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ABSTRACT

The actin molecules are essential structural components of the cellular cytoskeleton. Here, we
report a comprehensive analysis of F-actin's deformation behavior and highlight underlying
mechanisms using steered molecular dynamics simulations (SMD). The investigation of F-actin
was done under tension, compression, bending, and torsion. We report that the dissociation pattern
of conformational locks at intra-strand and inter-strand G-actin interfaces regulate the deformation
response of F-actin. The conformational locks at the G-actin interfaces are portrayed by spheroidal
joint, interlocking serrated plates analogy. Further, the SMD simulation approach was utilized to
evaluate Young's modulus, Flexural rigidity, Persistent length, and Torsional rigidity, of F-actin
and the values obtained, were found to be consistent with available experimental data. The
evaluation of the mechanical properties of actin and the insight into the fundamental mechanisms
contributing to its resilience described here are necessary for developing accurate models of
eukaryotic cells and for assessing cellular viability and mobility.
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1. INTRODUCTION

The cytoskeleton's dynamic structure is a network of interlinking protein filaments, helping the
cells maintain their shape and internal organization. Actin filaments (F-actins) are linear polymers
of globular actins (G-actin subunits) act as an essential structural member of the cytoskeleton in
eukaryotic cells." 2 The globular protein G-actin consists of 375 amino acids. Each F-actin
subunit (G-actin) has stable binding sites that mediate their head-to-tail interactions with two
additional subunits. Since all the G-actin subunits are aligned in the same direction, actin filaments
have a definite polarity, and their ends are differentiable from each other (barbed (+) and pointed
(-) ends).® F-actins can form different morphologies, such as actin bundles and cross-linked
networks.* The different actin morphologies play a crucial role in various cellular processes,
including motility, mitosis, cellular polarity, and embryogenesis.® Several serious diseases such as
muscle disorders and cancer have been linked to dysfunction of the actin network and focal
adhesion proteomes.®!° The vital role of F-actins in performing cellular functions depend on their
mechanical responses/properties.> !! Hence, an in-depth understanding of F-actin mechanics is
essential to understand how the actin cytoskeleton aids cells' biological functions. Previous
research studies on the mechanical properties of F-actin can be divided into two related scopes:
experimental and modeling-based investigations. Fujime performed the first empirical study of F-
actins' mechanical properties.!?> A sequence of developments continued with the experimental
techniques used to understand F-actin's thermal fluctuation, such as optical fluorescence
microscopy!! and optical/electron microscopy.'3"!> Simultaneously, new technologies have also
been documented for measuring F-actin's mechanical properties, to mention a few, fluorescence
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microscopy,'® optical tweezers,'® !” rheometers,'® atomic force microscopy!®?°. The extensional

stiffnress of 1 pum length F-actin was measured using direct nanomanipulation.?! /n



vitro micromanipulation study has also been conducted to examine the torsional rigidity of F-
actin.’? Additionally, several prior studies are also focused on computer simulation; these studies
can be divided into three major classes: molecular dynamics (MD) simulations, multiscale
modeling, and continuum mechanics modeling. MD simulations have been found to be effective
in F-actin structural modeling.?*2° Further, MD simulations also helped shed light on F-actin's
elastic properties.??° In analyzing the mechanical properties of F-actin, Coarse-Grained MD
simulations have been found to be satisfactory.’® To explore the biomechanical properties of F-
actin networks, a multiscale hierarchical model was developed.®' Besides, some experimental
studies were also performed to understand actin mechanics. Few findings reported that the actin
endures much higher stresses than other cytoskeletal members but starts to rupture and flow at a
strain of about 20%.3? Cyclic tensile forces on actin filaments induces dramatically improved G-
actin-G-actin bond lifetime and different kinetics of dissociation.>* Actin bundles exhibit a
frequency-dependent bending rigidity behavior.** The F-actin bundle is strong and rigid to bend
along the long axis.!” Conformation changes are triggered by the mechanical stress applied to an
actin filament, modifying actin-binding proteins' binding and regulatory action.*> 3¢ By extending
bond lifetimes, the G-actin-G-actin and G-actin-F-actin dissociation kinetics, are regulated by
tensile force.>” The F-actin’s torsional twist is involved in the development of the filopodial actin
mediated force.*® For cross-linked networks, F-actin stretching regulates deformation dynamics,
leading to a stress-stiffening regime and an extremely tunable response to deformation.*

