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Abstract

This paper deals with the study of microstructund groperties in actin monomers
and polymers using advanced computational methodst@ols. Specific aspects of
actin microstructure and properties include: togaal stability, DNase I-binding
(DB) loop conformation, G-actin flatness, conforimatof nucleotide-binding cleft,
rate of ATP hydrolysis, filament persistence-lendttament bending stiffness and
axial stiffness, and actin-material elastic-stifse matrixmoduli. These actin
microstructural and property aspects are invesdjasing a combination of all-atom
and coarse-grained molecular-level computationathods, and various coarse-
graining and trajectory-data post-processing promsd Wherever possible, the
results obtained are compared with their experialenbunterparts in order to
validate the computational approach used. Also¢dimparing the all-atom and the
corresponding coarse-grained simulation resultsas been established that, for the
most part, coarse-grained force-field functions ivaat are of sufficient
accuracy/fidelity to yield reasonable data regagdiactin microstructure and
properties.

1. Introduction

Within the present work, microstructure and prajsrtn actin monomers and
polymers are investigated using advanced computtimethods and tools. Thus,
the main aspects of the present work include: @ids of actin monomers and
polymers; and (b) advanced computational methodstanls used in the study of
large biological molecules such as actin. A brigérview of these aspects of the
problem at hand is presented in the remainderisftrction.

1.1. Basics of Actin Monomers and Polymers

Actin is a protein which exists within eukaryotiells (cells containing organelles
enclosed by lipid bilayers/membranes) in two mainnfs: (a) as a monomeric,
globular G-actin; and (b) as a filamentous F-aclihe latter is formed by self-
assembly/polymerization of G-actins under physimlabsalt concentration
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conditions. G-actin is a single polypeptide chadmgisting
of 375 amino acid residues and has a molecularhteify
about 43 kDa (1 Da is one-twelfth the mass of amabf
carbon- 12). While monomeric G-actin is bound te on
molecule of adenosine tri-phosphate (ATP) and one
calcium ion, hydrolysis of ATP (severing one of the
phosphate bonds through interaction with a watedeaute)
during actin polymerization produces adenosine di-
phosphate (ADP) and an inorganic phosphate ion,thad
ADP remains bound to the G-actin within the resgiti
polymer. A variety of factors within the cell aftethe
dynamic equilibrium between the monomeric and
polymeric forms of actin [1]. As a result, F-acpinlymeric
chains behave as dynamic structures that contipious
grow at one end and break up at the other endsjporese
to the local physiological conditions/stimuli withihe cell.
Actin polymers/filaments are the major componelitthe
cellular cytoskeleton, and they also play criticales in
numerous processes in eukaryotic cells, such asce(l
motility/mobility; (i) cytokinesis (i.e. a procesa which the
cytoplasm of a single eukaryotic cell is dividedféom two
daughter cells); (iii) endocytosis (i.e. engulfimgd absorption  rigyre 1. partitioning of a single G-actin into four subdomaiand large-
of proteins by cells); (iv) cell shape and polarignd (v) balllarge-stick coarse-grained representation b tfour-bead G-actin
intracellular mass transport [2-5]. In additiontiradilaments  model: (a) and (c) denote ATP-bound G-actin contdiom characterized
act as key structural elements conferring/contrgllithe Py @ larger dihedral angle of the four-bead modg) and (d) denote
mechanical properties of muscle tissue [6]. ADP-bound G-actin conformation characterized by raaer dihedral

. . . . angle of the four-bead model.
When analyzing microstructure/conformation of Gract

monomers, it is convenient to divide a single Graiato four While both G- and F-actins strongly bind ATP, theerof
subdomains. Following Holmes et al. [7], the foubdomains  ATP hydrolysis is greatly different in the two case

(Dn, n = 1-4) are defined in the following way: D1 inatsd  Specifically, the G-actin-bound ATP hydrolyses abou
am!no-aCld residues .1—32, 70—144, and 338—375nﬂ(3des 40,000 times slower [8, 9] This suggests that hmses
residues 33-69; D3 includes residues 145-180 a®d327, po]ymerized E-actin may contain a |arge fraction of

and D4 includes residues 181-269. During this “nlsthe unhydro|yzed ATP. Various experimenta] (eg [1@_bd
adenosine group of ATP and ADP is generally asdign®3,  computational (e.g. [11-13]) investigations sugegsthat
while the phosphate groups are generally assign®dtThe the cause of this difference is the associated
four subdomains are colored respectively as reah,ogellow  polymerization-induced changes in the nucleotice @TP
and orange in Figures 1(a)—(d). or ADP) binding cleft (defined later). However, the
mechanism by which changes in the conformation of
nucleotide-binding cleft affect the rate of ATP hyiysis
remains elusive (e.g. [10]). Among the notewortlffpres
aimed at resolving this problem is the work of CGlaal.
[14] who suggested that polymerization-inducedteiaing

of G-actins moves residue Q137 (glutamine) closehé )~
phosphate group of the bound ATP. Since experirhenta
investigations involving crystallized G-actins [13,6]
revealed that Q137 coordinates a water molecule, édal.
[14] suggested that actin-polymerization-inducealxpmity

of the water molecule to thephosphate group of the
bound ATP may be responsible for the increasedtiR-ac
bound ATP-hydrolysis rate. Figures 1(a)—(d) deplog
aforementioned polymerization-induced flattening thé
G-actin. Specifically, pre-polymerization confornaat of
the G-actin is depicted in Figures 1(a) and (c)levpiost-
polymerization conformation is depicted in Figurg@)
and (d). To highlight the polymerization-inducedtféning

of the G-actin, each subdomain is also represebted
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spherical bead located at the subdomain center asfsm
Examination of the results displayed in Figures)-4(@
reveals that the dihedral angle formed by the D2E31D4
bead chain decreases during polymerization, givieg to
G-actin flattening.

Various investigations (e.g. [14, 17]) have estitdd
that F-actins possess an ordered (i.e. crystalbir)cture
consisting of 13 G-actin unit cells. An exampletbé F-
actin unit cell is depicted in Figure 2(a). To foram
infinitely long F-actin filament, the unit cell @montinuously
replicated in the longitudinal (i.e. along the ffilant axis)
direction. A simplified version of the F-actin stture in
which each G-actin subdomain is
corresponding spherical bead (located at the cefitarass
of the subdomain) is depicted in Figure 2(b). Aevgh in
Figures 2(c) and 2(d), the arrangement of the @Gwmct
within a single F-actin unit cell could be descdbeither
using a single left-handed short-pitch helical stue (six
turns per unit cell) or two right-handed large-piteelices
(one-half of the turn per unit cell, for each hglixn
Figures 2(c)—(d), each G-actin (rather than eachctB
subdomain) is represented by a spherical beadtéidcat
the G-actin center of mass). Two bead colors aegl uis
these figures to help distinguish between the twghtr
handed helical arrangements.

92

Figure 2. (a) All-atom representation of a 13-G-actin unitlaef an F-
actin filament; (b) Same as (a), except that eaedcth is represented by

replaced by ththe four-bead coarse-grained structure; (c) Schémnegpresentation of

the F-actin structure as a single left-handed stpitth helix; and (d)
Schematic representation of the F-actin structuge t&ao right-handed
long-pitch helices.

Currently, there are two widely-recognized F-actin
structural models: (a) the so-called Holmes moii€];[and
(b) the so-called Oda model [14]. While both modmle
based on the helical arrangement of 13 G-actinkinvia
single F-actin unit cell, the Holmes model assurtfes
structure of G-actins to be that displayed in Féguf(a)
and (c), and, thus, to remain effectively unchangpdn
polymerization. On the other hand, within the Odade,
the aforementioned flattening of G-actins is inélddn the
construction of the F-actin unit cell. ConsequenByactin
conformation within the Oda model is that displayied
Figures 1(b) and (d).

Another  conformational change  accompanying
polymerization of G-actin monomers into an F-actin
polymer is the change in conformation of DNasenilrig
(DB) loop, a loop that is composed of amino-acisidees
40-48, located in subdomain 2. The DB loop bindsaBl,
an enzyme responsible for cleaving DNA moleculebew
DNase | is bound to the actin monomer or polymee, t
enzyme is rendered inactive. It is well-establishigat in
the case of ATP-bound G-actins, the DB loop adapts
“loop-typ€ conformation [e.g. 17]. However, upon ATP
hydrolysis, the DB loop acquires a secondary stnect
corresponding to amar-helix [e.g. 14]. In Figures 3(a)—(d),
zoomed-out, Figures 3(a)—(b), and zoomed-in, Fiyure
3(c)—(d), all-atom configurations of a G-actin (hggen
atoms are not displayed, for clarity) for the two
conformations of the DB loop are shown. In Figug¢a)
and (c), the tbop conformatioh is displayed while in
Figures 3(b) and (d), thén&lical conformatiohis depicted.
For improved clarity, thez-carbon atoms of the DB loop
are shown as larger cyan spheres in Figures 3{a)-(d
Experimental studies involving electron microscopy,
proteolysis, and fluorescence spectroscopy [18-+28]e
suggested that this change in the conformatiorhefDB
loop is related to the release of (inorganjephosphate
during ATP hydrolysis. Since ATP hydrolysis andjghthe
process ofysphosphate release, takes place at a finite rate,
some G-actins within the actin polymers have beamd
to exhibit a loop-type [9, 16] while others havadix-type
[16] DB loop conformation. In addition, it has been
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suggested that the release of the phosphate teddiaan 1.2. Computational Investigation of Actins
increase in susceptibility to destabilization ofa¢tins in

the presence of actin-depolymerization proteins.isT ) ) 4 -
destabilization promotes filament disassembly a ita"d X-ray diffraction commonly employed in experirte

“pointed (non-growing) end and regulates filament growthinvestigations of acti_n _ microstr_ucture ar_1d _propgsrti
[1, 24-25] at its barbed end. generally suffer from limited spatial resolution ioln, in

turn, curtails their ability to accurately quantifyament
microstructure and mechanical properties as magiesy,
for example, filament flexibility. To help overconthese
limitations of the experimental techniques, microsture
and properties of actin monomers and polymers/glats
are also being investigated using modeling and Isitiom
approaches. An overview of the public-domain litera
carried out as part of the present work revealeat th
modeling and computational simulations of actingd an
related proteins have been carried out using eetyanf
numerical methods and tools. These methods/toaisbea
generally classified as: (a) continuum-level mesitmbls,
(b) all-atom molecular-level simulations; and (@acse-
grained computational analyses. A brief overviewtlod
past efforts employing the three classes of contioutzl
methods and tools is given below.

Conventional continuum methods based on linear and
nonlinear elastic-material approximations have besed
by several investigators (e.g. [2, 26-29]) to amaly
mechanical properties of actin-based cytoskeleton
structures. Clearly, at the fine length-scale of thctin
microstructure, the continuum  approximation is
questionable and, hence, the results obtained may b
suspect. In addition, continuum-level methods amdstare
incapable of conveying the important effect of ncalar-
level conformation and microstructure of the conipgs
actin filaments and ligands on the cytoskeletonhmaial
response.

