones can be used to confer the CG
model with the desired elastic properties. For F-actin, a good
choice for defining the short-range and the long-range inter-
actions is via physical inspection that the nearest-monomer
bonds can be considered as short-range whereas the second-
and third-nearest neighbor interactions can be considered as
long-range.

Using the fluctuation-matching procedure to incorporate
atomic information also enhances the robustness and accu-
racy of a CG model, in comparison to the ENM approach, to
describe the shapes of the fluctuations that are more likely
to relate to the functions of a biomolecular system (the
low-frequency vibrational modes). The proposed fluctua-
tion-matching method also allows for a more systematic
refinement of a CG model. Applying this method to more
generalized forms of potentials for coarse-graining the actin
filament will be reported in a future work.

By using NMA, the exact solutions of the equations of
motion for a system under the harmonic approximation can
be obtained, and NMA thus provides a manner to study a
system at long timescales (the applicability of the NMA to
biological systems has been reviewed elsewhere (36)). Using
the fluctuation-matching CG procedure with NMA thus
bridges the information obtained at the atomistic micro-
scopic scale to that obtained at the mesoscopic scale. New
methods can then be designed to characterize the underlying
system of interest at larger and longer scales. An example is
to compute the force-extension curve of an actin filament. It
was found out that F-actin buckles under compression as an
elastic thin rod, and a writhing mode of vibration is devel-
oped as a result. Since it only takes a very small force to buckle
an actin filament (~1.68 pN for a 1-um filament), such a
writhing mode of actin could play important roles in the
dynamics of F-actin and its interactions with other proteins.
These and other features of our CG modeling approach will
be explored and reported in the future.
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