Although several modeling studies have been conducted in the literature to study the mechanical
properties of F-actin, very little research has been performed that focuses on investigating the
underlying mechanisms governing the deformation response of F-actin. Previous work from our

group on mineral-protein interaction, deformation behavior of collagen, investigation on



mechanical properties of montmorillonite interlayer using MD simulation have provided an insight

into the mechanisms that govern their mechanical properties**-4?

enabling unique applications in
tissue engineering.*’ In this work, steered molecular dynamics (SMD) simulations of F-actin are
performed to understand F-actin dynamics and investigate its mechanical properties. Here, the
study on F-actin's mechanical response was carried out by four modes of deformation, axial
stretching, axial compression, Three-point bending, and torsion. The choice of these loading paths

is motivated by forces acting on actin filaments during cell movement or motility.* *-46

2. MATERIALS AND METHODS

2.1. F-Actin Model Construction and Molecular Dynamics Simulation Details

The PDB coordinates for F-actin were obtained from the Protein Data Bank (PDB) entry
3LUE.*" This protein structure was composed of ten subunits of F-actin and ten units of alpha-
actinin. Since this study focuses on the actin filament, the alpha-actinins are removed from the
simulation system. For model simulations with ATP, ATP coordinates from the ATP G-actin PDB
entry 1ATN*® were used. The F-actin protein structure and coordinate files were generated using
the Nanoscale Molecular Dynamics (NAMD) psfgen tool,* using topology, and force-field
parameter files from Harvard Molecular Mechanics (CHARMM).>® Using the VMD plugin to
solvate (the TIP3P force field for the water model), the F-actin molecule was placed in a water
box. Next, the system was brought to electrostatic neutrality using the VMD autoionize
feature. The NAMD software’! and the CHARMM36 force fields were used to conduct all
simulations. The energy minimization of the molecule was carried out by the conjugate gradient
method. The temperature and the pressure of the molecule were increased to 300 K and 1.01325

bar, respectively, in incremental steps of 100 K and 0.25 bar. Langevin dynamics, Nose-Hoover



piston methods were adopted to control temperature and pressure.’> > The minimized and
equilibrated structure was the starting point for all simulations. The F-actin stability without an
applied load was verified by the root mean squared deviation data obtained from the trajectory of

molecular dynamics.

2.2. Steered Molecular Dynamics (SMD) Simulation Details.

The SMD simulations for tension, compression, and bending tests were performed at constant
velocity using the NAMD implemented approach.’! The tension and compression tests were
carried by fixing one end (by applying constraints) and applying pull or push on the center of mass
of the terminal G-actin subunits utilizing harmonic spring of fixed spring constant. The strain rates
used in tension and compression simulations were 0.0002, 0.0004, 0.0005, 0.0006, 0.0008 ps™'.
The spring constant's optimum value was chosen by running tension test simulations for different
spring values (refer to supplementary information). Based on the results, a spring constant of 9
kcal/mol/A? was chosen. The bending test simulation was performed by fixing both ends of the
filament and applying load at the midpoint in a transverse direction. The displacement velocities
used in bend tests were 0.06, 0.12, 0.14, 0.18, 0.25 A/ps. The torsion test on a filament was carried
out using user-defined forces in the SMD simulation (refer to supplementary information). During
simulations, different values of torque were applied on one end, keeping another end fixed. The
torque values used for simulations were 425, 850, 2125, 4250 pN-nm. The lower to higher range
values of torque was used to verify the torsional rigidity of filament. All the simulations were
performed using a 0.5 fs time step. For all nonbonded interactions, a cutoff distance of 10 A was
used. In the development and stabilization of protein structures, hydrogen bonds (H-bonds) play a

crucial role. Here, for all simulations, hydrogen bonds' evolution was analyzed using a



combination of geometric parameters (donor hydrogen distance limit 3.5 A and donor hydrogen
acceptor angle < 30°). The initial length of F-actin is Lo (31 nm) was estimated by measuring the

distance between the center of mass of the terminal G-actin subunits, and the cross-sectional area

(A) was estimated by equation 4 = %dz, where d is the diameter of F-actin, d = 7 nm. For each

value of strain rate/displacement velocities/torque, the simulation was repeated four times. All the
graphs presented and mechanical properties calculated were obtained from averaging results from
all simulations. For a detailed description of the different terms used in this study, please refer to

supplementary information.