In contrast to the continuum-type computationaltrods
and tools, all-atom molecular dynamics (MD) simigias
are capable of revealing atomic-scale microstrattur
details of actin monomers and polymers [30-32]. For
example, the aforementioned change in the DB loop
conformation from the loop type to thehelix type has
been predicted using MD simulations [33]. In adudifithe
experimentally observed effect of DB-loop conforibat
on the structural and mechanical properties of tiradas
been validated using MD simulations involving 13aGin
unit cells of the F-actin polymeric chains [33].rtagermore,
MD simulations can provide important insight intbet
processes which regulate F-actin growth/disintégmat.g.
[34, 35]. Unfortunately, despite all these advaetagffered
by MD simulations, these computational techniqué&fées
from a number of limitations which are primarilylated to
the limited time-scale covered by the simulatiaygpitally
Figure 3. Zoomed-out (a-b), and zoomed-in (c-d), aII—atomleSS than 100 ns) and |ength'sca|e of the computaiti
configurations of a G-actin (hydrogen atoms are displayed, for clarity). model (typically less than 50 nm). Consequently, MD
(a) and (c) display “loop conformation” while (b (d) display “helical ~ simulations are not generally used to study longetin
conformation” of the DNase I-binding (DB) loop. Fanproved clarity, filaments, filament grovvth/disintegration dynamim, the
the a-carbon atoms of the DB loop are shown as largeanegolored interactions of F-actin with motor proteins such’r@s)sin.
spheres. To address the aforementioned limitations of the MD

h Experimental techniques such as electron microscopy
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simulation methods, coarse-grained (c.g.), alserrefl to  with the domains of the adjacent G-actins withia #ttin

as meso-scale [e.g. 31, 36-39], methods and taale h polymer. The intermediate c.g. F-actin model hasnbe
been devised. Within the c.g. methods, some oéllketom validated by comparing its predictions with the-atthm
details have been traded for an increase in thesatde MD simulation and experimental counterparts [40hisT
time and length scales. Provided the c.g. methads avalidation established that the intermediate c.eactn
capable of capturing the essential physics of tempmena model provides a good compromise between physical
and processes of interest, they can be used ty &ger fidelity and computational efficiency [40].

actin-based structures and do so over a longer sicaée.
To ensure that the c.g. methods possess the rddeaivel
of physical fidelity, they are generally derivedings the
corresponding all-atom models. Thus, when constrgct
c.g. models, a multi-scale approach is used, wittiich
information is exchanged between atomic-level medeld
their coarse-grained representations [e.g. 40].

There are few c.g. models for actin-related stmectu
reported in the open literature. In one of thesdets) the so-
called ‘Elastic Network Modél (ENM) is utilized within
which the c.g. particles (commonly referred to aads) are
connected with effective harmonic bonds with a ersal
force constant [41-46]. Typically, within the ENM
framework, each amino-acid residue is representeca b 1.4. Paper Organization
single c.g. bead, and the bead is placed at tlatidocof the ) ) ) ) )
a-carbon within the residue. The corresponding actin S€ctions 2.1-2.2 contain, respectively, a brietdpson

conformation determined using X-ray diffractionuised as ©f the all-atom molecular-level and coarse-graimeeiso-
the reference/equilibrium configuration for the .crgodel.  S¢alé computational methods and tools used in tbeept
Within an alternative ENM-based coarser c.g. mddel WOrk- ~ Post-processing ~ methods — employed  to

actin, each G-actin is represented by a single pegdThis determine/quantify — various —aspects of the actin
version of the F-actin c.g. model is depicted iguFés 2(c)— conformation/microstructure and properties are veered
(d). in Section 2.3. A statement of the problem analyirethe

Due to the fact that the ENM-based c.g. models fopresent work is given in Section 2.4. An overvienda
actins utilize harmonic bonds with a universal &orc discussion of the main results obtained are gineBeiction
constant, they are generally found to be limited - K€Y conclusions resulting from the present wark
predicting phenomena and processes related to thetie  Summarized in Section 4.
conformational changes associated with the polyaagadn
process and with  G-actin/G-actin interactions2. Computational Analyses
Consequently, structural and mechanical propexfes- . ,
actins such as their flexural rigidity and persisge length !N the present work, various aspects of actin marom
(defined later) are not generally well-predicted the tnmgr and_ polymer{fllament microstructure and pd@s
ENM-based c.g. F-actin models [40]. In additiong.c. '€ myesugated using all-atom molgcular—level aneso-
models in which each amino-acid residue is repteseby scale (i.e. coarse-grained) com_putanonal m_ethodstls.
a bead, may be computationally too expensive whehRhese methods and tools consider a material astansyof

studying the behavior of long F-actin filaments. ©w interacting (including bonded) discrete particles. (atoms
other hand, c.g. F-actin models in which each Graist ©F ions within the all-atom framework and assentblié

particles, called beads, within the coarse-grained
computational framework) and utilize potential-aner
minimization based (molecular statics) and/or Newvgo

To overcome the aforementioned limitations of the t S€cond law based (molecular dynamics) algorithms  to
c.g. ENM-based F-actin models, an intermediate E-g. €X@mine and quantify the behavior and propertieshef
actin model was introduced in Ref. [40]. Withinglmodel, Subiect structure/material. It is generally recagdi that
each G-actin is represented by four subdomaineglat C0Mputational methods and tools which are basedaon
beads, Figures 1(a)—(d). Intra-G-actin interactiome compma‘uon of molecular-level and meso-scale a@q:inqs,
modeled by three harmonic bonds, two harmonic bonRrovide advantages over the methods and tools wieigh
angles and one harmonic dihedral angle (each haténg ©n the use of only one of the aforementioned ambres,
own parameterization). In addition, inter-G-actinSPecifically, despite not being as accurate asqtrentum
interactions are accounted for through the use hef t mechanical methods (limited to material = systems
(hypothetical) harmonic bonds (again, each havisgwn cont_alnlng no more than a few hundred mtera_ctmg
parameterization) connecting the domains of onectira Particles), the all-atom molecular-level computasib

1.3. Main Objectives

The main objective of the present work is to canay a
comprehensive computational investigation involvingh
all-atom and coarse-grained methods in order terdghe
and quantify various aspects of the G-actin monoawin-
trimer and actin-polymer conformation/microstruetiand
properties while, as the literature review presgrite the
previous sections reveals, there are several epedling
with various aspects of actin microstructure ambprties,
a comprehensive multi-scale investigation of thigbem
is still lacking.

represented by a single bead may be too coarsectuiat
for the phenomena such as the F-actin polarity famd
interactions between F-actin and actin-binding qiret.
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methods are generally considered to be of higHitydend
applicable to the analysis of large structural/mate
systems (typically containing millions of particje®©n the

1(b), (d), respectively.
Trimers are generally studied because they reptréisen
basic F-actin nucleus which contains all essentited- and

other hand, computed results based on multi-milioninter-G-actin interactions present in the F-actitymer. In

particle molecular-level calculations are oftenfidifit to
interpret, and coarse-graining, which
(hypothetical particles which contain a large numbé
bonded and closely-spaced interacting atoms/ioils aaa
expected to account accurately for the collectiebavior
of these atoms/ions), can be quite beneficial garés to
this matter. In addition, as mentioned earliee thg.
methods can be used to significantly increase thessible
time and space scales. In the remainder of thuSose a
brief description is provided of the key aspectalbatom
molecular-level and coarse-grained computationatietso
and procedures employed in the present work. litiadd
post-processing techniques used to determine aantifu
various aspects of the actin conformation/micrastne
and properties are presented in the last parti@&tcttion.

2.1. All-atom Molecular-Level
Computational Analyses

In general, complete definition of a molecular-leve

computational model and analysis requires spetiificaof:
(a) geometrical (e.g. atomic positions, computatiocell
size, etc.) and chemical (e.g. atomic species, lorder,
etc.) details of the computational model; (b) aafetully
parameterized  force-field  functions
potentials); and (c) details regarding the type, tlumber
and the wusage sequence of the
computational algorithms/methods to be used
simulation. More details of these three aspectsthaf
present computational effort are presented in ¢neainder
of this section.

2.1.1. Molecular-level Computational
Models

Systems Analyzedll-atom molecular-level calculations
carried out in the present work involved six diffiet actin
configurations. These included two distinct (i.@PAbound
and ADP-bound) configurations for three types Geactin
monomers, actin trimers and F-actin polymers) dfnac
based assemblies. Construction and visualizatiorthef
molecular-level models for the six actin-based esyst
(described below) was carried out using Visualip@gram
from Accelrys [48] in combination with MATLAB, a
general-purpose mathematical package [49]. G-ATPGn
ADP configurations of each actin assembly are am®alyin
order to examine the effect of ATP-hydrolysis-inddc
changes in the DB loop conformation on the actincttire
and behavior.

G-actins are analyzed because they are the bainigu

(inter-atomic

molecular-level
in the

the present work, they are mainly used to testpthsical

involves Iseadsoundness of the G-actin monomer and actin polymer

results. An example of an all-atom model for th@RA
bound) actin trimer analyzed in the present workhewn
in Figure 4(a).

Figure 4. (a) All-atom; and (b) coarse-grained models foriadtimers
analyzed in the present work.

F-actin polymers are investigated because thegrageof
the major components of the cytoskeleton. An exangbl
the all-atom model for the F-actin polymer analyaedhe
present work has already been shown in Figure 2(a).

G-actin Models The molecular-level models for the
ATP-bound G-actin (G-ATP), INWK [15], and the ADP-
bound G-actin (G-ADP), 1J6Z [16], are taken frone th
Protein Data Bank (PDB) [50]. Each G-actin contaiis
residues and 5,838 atoms, not counting the atoms
associated with ATP or ADP or additional atoms esded
with post-translational chemical modifications o€tia
(acetylation of the N-terminal aspartate or mettigta of
HIS73). It should be noted that the original INWKAGP
model is missing atomic coordinates for residues, 40—
51, and 372-375. Also, the original 1J6Z G-ADP nidsle
missing atomic coordinates for residues 1-3 and-373,
along with some atomic coordinates in residue 4.thé

blocks of F-actin polymers and undergo topologicamissing coordinates were generated by importing the

changes during self-assembly/polymerization. Adirat

corresponding coordinates from the 1ATN G-ATP maxfel

models of the two (ATP-bound and ADP-bound)Holmes et al. [7] while maintaining the internabedinates

conformations of the G-actin analyzed in the presesrk
have already been shown in Figures 1(a), (c) arkgares

(i.e. coordinates defined with respect to the cataanal
unit cell, defined later) unchanged. The resultaigatom
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molecular-level models for the ATP-bound and AD Ruixb
G-actin configurations are shown in Figures 1(a), &nd
1(b), (d), respectively. Before solvation (i.e. iension in
water), the two G-actin configurations are founditanto
a 7.3 nm x 6.6 nm x 4.0 nm rectangular parallelegip
shaped box.

Actin Trimer and Polymer ModelsSince similar
procedures are used to construct actin trimer atth a
filament all-atom models, these procedures areaaxgdl in
the same, the present, section. To generate thecoiat-
level models for ATP- and ADP-bound actin trimens! &-
actin polymers, the corresponding G-actin molecidael
models are replicated and rearranged in accordaiitte
the F-actin model proposed by Holmes et al. [1HisT

96

Solvation, Neutralization and Physiological
Concentration Adjustmento model the behavior of actins
under physiological conditions within a cell, alk sctin
systems analyzed are solvated explicitly by surdoum
them with water molecules (represented with the3PIP
model [51]), with at least four solvation shellerr each
actin system to each lateral face of the computatianit
cell. To mimic the hydration process (i.e. the fattion
between water molecules and actin moieties) marsety,
while adding water molecules, care was taken tarenthat
no oxygen atom of a water molecule is placed cldisan
0.24 nm to the heavy atoms of protein moleculesqahe
ions, discussed below). Since G-actins possesgatine
charge of —10 (a balance of negative charge indimed

model was shown in Figure 2(c). As mentioned earlieionization of ASP and GLU residues and positivergha

within this model, thirteen G-actins are positiomaeer a
repeat distance of ca. 35.75 nm along the F-aatiynper
axis as a left-handed, short-pitch, six-turn hefimllowing
this model, to construct actin trimer and polymesdeis,
each subsequent G-actin is rotated by 166° (= 12/180°)
about and translated (in a left-hand sense) by 2n7%along

induced by singly protonated HIS residues), neiairaj
ions are added to the system by replacing somehef t
previously added water molecules with'. KIn addition,
counter K and CI ions are added to the system, by
replacing water molecules, in order to attain the
physiological concentration of KCI of 140 mM.

the helix axis towards the barbed/growing end of th Periodic Boundary ConditionsAll models analyzed

polymer. The actin trimer model is then constructad
placing 3 G-actins while the F-actin model is canstied
by placing 13 G-actins within a single repeat distaalong
the helix axis. An example of the resulting 13-Girac
model for F-actin polymer is depicted in Figure)2(ahile
an example of the resulting actin trimer model épidted
in Figure 4(a). The actin-trimer and F-actin repaaits
(both in their ATP-bound and ADP-bound configuraty
before solvation, are found to respectively fini®t8 nm x

employed the use of a computational unit cell ideorto
enforce periodic boundary conditions across ak$aaf the
computational cells. The three edges of the udiiiceach
model are aligned respectively with the three coag
axes. In the case of G-actins, actin trimers aridrdh
directions of the F-actins, the dimensions of tiné aell
are dictated by the imposed four solvation shedisddtion.
On the other hand, in the case of F-actins, the agii in
the longitudinal direction is controlled by the joelicity of

9.8 nm x 10.3 nm and 9.8 nm x 9.8 nm x 35.75 nrthe F-actin molecular structure in this direction.

rectangular parallelepiped-shaped boxes, with thied t

Model SummaryA summary of the basic constituents

edge of each box being aligned with the filamenis ax and geometrical aspects of the six actin-basedtait

(which, in turn, is aligned with thecoordinate axis).

molecular-level models is given in Table 1.

Table 1. Basic constituents and unit cell sizes for theg(AikP-bound and ADP-bound) conformations of actimemers (G), actin trimers (T), and actin

filaments (F). [33]

G-ATP G-ADP T-ATP T-ADP F-ATP F-ADP
Protein atoms 5,881 5,874 17,643 17,631 76,453 76,401
c&"'ions 4 6 10 16 39 65
K* ions 36 30 87 73 332 273
Cl ions 30 29 65 66 228 234
Water molecules 19,649 19,651 51,164 51,167 166,283 166,305
Total atoms 64,898 64,892 171,297 171,287 575,901 575,888
Unit cell size xxyxz, nm 9.6x7.3x9.3 9.6x7.3x9.3 12.7x9.2x14.6 ~ 12.7x9.2x14.6  12.5x12.5x36.6 12.6x12.6x35.6

2.1.2. Molecular-Level Force-Fields
It is well recognized that the overall utility ofalecular-
level computational analyses is highly affectedfidlity

the force-field functions can greatly affect notlyorthe
potential energy of a material system but also
microstructure, properties and temporal behavioti{gion
including structural/morphological stability).

its

and accuracy of the employed force-fields (a set of | the present work, the so-called GROMOS96 force-

mathematical expressions which quantify the coatidmn
of various bonding and non-bonding interactionsmMeehn
the constituents of the molecular-scale model
material-system potential energy). It is generfdiynd that

te thW

field functions [52] were utilized to characterizgra-actin
and intra-nucleotide (ATP or ADP) bonding interans.
ithin the GROMOS96 force-field [52], the potential
energy of a system of bonded and interacting peastits
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expressed as a sum of: (a) the valence (or b&ygacs (b)
the cross-termE;qssterm and (c) the non-bondgon-nond
interaction energies as:

Etotal = Evalence+ Ecross—term + Enon—bond (1)

The cross-term interacting ener@¥oss.term accounts for
the interaction of various valence components of th
potential energy and includes interaction enerigieslving:

(a) stretch-stretch interactions between two adjabends,
Epond-bong (D) stretch-bend interactions between a two-bond
angle and one of its bond&pong-ange ; (C) bend-bend

The valence energy, in turn, contains the followingnteractions between two valence angles associaitda

components: (a) a bond stretching tefyy,.q; (b) a two-
bond included-angle terrkange; (C) a three-bond-dihedral-
torsion term,Eysion; (d) an inversion (or a four-atom out-
of-plane interaction) termE,q,; and (e) a Urey-Bradley
term (involves interactions between two atoms bdridea
common atom)Eyg, as:

common vertex atom,Eange-ange (d)  Stretch-torsion
interactions between a dihedral angle and one sokiitd
bonds, Eeng pong-torsion (€)  stretch-torsion  interactions
between a dihedral angle and its middle bdBgge bona-
wrsion, (f) bend-torsion interactions between a dihedrajle
and one of its valence angleéBngie-torsion @and (g) bend-
bend-torsion interactions between a dihedral aagia its
two valence anglegangie-angle-torsion tEIMS as:

angte angl-g E bond ang-;ﬁ-e E gndncbtorsion+ Erniddlg bond torsio

®)

Evalence = Ebond + Eangle + Etorsion + Eoop + EUB (2)
Ecross— term: Ebond bond+ E
+Eang|e— torsion+ Eangle— angle- torsion

The non-bond interaction term;qn.pona accounts for the
interactions between non-bonded atoms and inclu@gs:
the van der Waals energ¥,q and (b) the Coulomb
electrostatic energ¥couomn as:

(4)

It should be noted that the Coulomb term include
hydrogen bonding interactions.

Analytical expressions for various bond and nonebon
interaction energies appearing in Eqgs. (1)—(4)used by
the GROMOS96 force-field functions, can be foundRraf.
[52]. It should be noted that GROMOS96 is a reactixpe
of force-field potential since it enables adaptisemation
and breaking of the inter-atomic bonds.

It is generally recognized that the computationnoh-
bond interaction terms can be quite costly singeviblves
a summation over a large number of interacting atmms.
This problem is particularly evident in the caselafge
biomolecules such as the present case. To reduze
computational cost of non-bond interactions invodyi
atoms and ions of G-actins, water molecules and, shile
all-atom approach which considers explicit intei@ct
between all particle pairs involved is not usedtdad, the
long-range van der Waals and electrostatic intemast
were computed by the particle mesh Ewald algorif58j.
Within this algorithm, summation of the non-boncergy
interactions within the real space is replacedhiwitthe
periodic systems, by the corresponding summatiamn the
Fourier space, taking advantage of the resultigh hate of
convergence.

Enon—bond = EvdW + ECoulomb

2.1.3. Molecular-Level Computational
Methods and Procedure
All molecular-level calculations are carried outings

Molecular Statics The molecular statics method is
essentially an optimization technique within whitie
potential energy (objective function) of the congiignal
cell is minimized with respect to the positions thie
constituent atoms (design variables). The potewitnrgy
minimization within GROMACS [54] is conducted by
adaptively engaging and disengaging the Steepestddg
f:onjugate Gradient and the Newton's minimization
algorithms. That is, the Steepest Descent method is
employed in the earliest stages of the minimization
procedure in order to efficiently arrive at a maike-level
configuration which is quite close to its optimum
counterpart (i.e. the one associated with the minim
potential energy). On the other hand, in the lattmges of
the minimization procedure, the Newton's algorithim
employed which ensures a monotonic and stable gonlu
of the material into its optimal configuration.

Molecular Dynamics Within the molecular dynamics
method, negative gradient of the potential energuated
gﬁ the location of each atom/ion is first used tonpute
forces acting on each atom/ion. Then, the assariate
Newton's equations of motion (three equations fache
atom/ion) are integrated numerically with respecdtirne in
order to determine the temporal evolution of theemal
molecular-level  configuration. Molecular dynamics
methods are generally classified into the equilibriand
non-equilibrium  methods. Within the equilibrium
molecular-dynamics methods, the subject materiatesy
is maintained in the state of thermo-mechanicalligium
by coupling it to the surroundings, such as a aonst
pressure bath, a constant-temperature reservair, Télis
ensures the absence of net fluxes of the mass, niame
and energy in any of the three principal coordinate
directions. Within non-equilibrium molecular dynasj on

GROMACS computer program [54]. In these calculajon the other hand, the systgm is subjected to largehamacal
two types of computational methods are employedi: (@nd/or thermal perturbations. As a consequencesytsiem
molecular statics (MS); and (b) molecular dynaniid®). experiences large fluxes of its thermodynamic dtiaat
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(mass, momentum and energy). details of the computational model; (b) a set ofiyfu
In the present work, only thePT equilibrium molecular parameterized meso-scale force-field functions; #od
dynamics method was used whéterepresents a (fixed) details regarding the type, the number and the eusag
number of atoms/ion$?, the hydrostatic pressure (fixed atsequence of the meso-scale computational
1 atm), andT, the absolute temperature (fixed at a bodylgorithms/methods to be used in the simulation.réMio

temperature of 310 K). Within the molecular-dynasnic details of these three aspects of the present egmasned
simulations, particle equations of motion are indégd computational effort are presented in the remaimdehis
using the Verlet/leapfrog algorithm [55]. In orderreduce section.

the computational cost, the SHAKE algorithm [56]swa
used to constrain the lengths of all bonds invayvin
hydrogen.