3. RESULTS AND DISCUSSION

F-actin consists of two strands, which gradually turn around each other to form a two-strand right-
handed long helical structure. Along the helix axis, the G-actin molecules are situated at an
incremental distance of around 27.6 A and angular separation of 166° + 6°.>* Thus, the helical F-
actin structure results from G-actin molecules' systematic geometric conformity, held together
by nonbonded interactions.>> °® Such a system facilitates the assembly and rapid disassembly
of actin filaments in response to biochemical or mechanical signals. In this paper, the helix of
individual strings is denoted as a strand n and strand n'. In addition, the contacts between
neighboring G-actin subunits within a strand (n or n’) are named as intra-strand (axial) G-actin
interactions, and the contacts between adjacent G-actin subunits, one of them from strand n and

another from strand n’ are named as inter-strand (helical) G-actin interactions.



3.1. Extensional Deformation.

In this section, the extensional behavior of F-actin was examined by applying a tensile force.
The force-extension curves corresponding to different pulling rates are presented in Figure
la. The unique pattern of F-actin's strain response can be separated into three regimes: stress
stiffening, stress softening, and steady-state rupture. Here, the wavy stress-strain response sharply
increases to its maximum limit in a strain range of 0 % to 8%, and then, it starts dropping slowly
until it reaches a 20 % strain. Furthermore, in the third regime, the F-actin continues to elongate
beyond 20% strain, nearly at constant mean stress. The third regime indicates failure at almost
constant stress conditions, which is in alignment with what was previously observed in an
experimental study.*? Actin filaments change the rigidity according to the loading rate, amplitude,
and the nature of the load.’” > Previous studies on reconstituted actin networks also emphasized
the stress-stiffening propensity of F-actin in response to axial tensile loads.””>>® Further for F-
actin, the relationship between force and extension is sensitively dependent on the degree of an
extension, and with increasing extension, the tensile force diverges nonlinearly.®%-%? Results
supporting these investigations have been found here. Our findings have also shown that the stress-
strain curve's form considerably changes from lower to higher strain rates as the strain rate
increases. The peak tensile stress was increased along with a slight rise in an elastic modulus
(Figure 1b), from lowest to highest strain rates. However, strain to failure decreased with

increasing strain rate (Figure 1c¢).
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Figure 1. Strength, Fracture strain, Young's modulus, Angular displacement as a function of strain rate. The

results of tensile test simulations are presented here. (a) The strain-rate dependence of the tensile response of actin
filament 18 separated into three regimes: stress stiffening (I), stress softening (II), and steady-state rupture (III). Higher

pulling rates led to a stiffer response of F-actin and thus greater strength. (b) Variation of fracture strain as a function
of strain rate. The plot shows a decrease in fracture strain in response to higher pulling rates. (¢) Young's modulus is
represented as a function of strain rate. (d) The atomic structure of F-actin with pointed (-) end fixed and subjected to
tensile load on the free end (barbed (+) end). It represents how the free end rotation is linked with turning (e degrees)
of G-actin subunits along the filament's longitudinal axis. (e) The tensile force caused the rotation of the free end.

Here, we captured the rotation of the free end (observed from the barbed end) of F-actin during extension at various

strain rates.
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The elastic modulus calculations were done by using the equation for Young's modulus, Y =

kp_getin X L"/ 47> In this equation, the initial length of F-actin is Lo, and the cross-sectional