Computational Procedure Typically, the following
sequence of molecular-level computational analysas ;
employed in the present work: (a) a dynamic equitibn ~ Procedures are described below.
procedure is first employed by assigning atomsfions G-actin Monomer Coarse-Grained ModelCoarse-
velocities consistent with (the normal body temperaofy  9raining of individual G-actin monomers has beeedus
T = 310 K and by employing a velocity quenching/swgl ordgr_ .to help eIum_dgte the .characterls.uc_s c_)f @ac
procedure (a procedure which gradually removes thféeXIblh.ty. .Coarse.—gralnmg of a single G-actindarried out
kinetic energy of the system) over a time periodaf40 ps. PY @ssigning a single bead to each of the four @raub-
This step of the computational procedure employediees domains as defined by Holmes et al. [7]. In accocda

that the system acquires a configuration whichloseto With the common practice, the adenosine group of
the one associated with the minimum potential ene(i) ATP/ADP was assumed to belong to sub-domain 3 while

this was followed by an energy-minimization (mollecu € Phosphate groups were assigned to sub-domaihet.

statics) procedure. To retain structural integoitthe actin Mass and location of each bead correspond to the su

model being analyzed, this minimization was carried ~d0Main mass and center of mass, respectively.
under the condition tha€, atoms of all actin residues AS mentioned earlier, a ball-stick representatiérthe

remained fixed; (c) the system is next reheatedil¢wh four-bead coarse-grained structure of a single t&abong

running molecular-dynamics simulations), using théVith its all-atom representation in which differestb-
particle-velocity-assignment algorithm, o= 310 K at a domains are assigned different colors is displayed
heating rate of 31 K/ps while still restraining timetion of ~Figures 1(a)—(d). Examination of Figures 1(a)-(ejeals

the C, atoms: (d) a 40-ps dynamic equilibration employing}hat a coa.rse—gr_alned G-actin contains six internal
velocity scaling is next used while the restraimmosed ~coordinates including three (D2-D1, D1-D3 and D3)-D4
on the C, are gradually relaxed; and () finally, a dataPonds, two (D2-D1-D3 and D1-D3-D4) bond angles, and
generation step is carried out using NPT molecula@"® (D2-D1-D3-D4) dihedral angle. For each sub-doma

dynamics simulations without constraints imposedtiom (he reference position of the corresponding beageis
C, atoms. In these simulations, a Langevin thermagitat €dual to the equilibrium position of the associagadb-

a damping coefficient of 0.5 Pswas used to maintain the d0main center of mass. The latter is computed @sriiss-
system temperature at 310 K while a Langevin-pistol¥€ighted ensemble average of the corresponding MD
barostat [23] was used to maintain pressure anl at simulation trajectory results.

The computational procedure described above yielded ACtin-Trimer Coarse-Grained Modeh schematic of the
trajectory results consisting of particle positiomslocities ~actin-trimer c.g. model is depicted in Figure 4(bghould

and forces at different times during the simulation. As P& noted that, for improved clarity, G-actins assigned
discussed in greater detail in Section 2.3, theselis are |rger separation along the filament axis and teads
analyzed in order to extract and quantify actir{;\ssouated with the same right-handed large-pitdix lare

conformation/microstructure and properties, using &Ven the same color. Since actin trimer is a ruslef an
combination of post-processing capabilities of GR@& ~ actin polymer, and it contains all the essentiahdiog
[54], Discover molecular-dynamics program from Acge features_ of 'Fhellonger actin-polymeric chain, thedsl
[57] and a series of in-house-developed computegrams shown in this figure can be treated as a subsethef

2.2.1. Meso-Scale Computational Models
Coarse-graining of the all-atom molecular-level eisd

has been carried out at the levels of G-actin marsrand

F-actin polymers. Details of these two coarse-gngin

implemented in MATLAB [49]. polymer model (Qescribed below) and, hence, will pe
explained in detail here.
2.2. Coarse-Grained/Meso-Scale Actin-Polymer Coarse-Grained ModeCoarse-grained
Computational Analyses models of F-actin polymers are primarily used tamify

) inter-G-actin interactions and their contributiom the F-
As in the case of the all-atom molecular-levelyqiin strycture and properties. Two types of cograining
calculations, the complete definition of a mesdeca p5ve been applied to F-actins: (a) within the ftygte of

computational model and analysis requires spedifinef:  .,5rse-graining, each G-actin is represented ingesf the
(@) geometrical (e.g. bead coordinates, comput@tioall ¢4, sup-domain beads and, in addition to the sterhal
size, etc.) and chemical (e.g. bead type, bondrogete.)
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coordinates mentioned earlier in conjunction witka€in
coarse-graining, additional bonds are placed betveed-
domains of the neighboring G-actins within the podyic
chain. The resulting coarse-grained F-actin modgl
displayed in Figure 2(b). It should be noted thaf;
improved clarity, inter-G-actin bonds are not shawrthis
figure. The coarse-grained model obtained in tlaisecis
used in a series of computational simulations ideorto
assess microstructure and properties of F-actignpas;
and (b) within the second type of coarse-graingarh G-
actin, within the polymeric chain, is representgdalsingle
bead (located at the corresponding G-actin ceriterass).
As above, the reference configuration is obtaingadnass-

model inter-G-actin interactions within F-actin pulers,
inter-G-actin bonds are utilized. It should be dotbat
these bonds are of a hypothetical character, ang &hne
iused to account for the cumulative effect of shange
non-bond interactions, such as inter-G-actin ditvas
provided by salt bridges, as well as van der Waad
Coulomb-type interactions. These bonds are repteden
using the same harmonic approximation, Eq. (5jnake
case of their intra-G-actin counterparts.

C.G. Force-Field ParameterizatiorParameterization of
the c.g. force-field functions given by Eqgs. (5)-(i8
carried out using the procedure outlined in [33jadi®ws:

(a) Equilibrium values of the bond lengths, bondles

weighted ensemble-averaging of the corresponditg aland the dihedral angle were obtained by: (i) ceara@ing

atom MD simulation results. As discussed earliéiis t
procedure results in the formation of a twédielix bead
structure, Figure 2(d). This type of coarse-granis used
to help interpret all-atom molecular-level compigsaal

results rather than for carrying out direct coaysaned

computational simulations. Towards that end, ad ba

discussed in greater detail in a subsequent sec¢hiertwo-

a-helix bead structure is further
combining the two strands into a single linear ohals
will be shown below, the resulting coarse-grainedckn
model can be used in combination with the theorlmnefar
polymers [2, 28, 58] to determine the persisteecgth (a
measure of the bending stiffness) of F-actin diyeftbom
the all-atom molecular dynamics simulation results.

2.2.2. Meso-Scale Force-Fields

Intra-G-actin Force-Fields Temporal evolution of the
aforementioned six internal coordinates resultimgmf
coarse-graining of a G-actin is assumed to be obhedr by
the corresponding effective
functions as follows: (a) harmonic functions [33] the
form

Uy =k b -2f ®)

and

— 0
Uik —_kijk(eljk _Bljk)z 6)
are used to respectively represent bond-stretch tamne
bond-angle interactions; while (b) a cosine po&ntf
multiplicity N =1 [30, 31]:
— 10
Uiji = —Uijjii COSNg (7
is used to represent three-bond dihedral-angleactiens.
In Egs. (5)—(7), the following nomenclature is uséd
represents the potential energy term in questiatenotes
the corresponding stiffness constanthe bond lengthg
the bond angle, ang the dihedral angle, superscript 0
denotes a reference/equilibrium quantity while suapssi,
j» k, I are used to denote the four G-actin beads.
Inter-G-actin Force-Fields As mentioned earlier, to

the all-atom MD results (obtained by applying tileatom
computational methods described in the previousics®c
in such a way that a single bead is assigned tlo @aactin
subdomain; and (ii) calculating the time-averagéshe
aforementioned c.g. force-field parameters (i.ee th
equilibrium bond lengths, bond angles and dihednajle);
and

coarse-grained by (b) As far as the stiffness constants appearingqs.

(5)—(7) are concerned, they are also determinedgutsie
all-atom MD simulation results. This was done by
recognizing that the thermal fluctuations (defitedow) of
the bond lengths, bond angles and torsional argglasbe
determined by: (i) coarse-graining and post-prdogsall-
atom MD results; and (ii) using either a c.g. ndrmade
analysis of the c.g. potential energy function [F&8je
method adopted in the present work) or by postgssiog
c.g. MD computational results (the method usedthi&
present work, to validate the c.g. parameterizatigvhen
the sought-after c.g. force-field stiffness conttamre

meso-scale force-fieldgjected properly, the all-atom-based and the baged

fluctuation data are in agreement. Hence, in ortber
determine the stiffness constants appearing in &js(6),
the following optimization procedure as proposedifs.
[40, 59] was used. Within this procedure: (i) fogiaen
trial set of stiffness constants and a given carsta
temperature conditiolT(= 310 K), normal mode analysis is
used to compute the corresponding thermal fluctnatiof
the six internal coordinates; (ii) the resultingctiuations
are next compared with their all-atom molecular atyits
counterparts; (iii) the stiffness constants arenthdjusted
in accordance with the steepest gradient method ant
good match is obtained between the two sets ofrthler
fluctuations. In this process, self-consistentatiens were
performed to identify potential interdependenceween
the sought-after stiffness constants; and (iv) thg.
stiffness constants obtained are then verified &rying
out c.g. MD simulations and by computing (and matgh
with the all-atom results) the thermal fluctuatidnem the
results obtained.

In the force-field parameterization procedure déscr
above, the concept of thermal fluctuations was wused
Thermal (squared) fluctuations of a quantdy can be
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defined as<5A2>=<(A—<A>)2> , Where<...> denotes a

mean-value operator.

100

agreement with the X-ray experimental observat[@n46].
Since the reference values of the dihedral anglev@l as
the remaining coarse-grained force-field paramgtmes all

The force-field parameterization procedure desdribederived from the all-atom MD simulation results,isth

above has been separately applied to the analfy@saatin
monomers and actin polymers/filaments. A summarthef
resulting intra-G-actin c.g. force-field parametéos the
case of G-actin monomers is shown in Table 2. EaBle
and 4, on the other hand, contain respectivelyrélsalting
intra- and inter-G-actin c.g. force-field paramstéor the
case of actin filaments.

Examination of the results displayed in Table 2eads
that the equilibrium value of the dihedral anglealmut 5°

greater in G-ADP than in G-ATP, which is in good

finding provides some level of validation for thi-aom
MD computational procedure used. It is also worbhiny
that while the corresponding equilibrium values Bamd
angles in G-ATP and G-ADP are quite comparable,
according to the results presented in Table 2afiseciated
(bond-angle) stiffness constants are substantrafiper in
the case of G-ADP, suggesting that, upon polymgoza
G-actins acquire a higher level of stiffness.

Table 2. Coarse-grained intra-G-actin force-field parametéos G-actin monomers.

Bond stiffness k, kcal/mol per nn?

Equilibrium length, r, nm

Internal Coordinates

G-ATP G-ADP G-ATP G-ADP
D2-D1 bond 94+29 216+68 2.56+0.01 2.63+0.008
D1-D3 bond 406128 473110 2.56+0.005 2.56+0.003
D3-D4 bond 8261260 6724210 2.44+0.003 2.48+0.004
Angle stiffnessk, kcal/mol per rafl Equilibrium angle, degrees
G-ATP G-ADP G-ATP G-ADP
D1-D3-D4 angle 895.4+245 1136.5+250 93.3+0.15 91.1+0.1
D2-D1-D3 angle 228.4+72 447.8+98 95.9+0.4 95.9+0.2
Dihedral angle stiffnesg, kcal/mol Equilibrium dihedral angle, degrees
G-ATP G-ADP G-ATP G-ADP
D2-D1-D3-D4 dihedral angle  400.5+£126 132.1+46 152.7+0.32 157.1+1.25
Table 3. Coarse-grained intra-G-actin force-field parametéos actin filaments.
e Bond stiffness k, kcal/mol per nn? Equilibrium length, nm
F-ATP F-ADP F-ATP F-ADP
D2-D1 bond 205+70 4124214 2.623+0.059 2.585+0.044
D1-D3 bond 601+126 703+203 2.580+0.038 2.577+0.029
D3-D4 bond 645+167 864+195 2.470+0.033 2.467+0.024
Angle stiffnessk, kcal/mol per rafl Equilibriumangle, degrees
F-ATP F-ADP F-ATP F-ADP
D1-D3-D4 angle 881.16+299.54 926.62+435.51 92.20+2.14 91.78+2.01
D2-D1-D3 angle 697.03+257.89 599.12+285.00 92.20+2.69 94.93+3.24
Dihedral angle stiffnes%, kcal/mol Equilibriumdihedral angle, degrees
F-ATP F-ADP F-ATP F-ADP
D2-D1-D3-D4 dihedral angle 554.76+190.28 477.25+233.73 154.48+3.80 155.89+3.63

As mentioned earlier, Table 3, like Table 2, camai
intra-G-actin c.g. force-field parameters but foe tase of
actin filaments. A comparison of the results far B2—D1—
D3 angle stiffness parameter listed in Tables 2&sHows
that in the case of the actin filaments, this 9&fs
parameter is higher by a factor of 2—3. This figdaan be
related to the fact that the DB loop (located witlid2)
controls the contact between the adjacent G-a¢tash
associated with a different right-handed largekpitelix)
and, thus, lowers the fluctuation in and increafies

stiffness parameter of the D2-D1-D3 angle. It sthdug
also noted that increased stiffness of the D2-D1-D3
angular internal coordinates is linked with the heg
ATPase activity of the G-actins in the filamentrthia the
monomeric state.

As far as Table 4 is concerned, it should be nttatthe
following nomenclature was used for G-actin bead3n,
wherem is the G-actin index while is the sub-domain
number. It should also be noted that all G-actiloh@ a
given right-handed large-pitch helix have eithercald or
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an even index.

Table 4. Coarse-grained inter-G-actin force-field parametéus actin filaments.

k, kcal/mol per nn?

Equilibrium length, nm

x

Bond type F-ATP F-ADP F-ATP F-ADP

1D1-2D1 187.22¢15.25 186.85:15.25 4.1470.117 414120117
1D1 - 2D2 175.50+16.11 174.92+16.11 5.94440.125 5.9340.125
1D1 - 2D3 241.30+21.66 241.17+21.66 3.491%0.102 3.497£0.102
1D1 - 2D4 196.27+15.12 196.04+15.12 5.39240.131 5.381:0.131
1D2 - 2D1 197.01+16.01 196.99+16.01 3.69940.097 3.687£0.097
1D2 - 2D2 69.1245.33 68.8815.33 4.501+0.109 4.512+0.109
1D2 - 2D3 107.5248.92 107.308.92 2.640+0.068 2.647+0.068
1D2 - 2D4 89.1047.42 88.8947.42 3.445£0.099 3.431£0.099
1D3 - 2D1 93.6248.57 93.77+8.57 3.046£0.059 3.052+0.059
1D3 - 2D2 50.7045.39 59.7245.39 5.08840.122 5.080£0.122
1D3 - 2D3 160.42+14.71 160.99+14.71 4.14720.112 4.140£0.112
1D3 - 2D4 143.29+11.83 143.02+11.83 5.982+0.130 5.992+0.130
1D4 - 2D1 180.82+15.15 180.12+15.15 1.947+0.029 1.952£0.029
1D4 - 2D2 141.65:12.55 141.35+12 55 2.907+0.049 2.917+0.049
1D4 - 2D3 82.3446.82 82.37+6.82 3.63840.057 3.642+0.057
1D4 — 2D4 185.00+16.17 184.79+16.17 4.501+0.062 4.509+0.062

" The number in front of the subdomain label indisahe relative position of the G-actin monomethima-helical actin filament.

2.2.3. Coarse-Grained Computational
Methods
As mentioned earlier, coarse-grained models ofnacti
based structures were used in two ways in the pregak:

i.e. the lower is its topological stability. In tpeesent work,
RMSDs are calculated as ensemble averages oflthtoal
MD results pertaining to the trajectories of aficarbon
atoms (rather than all atoms) within a single Rracinit
cell. Since each G-actin contains 3@Zarbon atoms (i.e.

(@) to carry out additional meso-scale computationgegigues) and there are 13 G-actins per actin-fztnunit

analyses. In this case, the same types of compoédti
analyses as in the molecular-level case (i.e. mtdec
statics and molecular dynamics) are used. Howentsr-

particle interactions are described using effectimeso-
scale force-fields in place of the molecular-leveice-

fields; and (b) coarse-grained structures are tsexktract
and help interpret various actin topological feasuiand
material properties. For example, as discussethennext
section, coarse-graining of the all-atom MD compatal

results is used to compute persistence length efatttin
filaments, a quantity which is a measure of thectna
intrinsic bending stiffness.

2.3. Determination of Microstructure and
Properties

In this section, a brief description is providediud post-
processing computational procedures which were tsed
determine and quantify  various
characteristics and properties of actin monomeimets
and polymers.

2.3.1. Topological Stability

Topological stability is a measure of the abilitfyawtin
filaments to retain their structural integrity inet presence
of thermal fluctuations. One way of judging topdt=d
stability is by quantifying Root Mean Square Deiins
(RMSDs) of the positions of all atoms within theveyn
computational cell, as a function of time, relatitee the
ones in the initial/reference actin-filament sturet Clearly,
the larger are the values of the RMSDs, the highehe
probability for a given actin configuration to diggrate,

microstructural

cell, the total number ofr-carbon atoms that had to be
monitored is 4,875. To arrive at a single scalaasoee of
the F-actin stability, the time-average of the RMSDr the
4,875a-carbon atoms are used in the present work.

It should be noted that the concept of RMSDs,
mentioned above, is encountered frequently in tiayais
of molecular dynamics trajectory data. That is, RMSre
often used to quantify deviations of the measudfmuted
results from their reference levels. The deviatiofighe
individual data points from their reference valuase
commonly referred to as residuals. The common ghaee
for calculating RMSDs involves: (i) individually sgring
the residuals and summing them; (ii) dividing thensby
the number of residuals; and (iii) taking the sguaoot of
the result.

2.3.2. DNase I-Binding (DB) Loop
Conformation

As mentioned earlier, polymerization of G-actingl éine
resulting formation of F-actins (including the cament
ATP hydrolysis) is accompanied by the change in
conformation of the DB loop from the loop-type toet
helix-type. The rate at which DB loop conformatibna
changes take place can be considered as anothsuraed
actin topological stability. This rate is typicalbssessed
through visual inspection of the coordinates a€arbon
atoms associated with residues 40-48, the residiiéecsh
constitute the DB loop, at different stages of roolar-
dynamics simulations.

2.3.3. G-actin Flatness
Flatness of G-actin monomers and G-actins withimac
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polymers, which affects the conformation of thelaatide-  configuration in the fornC—N-C,~C-N; and (iii) finally,
binding cleft (defined below), was investigated tine the dihedral angleg and¢ are defined by the two three-
present work. Two different approaches, describeldvly bond configurations N-C,~C-N and C-N-C,-C,
are used to investigate G-actin flatness. respectively. Since inter-residue peptide bondscaly
Within the first approach, the all-atom molecular-result in planar ¢,—C-N-C,) atomic configurations, the
dynamics trajectory data were not used directifh®athe two Ramachandran angles quantify the extent oficotaf
data for each G-actin are first coarse-grained fisior the two adjaceni—C,—~C-N andC—N-C,—C configurations
beads, Figures 1(a)—(d), where the center of eadd b at theC, atom of the residue of interest. It should be dote
coincides with the center of mass of the correspun- that the total rotation between the two three-bond
actin subdomain. Using this procedure for coarséagrg configurations is fully defined in terms of the two
of the all-atom trajectory data, monomer flatness iRamachandran angles becauseNk€,~C two-bond angle
qguantified by the dihedral angle, i.e. one of theisternal centered at th€, of interest remains constant.
coordinates of the coarse-grained G-actin. A dialeangle
of 180° corresponds to the case of a perfectly@actin.
To quantify the extent of G-actin flathess withictia
filaments, it is a common practice to construct@bpbility
distribution function for this dihedral angle ardexamine
the first few moments of this distribution functisuch as:
(i) first moment - mean (a measure of the averageevof
the quantity being investigated); (i) second moten
standard deviation or variance (a measure of theaspof
values of the quantity); (iii) third moment - skesas (a
measure of the symmetry of the distribution: pwsiti
skewness denotes a distribution function with
longer/fatter right tail); and (iv) fourth momenkurtosis (a
measure of the sharpness of the distribution fancébout
its peak, or alternatively, the breadth of thestaf this
function). This approach was adopted in the presemk.
In addition.to coarse-graining the all—atqm traq'_ne;ztresults, 2.3.5. Rate of ATP Hydrolysis
coarse-grained molecular-dynamics simulations d8® a  ne of the unresolved actin-related problems relage

used to assess G-actin flatness (by determining thRe fact that the rate of ATP hydrolysis increabgsfour
distribution of the dihedral angle). By comparinBet g, qers of magnitude during actin polymerization. it

dihgdral—angle distributic_m results optaineq_ via.xzo(:)arse— generally recognized that glutamine-137 plays apoirant
graining the all-atom trajectory data; and (iedir coarse- e in ATP hydrolysis [14]. This residue is locatin the

grained ~simulations, an insight was given into thgnge region of the G-actin, the region that playsritical
quahty/ﬁdghty_ of the present coarse-grained fofeeld ¢ in G-actin flattening during polymerizationuiing the
paramgtenzauon. . G-actin flattening process, the side chain of tEsidue
_ Within the second approach, G-actin flainess wag,ay relocate closer to the nucleotide-binding cl@tis
investigated using all-atom MD results more dinectihis  6|5cation may result in a decreased separatidgardis and
was done by monitoring the backbone dihedral angl§§creased binding between the residue side chaintla
associated with residues 141/142, and with residuegrp yphosphate group, which, in turn, may lead to
336/337. The region of G-actin associated with éhesincreased susceptibility to hydrolysis (i.e. a lighate of
residues is commonly referred to as thewge region” and  pyqrolysis) of the ATP triphosphate group relattoethat
is frequently used to explain sub-domain rotatidniclv is  jpserved in the case of ATP-bound actin monomens. T
responsible for G-actin flattening [14]. The rolleyed by onset and evolution of all the aforementioned psses

backbone dihedral angles in G-actin flattening l&seé \\hich are believed to be related to the ATP hydsislyvas

residues is normally examined by constructing the,gnitored in the present work by carefully examinil-
corresponding Ramachandran plot using the datalf@-  iom MD simulation results for the participatingickies

actiqs within a single F-actin_unit cell. The Ramaicdran -4 functional groups. It should be noted thatcesithe
plot is a scatter plot af vs.¢ dihedral backbone angles for .achanism of ATP hydrolysis involves atom-scale

all the amino acid residues within the G-actin. Th%henomena and processes, it could not be investigat
procedure used to define the two dihedral backlzomges using c.g. computational met’hods.