area is A. The stiffness of F-actin, kr_, i, Was estimated by the least-square linear fit of load-
displacement plot up to 5 % strain. Here, the average Young's modulus obtained was 1.95 + 0.15
GPa, in good agreement with the value of 1.3-2.5 GPa reported in the available experimental
studies.!> 21 6 6 The helical structure of F-actin implies that twisting and stretching must be
interrelated, hence during stretching, we have observed substantial unwinding of the free end of
F-actin (Figure le). The elongation of F-actin causes rotation of G-actin subunits along the
longitudinal axis as effect free end gets rotated.”® The rotation of the free end is found to be
dependent on the extent of elongation and the strain rate-driven varying magnitude of rotation of
G-actin subunits along the longitudinal axis of the filament. With increasing tensile force and the
F-actin elongation beyond 7-10 % strain, the filament's free end starts to rotate rapidly, as shown
in figure le. It is observed that the elongation causes a change in F-actin structure; as a result,
depending on the conformational arrangement and adjacent interaction, G-actin subunits acquire
new positions. The observed rotation (¢) of G-actin subunits was strain rate dependent and varied
in the range of 3° to 7° per subunit. The elongation at high strain rates results in rapid
conformational transition in the F-actin structure; as a result, G-actin subunits do not get sufficient

time to rearrange, which resulted in lower rotation of the free end.

We have observed that F-actin's stretching arises from the deformation of F-actin subunits (G-
actins) and displacement of G-actin-G-actin interfaces. We also observed that the F-actin's
deformation response in the first region resulted from a direct extension of intra-strand G-actin-G-
actin atomic interactions (axial interactions). Whereas in the subsequent region, displacement of
inter-strand G-actin interfaces dominates. Figure 2a captures those characteristics by displaying

10



the atomic scale elongation process as a function of the percentage of strain and confirms the
connection of F-actin elongation response with the G-actin-G-actin dislocation mechanism.
Here, the two strands of actin filament are represented by strand n (Blue) and n’ (Orange), and G-

actin Subunits are labeled in consecutive number sequence from the barbed (+) end.

o T -

Strain—=0% 8% 10% 20 % 25 %

Figure 2. | SMD simulated F-actin labeling conventions and a conformation transformation under tensile force.
(a) Double-stranded helical structure marked as strands n (blue) and n’ (orange) and G-actin subunits are labeled in a
natural numbers sequence from barbed (+) end. The nature of the sliding of conformational locks at G-actin-G-actin
interfaces in axial directions while stretching of the filament depends on the degree of the elongation. Snapshots are
demonstrating patterns of force-induced deformation. Initial structure (0 % strain), the structure at 8 %, 10% 20%,
25% strain (b) Cross-sectional view along the section line (Green) captured to get a detailed insight into actual intra-

strand and inter-strand G-actin connections in an actin filament (recorded at 25 % strain).

The reason for the jagged nature of the stress-strain curve was investigated, and it appears that this

response is the result of the subunits of the F-actin (G-actins) sliding over each other while
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stretching. This sliding process occurs in a discontinuous way due to the atomically rough contact
surface of nonbonded interactions and patterns of formation of the hydrogen bond. Figure
3 captures those features by presenting a precise record of the change in the number of hydrogen
bonds within the F-actin and the change in the number of hydrogen bonds at intra-strand, inter-
strand G-actin interfaces as a function of the elongation, estimated by strain. For all the strain rate
spectrum, we detected a decrease in the total number of hydrogen bonds within F-actin of about
17 £0.21 H-bond / nm before 15% strain, and the number of hydrogen bonds becomes 29 + 0.13

H-bond / nm beyond 15% strain (Figure 3b).
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Figure 3. | Three-Dimensional Structures of G-actin and hydrogen bonds analysis. (a) G-actin's Domain
organization is labeled into four domains. The orientation is represented using convention, the + end (barbed end) at
the top, and the + end (pointed end) at the bottom. (b) Show the decrease in the total number of hydrogen bonds in F-
actin as a function of strain. (c) Here, we captured a decrease in intra-strand G-actin-G-actin interfacial hydrogen
bonds in response to strain. (d) Displays, decrease in inter-strand G-actin-G-actin interfacial hydrogen bonds in
response to strain. Snapshots differentiate the G-actin-G-actin hydrogen bonds breaking pattern. Here, hydrogen bonds