involves the following steps: (i) first, within thgiven

residue, the backbone structure is defined byNhE€,~C  2.3.6. Filament Persistence-Length

three-atom configuration; (ii) through the peptidends As mentioned earlier, the persistence length oaeim
formation with the adjacent residues, this atomidilament is a (semi-quantitative) measure of theoamted
configuration is expanded into a five-atom backbondending stiffness. The persistence length is atteoger

2.3.4. Conformation of Nucleotide-Binding
Cleft

To a first approximation, the geometry/topologyao6-
actin can be described as two lobes separated by a
(nucleotide-binding) cleft. Following the generahgtice,
conformation of the nucleotide-binding cleft is @stigated
in the present work by: (i) both coarse-graininghe&s-
actin all-atom trajectory data using the four-beay model,
and by carrying out a coarse-grained molecular-gyos
simulation (based on the four-bead representatfosach
£-actin); and (i) monitoring the resulting intekna
coordinate bond angles (BR1-D3 and D:D3-D4). It is
well-established that the values of these two angtatrol
the extent of open/closed conformations of the entade-
binding cleft.
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which the filament of a linear type loses the clatien
between positions of its backbone atoms. In othends; a
stiff filament is expected to be found in configimas
which are closely related to its
(equilibrium/straight) configuration and, thus, pess a
large persistence length. Conversely, complianfénts
can bend more easily and acquire configurationshvhie
topologically quite different than their
configurations (since the associated energy-ineress
relatively small). Consequently, compliant
possess a small persistence length. In order tairola
measure of the actin-filament

However, as discussed earlier, actin filaments ggsana-
helical character and not a linear character, aedcé,
before the persistence length of actin filamentsldde

determined, allhearizatior’ procedure had to be devised

for the actin filaments. This procedure, as well the
procedure used to determine actin-filament pensiste
length, is described in the remainder of this secti

The first step in the actin-filament
procedure involves coarse-graining of each G-aetthin
the actin-filament unit cell into a single bead.isTls
accomplished by placing a bead of the G-actin raaske
center of mass of each G-actin. As mentioned eathés
process results in the formation of a left-handsattspitch
single-strand helix containing 13 beads, Figure.Z{tis
configuration is nextlinearized by replacing every three
adjacent G-actin beads (within the single left-lethdelix)
with a single bead with a position set equal todbetroid
of the triangle defined by the three G-actin bealsis
procedure results in a 13-bead linearized
wavy/undulated) chain configuration that is coreistwith
the underlying helical symmetry of the filament. gtzown
below, this configuration, in conjunction with liae
polymer theories [2, 28, 58] and the coarse-graiakd
atom trajectory results (used to calculate G-aotad
reference and instantaneous coordinates) can he tose
determine the persistence length of F-actin.

To calculate the persistence length,, the following
relation was used [e.g. 28]:

feosota) = exf - |

p

(8)

reference
filament

bending-stiffnesss it
persistence length was determined in the presemk.wo

linearization

(b

where r_; and 1., are the position vectors of bead4 and
i+1 along the linearized filament, respectively. \Wikgy. (9)
is applied to the reference point and a non-refagint

referenceOf interest, the resulting two tangent vectors barused to

calculated, . As far as calculation of contour lengshis
concerned, a similar procedure is used to firstpate the
length ds of the contour segment associated with Hessi

J5 =%( =[] 04 ) (10)

Then the associated contour lengthis obtained by
summing the segmental contour lengths between the
reference bead and bead

It should be noted that the equilibrium configusatiof
the linearized F-actin chain obtained using thecedore
described above is undulated/wavy while Eq. (8uiaEs
that such a configuration is a straight line. Copsatly,
while applying Eq. (8), the contribution of the darized
chain curvature to the tangent angle had to be vetho
This was done using the following procedure: (i$tfi the
average value of the tangent vector at the locatfoeach
of the 13 beads in the equilibrium configuration is
calculated; (ii) the same procedure is appliecc&dculating
instantaneous average values of the tangent veidr(iii)

6, is defined as a difference between the correspgndi
tangent vectors obtained in (i) and (ii).

It should also be noted that due to the fact thwat t
linearized-chain configuration repeats every 13dsedhe
largest contour distance between two beads thdd doe
analyzed is the one corresponding to the contostanice
between the first and seventh beads in sequengeb@ads

U8 and 9). Larger contour distances are not perbtéssince,

due to the actin-filament axial periodicity, theyave
already been accounted for (as smaller distandes).
example, the contour distance between beads 1 drab 8
already been accounted for as the contour disteteecen
beads 8 and ™1 where the" is used to denote the F-actin
unit cell adjacent to bead 13.

Based on the discussion presented above, only six
independent cogj correlation functions defined by Eq. (8)
can be computed. On the other hand, in these edilons,

13 independen®( ands) pairs of values are used.

The aforementioned persistence-length calculation
procedure is applied in the present work by bajrcdqarse-
graining the all-atom computational results; ang [y

wheres is the distance of a given point from a referencgjirectly using the results of the coarse-grainetimatational

point measured along the linearized chdns the angle
between the linearized chain tangents at the tvicipcand

<> denotes an average quantity.
Calculation of the unit tangent vectar at the location

analysis.

2.3.7. Filament Bending Stiffness and Axial
Stiffness
In the previous section, the procedure was predeoie

of beadi is carried out using the following central c5cylation of the filament persistence length. Mthe

differencing scheme:

I = fig ~Fica
fia _ri—1|

()

persistence length is a measure of the intrinsicding

stiffness of the filament, it cannot be readily eeried into
the actual bending stiffness. This may become muser
shortcoming in the structural-typé analyses of the
mechanical response of a cell in which the knowdedf
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the cytoskeleton stiffness is required. In the samayses,
the knowledge of the axial
extensional/compressive and buckling response) hef t
filaments is also required. For that reason, prooesl for
determination of the bending stiffness and the laxi
stiffness of the actin filaments are describedis section.

To calculate the bending stiffness of an actinnditant,
the filament is subjected to a series of unifornmd(a
increasing magnitude) curvature bending tests (irthvthe
filament axis is treated as the bending neutra)a¥it each
level of the imposed bending curvature, the podénti
energy of the filament is minimized, and its in@edper
unit filament-length) relative to the potential ege of the
straight filament is plotted as a function of theadant
curvature. Then the energy increase vs. curvatate dre
fitted using a quadratic functional relationshipwhich the
constant and the linear terms are set to zero, thed
bending stiffness is set equal to the coefficidrthe fitting
function.

A similar procedure is applied to determine theabxi
stiffness of the actin filament, except that tharfient is
now subjected to axial/linear perturbations and e¢keess
energy (for the entire filament) is plotted agairnbke
absolute value of the filament-length change. Tk&ala
stiffness is then set equal to the coefficient had fitting
guadratic function (analogous to the one describethe
context of bending-stiffness determination).

It should be noted that actin-filament bendingfisti§s
and axial stiffness quantify the mechanical respon$
actin filaments when these filaments are consideasd
discrete structural elements. As mentioned eartigese
guantities are used in structural-type analyseshefcell
mechanical response. Often, however, cells ar¢ctiems a

104

which are used to extract the elastic-stiffnesspertes

stiffness  (controllingfrom either the molecular-statics or the molecalgnamics

all-atom/coarse-grained results.

6?.3.8.1. Molecular-Statics-Based Elastic-

Stiffness

As mentioned earlier, application of the molecigtatics
procedure to an all-atom coarse-grained compuiation
model places the system being analyzed into theiton
of static equilibrium in which the forces acting each
particle are zero while the potential enerdy) (of the
system is at its minimum. Elements of the fourttesr
elastic-stiffness tensor can be determined bydigjorting
the statically-equilibrated computational cell thgh the
application of strainsg; and & ; (ii) application of the
molecular-statics procedure to minimize the enefjyhe
distorted unit cell; and (iii) using the resultimcrease in
the potential energy of the unit cell, within a it
difference numerical scheme, to evaluate the sepaniihl
derivative of the system’s potential energy witkpect to
the two components of strain in question aboutsiystem
equilibrium as

C. = 1 o (20)
Kk TN, A~ A~
A
whereV, is the equilibrated computational-cell volume, and
the second partial derivative is obtained whilepieg the
remaining strain components unchanged.

The elements of the fourth-order elastic-stiffneesssor
are next readily converted into their 6x6 elastiffress
matrix counterpartsC,s (a, f = 1-6), using the Voigt
conversion scheme [60]. Once the (anisotropic)tielas

(heterogeneous) continuum and, in the continuure-typstifiness constantsC,; are determined, they can be
analyses, dctin-material stiffness properties are required. “homogenizedto obtain the effective isotropic stiffness
Here, the term dctin-material is used to denote an moduli such as the Young's moduli® (the shear modulus

infinite-extent continuum  consisting of randomly or(G), the bulk modulusK) or the Poisson’s ratio/f. There

irregularly arranged and solvated actin
Determination of the effective actin-material
properties is presented in the next section.

The bending-stifness and the axial
determination procedures described above are appdie
both: (i) coarse-grained all-atom computationaltss and
(ii) coarse-grained computational-analyses results.

stefbs

2.3.8. Actin-Material Visco-Elastic
Properties
When the all-atom and/or coarse-grained MS and/®r M

simulations are carried out under periodic boundar

conditions, the results obtained can be used tqotarthe
elements of the fourth-order elastic stiffness ¢ener,
equivalently, the components of the 6x6 elastitr&tss
matrix for the subject actin-based bulk materiahe3e
elastic-stiffness elements can be, in turn, postessed
using a homogenization procedure in order to compiug
average isotropic elastic moduli. In the remaindethis
section, a brief description is provided of the qadures

filamentsare several homogenization methods available sadhe

eigenstrain method developed by Eshelby [61] andaMo
[62], effective medium theory [63], self-consistanéthod

stiffnessy Nemat-Nasser [64], etc. It should be noted timat

elastic-stiffness constants/moduli obtained usinige t
molecular-statics data pertain to the responséesubject
material (actins, in the present case) at 0 K. biia the
corresponding  elastic-stiffnress moduli at a finite
temperature, molecular-dynamics results obtainedhat
temperature of interest should be used. Computatighe
finite-temperature elastic-stiffness constants/nfiodis
discussed below.

2.3.8.2. Molecular-Dynamics-Based Elastic-
Stiffness
Post-processing of the MD simulation results eralie
computation of finite-temperature time-dependeatreints
of the fourth-order elastic-stiffness tensagjy (t). This is
done by employing the stress auto-correlation fongt
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<°u (O) oy (t)> as: 2.3.8.3. Newtonian Shear Vi.sc.osi.ty
To reveal the rate-dependent/dissipative behavidhe
Vv subject (actin-based) material, (Newtonian) shésgosity
Ciq (t) :_<gij (o) a, (t)> (11) s ?s computed from the time—dgpendent shear moda(t)s
KT using the Green-Kubo formulation [65, 66] as:
where ks is the Boltzmann constant; is the absolute «
o 75 =] G(t)dt (14)
temperature, ansﬁ...} denotes ensemble average. As far as 0

the components of the stress are concerned, they -
computed using the virial theorem as %.4. Problem Formulation

1l 1o The two main problems addressed in the present work
_ are as follows: (a) application of the computationa
L= — A + )
g Vv {Zm VY z Z b EJ } (12) methods and tools presented in Sections 2.1-2dardp
1=1 =1 J=1+1 ; ;
generate all-atom and coarse-grained trajectorg, datd

fhe utilization of the procedures described in Bec?.3 in

wherel andJ denote atom/bead (not atom/bead-type) labe : _ .
order to determine various microstructural featusesl

n the total number of atoms/beads within the contjrtal ; ) . =
gviscoelastic properties of the actin filaments; bl to

cell, v, r and F are atom/bead-velocity, inter-atom/bea - - ] > ’
position vector and inter-atom/bead force vectordvalidate the coarse-grained force-field functioreived,

respectively. In Eq. (12), the first term on thghtrhand since future work involvir_lg larger actin-filamenth:tur_es,
side represents the dynamic (ie. kinetic energy}S those er_lcountered in smooth-muscle cell gontract
contribution while the second term denotes thdcstae. ~ c/ements, will be based on the use of c.g. comipuat
combined bonding and non-bonding energy) contriputo ~ Methods and tools.

the stress. As discussed above, the elements dotntn-

order elastic-stiffness tensor can be readily caedeinto 3. Results and Discussion

their corresponding elastic-stiffness matrix coyvdets ) . . s .
which, in turn, can be homogenized to obtain the In this section, a brief description is provided thg
corres,ponding iéotropic elastic moduli. results pertaining to various microstructural cltgestics

In Eq. (11), the concept of stress auto-correlatiofd Properties of actin monomers, trimers and petgm
function was used. To understand the concept sélaion ~ ©Ptained in Section 2.3. In order to help relate ost-
functions, one should recognize the fact that (dygarticle, PrOcessing procedure(s) (as used) and the resafiisned,
i.e. atom or bead, interactions) particle trajeemmre not the organization of the present section is analsgouhat

completely independent during a MD simulation rum. US€d in Section 2.3.
other words, over a finite time period, particlend to
retain the memory of their initial (timésF states (e.g.
position, velocity, etc.). In the case of fluidsick memory Time-averaged a-carbon RMSDs for the cases of
becomes completely lost and the particles becon@olymerized G-ATP and G-ADP are found to be 0.168 %
uncorrelated (relative t3) after an infinite amount of time. 0.005 and 0.191 + 0.007 nm, respectively, relativeéhe
In the case of solids, on the other hand, someicmrt corresponding time-averaged positions of theecarbon
correlation is retained indefinitely. To quantifjetextent of atoms. This finding suggests that ATP hydrolysid #me
particle correlations at an arbitrary tiniet,, the time accompanying dissociation géphosphates causes a slight
correlation functions (or simply correlation furwis) are morphological destabilization of actin filaments.should
generally used. These functions quantify the cati@h be noted that since the same all-atom RMSDs wezd s
between two time-dependent material propert®$), and the c.g. force-field parameterization procedure, ¢bharse-
Q(t), as: grained computational analyses are expected tmdepe
these RMSDs (for the given type of nucleotide-bound
C(t) = lim EJ())((P('fo)Q('fo +1)dtg (13) actin). This was confirmed in the present work.
X—o0 T

3.1. Topological Stability

3.2. DNase I-Binding (DB) Loop

WhenP(t) andQ(t) are different material properties, Eq. Conformation
(13) defines a so-called cfoss-correlatiofi function.
Otherwise, application of this equation yields auto-
correlationi’ function. It should be noted that the temin

As mentioned earlier, DB-loop conformational chage
are investigated by visually monitoring the tempora

Eq. (13) is a normalization factor which ensurest tthe evolution of the a-carbon atoms residing within the
correlation function in question takes on a valtid@ at residues constituting the DB loop. Unfortunatelithin the
t=t,, computational times affordable in the present work,

changes in the DB-loop conformation could not be
observed, regardless of the character (ATP or AGfRhe
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nucleotide which is bound to the G-actin. In otherds, if
the initial DB-loop conformation is of a loop typthe loop
will retain this conformation, even in the case®{ADP
(the state of G-actin which is expected to be aaset with
the helical conformation of the DB loop). To obtahme
helical conformation of the DB loop in this cagecarbon
atoms associated with the residues defining theld2p-
had to be manually perturbed into a helix-like égufation.
Then, subsequent molecular-dynamics simulationistags
in formation of a more regular helix structure b&tDB
loop. An example of the results obtained after impfibn
of this procedure is displayed in Figures 3(a)-(d3hould
be further noted that, since coarse-graining wasechout
at the level of G-actin subdomains, c.g. computetio
methods could not be used to investigate DB-loo
conformational changes.

3.3. G-actin Flatness

It should be recalled that the flathess of G-adin
assessed in the present work using two distinchoast (a)
via determination of the dihedral angle probabitignsity
function; and (b) via the use of the Ramachandiats.pin
the remainder of this section, the corresponding $ets of
results are presented and discussed.

The results obtained in the present work pertaitintpe
dihedral-angle distribution for the cases of polyizex
ATP-bound G-actins with: (a) the loop-type; and tbg
helix-type conformation of the DB-loop are displdym
Figures 5(a)—(b), respectively. The correspondiasults,
but for the case of polymerized ADP-bound G-acterg
displayed in Figures 5(c)—(d), respectively. Inteaase,
two sets of data are displayed, one obtained byseea
graining all-atom trajectory data (the curves ladefAll-
Aton?), and the other obtained using direct coarsengi
molecular-dynamics simulations (the curves labele

“Coarse-Grainet). Also, in each case, the values of the

first four distribution moments are calculated. mEkaation
of the results displayed in Figures 5(a)—(d) ane th
corresponding distribution-moment results reveladds: t

0.13

(a)

0.12
——0O— All-Atom

0.11 —{— Coarse-Grained

0.1

Dihedral Angle, degrees

(b)

—— All-Atom
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Figure 5. All-atom and coarse-grained dihedral-angle probépil
distributions for the cases of: (a) ATP-bound Ghactwith loop
conformation of the DB-loop; (b) ATP-bound G-actmith helical
conformation of the DB-loop; (c) ADP-bound G-actinith loop
conformation of the DB-loop; and (d) ADP-bound Ghaownith helical
conformation of the DB-loop.

(a) the all-atom and the corresponding coarse-gdain
results are generally in good agreement. For exanipl
the case of the ATP-bound G-actin with the loop
conformation of the DB-loop, Figure 5(a), the metre
standard deviation, the skewness and the kurtasishe
all-atom-/coarse-grained-based dihedral-angle idigton
functions are: 158.0/157.9, 5.02/5.09, 0.701/0.740d
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0.176/0.196. Consequently, in the remainder ofgbigion,
only the all-atom-based results for different caséss-
actin-bound nucleotide and the DB-loop conformatigth
be discussed/compared;

(b) for the given bound-nucleotide,
conformation has relatively little effect on thdues of the
dihedral-angle distribution function moments. Frample,
in the cases of the ATP-bound G-actin with the lbefical
conformation of the DB-loop, Figures 5(a)—(b), thean,
the standard deviation, the skewness and the ksirfos
the dihedral-angle distribution functions are: 18858.3,
5.02/4.92, 0.701/0.559 and 0.176/0.182. Similairtythe

these figures shows that for the two conformatiohshe
DNase I-binding loop, the distribution of the two
Ramachandran angles are quite comparable in the afas
residue 142. On the other hand, there is a didiifiegrence

the DB-loopin the distributions of the Ramachandran anglesHertwo

conformations of the DNase I-binding loop in theseaf
residue 337. This difference in distribution isiadication
of the changes in the G-actin flathess accompangaim
polymerization and ATP hydrolysis. As a final rekait

should be noted that the Ramachandran plots are

constructed using the G-actin backbone moleculatle
structure and, hence, could not be generated usiag

cases of the ADP-bound G-actin with the loop/hélicacoarse-grained representation of the G-actins.

conformation of the DB-loop, Figures 5(c)—(d), timean,
the standard deviation, the skewness and the ksirfos
the dihedral-angle distribution functions are: B%969.1,

generally expect that if the ATP-bound G-actin $signed
the higher-energy helical conformation DB-loopwibuld
spontaneously revert the DB-loop into its
conformation. Likewise, one would expect that i thDP-
bound G-actin is assigned the higher-energy

conformation DB-loop, it would spontaneously revire
DB-loop into its helical conformation. The fact ththese
transitions are not observed suggests that theciassd
activation energies are too high and/or the simadaimes
used are insufficiently long. Since the characterismes
for these transitions are expected to be on therood
seconds, the simulation times required for
observation of the transitions are prohibitivelgdo

4.45/4.38, —0.367/-0.316 and 0.064/-0.046. One dvoul b @
60 |-

(c) the nature of the bound-nucleotide has the gumym

effect on the dihedral-angle distribution functieithin the
polymerized G-actins. For example, in the caseshef
ATP-/ADP-bound G-actins with the loop conformatioh
the DB-loop, Figures 5(a) and (c), the mean, tl@dsdrd
deviation, the skewness and the kurtosis for thedtal-
angle distribution functions are: 158.0/169.6, %045,
0.701/-0.367, 0.176/0.0644. This finding suggelséd the
ADP-bound G-actin is flatter, since a perfectlyt faactin
would have a dihedral angle of 180°; and

(d) while the changes in the bound-nucleotide tgpd
the DB-loop conformation appear to significantljeaf the

values of skewness and kurtosis, on a relativeescal
absolute values of these distribution moments arige g
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small, mak'ng phyS|caI Interpretation of these @Eﬂ’] Figure 6. Examples of the Ramachandran plots for residue442) and

difficult.

(b) 337. In each case, actin-polymer configuratitiased on both ATP-

Examples of the Ramachandran plots for residues 143@sed loop and ADP-based helical conformation ef EiNase I-binding

and 337, obtained in the present work, are giveFigures
6(a)—(b), respectively. In each case,

based helical conformation of the DNase I-bindiogpl are
investigated. The results displayed in Figures-§3) do

actin-polyme
configurations based on both ATP-based loop and -AD

loop are shown. Please see text for further explanaf the symbols.