calculation in graphs c, d is done by averaging the G-actin-G-actin interfacial hydrogen bonds.
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We observe that this pattern of decrease in the total number of the hydrogen bonds resulted
from the unfolding of intra-strand G-actin-G-actin conformational locks, mediated by breaking of
the hydrogen bonds and shifting of inter-strand alignment in the direction of applied tension. We
can understand this phenomenon from figure 2a; upon stretching, the G-actin subunits in
a strand start separating, and they dissociate entirely at 10-12 % strain. As a result, the breaking of
hydrogen bonds at intra-strand G-actin-G-actin interfaces occurs rapidly within a 0- 12 % strain
range (Figure 3c). However, stretching also results in the sliding of G-actin subunits at inter-
strand interfaces, which give rise to an exclusive pattern of variation in hydrogen bonds as a
function of strain (Figure 3d). Here, there was not much variation in the number of hydrogen
bonds within the strain range of 0-12%, indicating continuous breaking and reformation of the H-
bond; further, the number of hydrogen bonds decreased slowly beyond 12%. This sliding of inter-
strand G-actin-G-actin interfaces continues until the filament ruptures. The hydrogen bond
breaking patterns observed here may lead to the force-dependent catch-slip bond formation
observed in experimental studies conducted on F-actin.’” Further, studying the transition of energy
while stretching revealed that the energy at G-actin-G-actin interfaces consisted mainly of
electrostatic energy. F-actin's energy changes in the SMD simulation are shown in figure 4. It
shows a similar trend that has been observed in hydrogen bond analysis. The energies at intra-
strand G-actin-G-actin interfaces reduced as strain increases and became zero at around 15 %
strain (Figure 4a-b). However, it gradually reduced at the inter-strand G-actin-G-
actin interfaces. Actin filament bundles and networks are cytoskeletal high-order structures consist
of actin filaments bind with various actin-binding proteins. Hence, their deformation response
mostly depends on the size, orientation, and arrangement of the constituents.’” However, since

these fibrous structures mainly consist of actin filaments, their response to the applied force is
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strongly influenced by F-actin mechanics. Therefore, the deformation mechanics of single actin

filament presented here is crucial to understand their high-order/bulk structural behavior.
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Figure 4. Changes in the interaction energies at G-actin interfaces. Displacement of G-actin subunits during
elongation of F-actin resulted in changes in the interaction energy at G-actin interfaces. (a-b) Variation in Van der
Waals and Electrostatic energy at intra-strand G-actin interfaces plotted as a function of strain. (c-d) Curves
demonstrate variation in Van der Waals and Electrostatic energy at inter-strand G-actin interfaces in response to strain.

Here, energy calculation is done by averaging the energies G-actin-G-actin interface.

3.1.1. Contact between F-actin subunits and pulling force-induced generation of new
Interactions.

The structure of a G-actin consists of four subdomains (Figure 3a). The subdomains 1, 3, and 4
have well-defined hydrophobic cores and act as stiff, independent units on G-actin-to-F-
actin transformation.®® An exception to this is Domain 2; in domain two, a structure called the D-

loop is located between the residues of 40 (His) and 48 (Gly). This D-loop conformation depends
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entirely on the molecule to which it connects. The intra-strand interactions among F-actin
subunits (G-actins) appear to be strong along the strands. These features are captured in figure 5a;
the spiky projection of residue 238-295 of subunit n; is enveloped by residue 37-50, 61-65, 200-
208, and 241-247 of subunit n;, mimicking ball and socket joint (spheroidal joint) like assembly
(Figure 5c). Furthermore, D-loop (38-48) of subunit n; 1is outstretched towards
the bottom cavity of subunit n, between subdomains 1 and 3 and forms noncovalent bonds with
subdomain 3 of subunit n2: Val 45-His371, Lys 61-Glu 167, and Ile 64-Tyr 166. Domain 4 of
subunit n; was also in direct contact with domain 3 of subunit n>, which forms a few bonds: Asp
244—Arg 290, Gly 245-Ser 323, Glu 205—Asp 286, and Glu 241-Thr 324 (Figure 5b). The axial

interactions are, therefore, mainly electrostatic and hydrophilic.>*

However, the inter-strand
interactions are formed by wavy projection, as shown in figure 5d-e. The N-terminal of the alpha
helix of (109-116) of subunit n» establishes close contact with the C-terminus of an alpha helix
(109-199) of subunit n'y. Further, the hydrophobic plug 265-271 in subunit n2 forms multiple
contacts with opposite strand subunits, including residue 39-42 and 201-203 in subunit n'; and

residue 285-287 and 169-174 of subunit n">. Taking all these into account, the interactions among