.4. Conformation of Nucleotide-Binding
Cleft

As mentioned earlier, the open/closed conformatibn

not contain original scatter data but rather thgne nucleotide-binding cleft is investigated in theesent
corresponding mean vaIl_Jes (shown as black-filled®yls)  \work by monitoring the D2-D1-D3 and D1-D3-D4 bond
and ~ one-standard-deviation ~domains of the tW@ngles. While one can determine the complete blistdn
Ramachandran angles _ (shown as wh|te—f|IIe_d Sy.mbo*unction for each of these two angles, only the
outlined ellipses). Examination of the results @igpd i mean/equilibrium values and standard deviationshege
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angles are monitored. Since the equilibrium vabfethese 3.6. Filament Persistence-Length
angles act as the c.g. force-field parameters, theye
already computed using the procedure for coarseigoa
the all-atom trajectory results. The results arewsh in
Tables 2 and 3. It should be noted that the useoafse-
grained simulation methods to re-compute theseeanigl
not necessary since the results must be identicaheair
coarse-grained all-atom-data-based counterpar
Examination of the results shown in Tables 2 amdv@als
that: (a) the nature of the nucleotide bound to@actin
has relatively weak effect on the equilibrium vad the

The results of the aforementioned persistencedengt
calculation procedure are generally displayed usingot
of the natural logarithm of the cosine correlatfanction
as a function of the contour distance. As mentioaiealve,
the maximum value of the abscissa in such a plot is
@associated with a contour length (along the lireeatichain)
involving six adjacent bead/bead segments. An el
such a plot, obtained in the present work usingrsea
grained all-atom computational results, showingdbsine
two bond angles. Specifically, for the case of Hwin correlation_ functions of the angles between tangent_ors
monomer, the ATP-bound configuration is associatgti &S @ function of the contour lengt) for the polymerized
D2-D1-D3 angle of 95.9+0.4while the ADP-bound ATP-bound G-actin (termed F-ATP) and the polymetize
configuration is associated with D2-D1-D3 angle of\DP-bound G-actin (termed F-ADP), is depicted igufe
95.9+0.3; (b) the monomeric vs. polymeric environment of/ [68]- According to Eg. (8), the natural logaritiuhthe §-
the G-actin only weakly affects the equilibrium wes of correlation function vs.s plot should be of a linear

the two bond angles, for both ATP-bound and ADPrubu character and pass through the origin, while thgatiee
configurations of the G-actins. However, the stadda SIOP€ Of this plot should be equal to the reciprafahe

deviations take on significantly larger values ihet Persistence length. Hence, to calculate the persist
polymerized form. For example, the ATP-boundl€ngth, the initial portion of the cosine-corretatifunction

monomeric form is associated with D1-D3-D4 bondiang VS: contour-distance plot was first subjected tdinaar
of 93.3+0.15, while the polymeric form is associated with '€9ression analysis, under the constraints that yhe

D1-D3-D4 bond angle of 92.20+2.14nd (c) despite the intercept is zero. Then, the persistence lengttoimputed
fact that the nature of the bound nucleotide affatie @S the negative reciprocal of the resulting sldjpeensure

conformation of the DB loop, the nucleotide-bindicigft ~ Sufficient accuracy of the computed persistencegtign
remains in the nearly-closed configuration (thewhile conducting the linear regression analysis, thmber

configuration characterized by the D1-D3-D4 and DR— of data points used (two in each case) is selaotadch a
D3 angles of approximately 90 way that the associated linear regression coroglati

coefficientR? has a value no less than 0.9.

3.5. Rate of ATP Hydrolysis Application of the aforementioned procedure to the
(coarse-grained all-atom) / (coarse-grained mobeeul
analysis) data for the actin-flaments revealedt tAGP
hydrolysis (which results in the formation of ADRhd

As mentioned earlier, polymerization of ATP-bound G
actin into actin filaments is accompanied by arréase in

the rate of ATP hydrolysis by four orders of magd&. gissociation ofyphosphate gives rise to a decrease in the
This effect is often linked with the accompanyif@itening  fjament persistence-length (from 15.9/1648 in the case

of the G-actins [67], which positions the side-chaf the ot £ ATP t0 8.8/9.24m in the case of F-ADP), i.e. causes a
Q137 residue closer to thephosphate group of the bound e qction in actin-filament bending-stiffness.
ATP. This conformational change is often assumelketoat

least partially, responsible for the observed iaseein the 3.7. Filament Bending Stiffness and Axial
rate of ATP hydrolysis in the actin filament relatito that Stiffness

in the monomeric G-actin. To establish the presafdais o . . L
conformational change, all-atom computational resul APPlication of the bending-stiffness determination

pertaining to the temporal evolution of the positiof the ~Procedure presented in Section 2.3.7 to the (cagresaed
two hydrogen atoms in the NHyroup of the Q137 side- all-atom)/(coarse-grained molecular-analysis) datathe
chain, and the position of the oxygen atom bridging actin-filaments revealed that ATP hydrolysis (whreisults
terminal yphosphate and the adjacefitphosphate are in the formation of ADP) and dissociation gphosphate

monitored. It was found that the mean distance eetuthe Ndeed gives rise to gﬁ reductiogG inmtzh.e filamenodieg
hydrogen and oxygen atoms in question is smalled. g stiffness (from 1.7 x 1071.6 x 10°° Nm® in the case of F-

6 26 H
nm in the case of the flattened G-actin configoratithis ATP 10 1.5 10°°/ 1.4 x 10°°Nn in the case of F-ADP).

finding confirms that the coordination between &37 Furthermore,  application ~ of the  axial-stiffness
side-group and thesphosphate is increased in the case off€termination procedure presented in Section 23.he
the ATP-bound, polymerized and flattened G-actingcoarse-grained  all-atom)/(coarse-grained  moleeular
However, direct all-atom computational investigatioof ~2nalysis) data for the actin-flaments revealed: haP

the G-actin flattening process accompanying it§lydrolysis also gives rise to a reduction in thienfient
polymerization, as mentioned earlier, is not felas{due to axial stiffness (from 0.062+0.006/0.060+0.005 N/imtlhe

case of F-ATP to 0.051+0.005/0.050+0.006 N in tasecof

prohibitively long simulation times required). SN ;
F-ADP). These findings also confirm that the coarse
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grained force-field parameterization used can neasky
well account for the mechanical response of adaments
when subjected to (small-deformation) bending aridla
perturbations.
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Figure 7. Examples of the plots showing the cosine corrafafimctions
of the angles between tangent vectors as a funofitime contour length, s,
and the corresponding straight lines obtained tlgiolinear regression of
the initial few data points and used to determihe tctin-filament
persistence-length. Discrete points shown corredptm the coarse-
grained all-atom data.

3.8. Actin-Material Visco-Elastic Properties

3.8.1. Time-Dependent Isotropic Elastic
Moduli

Since coarse-grained force-fields used in the ptese

work do not include inter-filament interactions, ilghthe
same interactions exist within the all-atom compatel
framework (via the solvating water
dissolved salts), one could not expect a good agrae
between the elastic-stiffness results obtainedgudie two
computational approaches. In addition, one shoufzbet
that the all-atom computational results (partidylahose
pertaining to the lateral response of the filameate more
accurate/reliable. Consequently, the all-atom asealy
based results are presented first and in greatail.de

Temporal evolutions of the shear modulus for thinac
material based on the regularly-arranged paratidlased
ATP- and ADP-bound actin filaments are depicteBigure
8(a). The corresponding results, but for the temlpor
evolutions of the bulk modulus, are depicted inuFég8(b).
The results displayed in these figures reveal that:

(a) for the most part, over the time range useslyvdiues
of the shear moduli are lower in the F-ADP tharnhe F-
ATP case. This finding is consistent with the oreysorted
in the previous section pertaining to the actiaffient
bending/axial stiffness;

(b) as far as the temporal evolution of the bullkdoas
in F-ATP and F-ADP is concerned, it is more irreguhn
comparison to that of the shear modulus. In addittbe
bulk modulus vs. time curves for the two actinfiknt
cases intersect multiple times, over the time

molecules and

examined,;

(c) at short timest(< ~ 3 x 10" ns), the rate of decrease
of the given (shear or bulk) moduli for the two €ia
cases are quite comparable. This behavior coulchdily
explained considering the fact that, at short timésae-
dependence of the shear and bulk moduli is coetidily
bond-length adjustment/relaxation processes, theesses
which are not expected to be significantly affecbgdthe
nature of the nucleotide bound to the polymerizeac@ns;

(d) at intermediate times (~ 3 x4@s <t < ~ 2 x 1¢ ns),
relaxation of the two moduli in both actin-filament
configurations acquires a nearly linear relatiopsim the
log-log plots, Figures 8(a)—(b). It should be notkdt this
behavior for the shear modulus is consistent wlih $o-
called Rouse scaling, which predicts that the slop¢he
suggested linear relationship between the logarittinthe
modulus and the logarithm of the time should bé&—~Bor
the two actin-filament configurations analyzedhe present
work, these shear-modulus vs. time slopes (on dgeog
scale) are found to be quite similar (-0.475 fokTR and —
0.479 for F-ADP) and very close to the Rouse value0.5.
This finding is not surprising, considering thetfétat actin
filaments are all parallel and filament entangletrigypical
source of the deviations from the Rouse behav®rhat
feasible;

Shear Modulus, kPa

Bulk Modulus, MPa

Time, ns

Figure 8. Temporal evolution of (a) the shear and (b) thekbabduli in

rang@e ATP-bound and ADP-bound states of actin filasen
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(e) at the longest simulation times, each of the twdrawn:

moduli in both actin-filament configurations appchas a
constant (bound-nucleotide dependent) value. Tdnistant
value could be considered as a long-term valuehef t

corresponding modulus and is a measure of the time- 2.

independent/elastic response of the materialsrat;tend
(f) values of the computed bulk modulus are cornriglara
to the water bulk modulus of 2.2 GPa, which could b

1.

Various aspects of microstructure and properties in
actin monomers and polymers are investigated using
advanced computational methods and tools.

The specific aspects of actin microstructure and
properties analyzed include: topological stability,

DNase I-binding (DB) loop conformation, G-actin

flatness, conformation of nucleotide-binding cleft,

expected considering the fact that actin filamemtalyzed
are solvated in water.

As pointed out above, elastic-stiffness resultsetiasn
the coarse-grained analysis data are not expeotbe s
accurate as their all-atom counterparts. Indeea ctarse-
grained results are found to be between 15-20%r|tves
their all-atom counterparts. It should be notedwéner,
that the results reported in this section wereinbthunder
the assumption that the actin-material is isotrofibis
approximation is not strictly valid, particularlyn ithe
present case, considering the fact that the adédménts
are all regularly arranged and parallel. Consedyetite
resulting actin-material should be more properlgaiibed
as an orthotropic (or, at least, transversely ognt)

material. When the actin-material was treated, e t

present work, as an orthotropic material (detailesults
not given for brevity), it was found that the vaduef the
orthotropic Young's modulus associated with tharfient
axial direction obtained using all-atom and coayssned
data, are within a few percent of each other. Timding
suggests that coarse-grained force-field functifeisly
accurately account for the observed axial resparfisthe
actin filaments, and could be used in the analygesh do
not involve substantial lateral interactions betwadjacent

rate of ATP hydrolysis, filament persistence-length
filament bending stiffness and axial stiffness, and
actin-material elastic-stiffness matrix/moduli.

3. During investigation of actin microstructure and
properties, a combination of all-atom and coarse-
grained molecular-level computational methods is
used, along with a number of various coarse-grginin
and trajectory-data post-processing procedures.

4. To validate the computational approach used, the
computed results are compared with their
experimental counterparts.

5. Also, the coarse-grained force-field functions dedi
and parameterized in the present work are validated
by demonstrating that predictions based on these
functions are in reasonably good agreement withi the
counterparts based on the use of all-atom calonigti
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