actin subunits are mostly electrostatic and hydrophilic.>*
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Figure 5. Snapshots of Intra-strand and inter-strand connections within the F-actin model. (a) Snapshot
showing the nature of intra-strand G-actin-G-actin contact. Residues involved in contact formation are highlighted
(red). Residues of n; cover the spikey projection of subunit n,. (b) Magnified view of Intra-strand contact and relevant
residues in stick representation. All stick representations Colored depending on the element: hydrogen-white, oxygen-
red, carbon-cyan, nitrogen-blue. (c) Schematic of the ball in a socket analogy. The ball represents a spikey projection
of a subunit n,, and the socket represents the envelope formed by a subunit n;. (d) Inter-strand interactions in front
view. Box represents interface under focus (e) Magnified view of the interface under observation. Elongation caused
the sliding of G-actin subunits at the interfaces, which induced new interactions between acidic (red) and basic (black)
residues, which were far from each other before pulling. (f) The distances between the salt bridge forming residues

are plotted in response to strain. Before pulling, interactions were absent (0 % strain); however, noncovalent
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interactions developed when pulled. The graph shows a reduction in interatomic distances below the 3.5 A limit
(dashed horizontal line). (g) Inter-strand interactions were observed in the top view at 0 % strain. (h) Displacement of
the inter-strand interface (at 25 % strain) when observed in top view. (i) Snapshot of inter-strand G-actin connection
compared with the schematic of the serrated locking plates analogy. The notched edges of plates are analogous to the

wavy inter-strand interfaces observed in figure e-g.

The proteins present in all species are made up of 20 amino acids.® In a list of 20 amino acids,
three amino acids, Arginine (Arg), Lysine (Lys), and Histidine (His) have basic side chains (+ve
charge), and Two amino acids, Aspartate (Asp) and Glutamate (Glu) have acidic side chains (-ve
charge). Salt bridges are formed in proteins if oppositely charged residues come close enough (4

A or less) in a neutral environment.”

Among the inter-strand interactions, Pulling induced a
relative sliding, which enabled new connections. For example, at the inter-strand G-actin-G-actin
interface, salt bridges were observed to form between Lys113: Glu195 and Arg62: Glu 270 (Figure
Se-f). These new connections strengthened inter-strand G-actin subunits bonding and could be
responsible for strain rate dependent adaptive response of F-actin. Figure 5g-h captures the top
view of the inter-strand G-actin conformational lock at 0 % strain and the 25 % strain, respectively,
establishing the existence of relative sliding of G-actin in the transverse direction. Here,
conformational locks formed by the wavy interface resisted the relative sliding, which led to an
elongation of G-actin subunits in the transverse direction (shown by arrows). These conformational
arrangements at inter-strand interfaces mimic the serrated locking plates like assembly (figure 51).
Here, the notched edges of serrated plates are analogous with spikey projections at the inter-strand

interfaces (figure e-h), establishes the interlocking joint between the G-actin subunits. The serrated

locking plates, like contact between G-actin subunits, resulted in resistance to their relative
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movement in both longitudinal and transverse directions offering resistance to F-actin against

deformation.

3.2. Axial Compression Caused Buckling of Filament About its Weak Axis.
Filopodia are 0.1-0.2-um diameter rod extensions that act as antennas for cells to monitor their

environment.”!

The protrusive bundles in filopodia are made of F-actins. During cell motility, the
growth of F-actins generates force for protrusion of the leading edge.”? The upper limit of force
generated for protrusion depends on the critical buckling load of F-actin bundles.”* 7* Hence, to
explore F-actin's buckling behavior, here, the SMD is used to apply compressive forces at different
loading rates to the F-actin. Figure 6a shows how compression simulations are set up and show
snapshots of the F-actin deformation profile under compression (snapshots captured for 0.0006 /ps
strain rate). Although the F-actin structure appears to be symmetric and circular at all cross-
sections, some weak axis sections are based on the initial configuration due to the G-actin subunit's
asymmetric shape. The weak axis sections are the regions with a lower moment of inertial, hence
less resistant to buckling. We found that failure occurs when the structure buckles in response to a
randomly "weakened" axis due to disturbances induced from the heterogeneous evolution of the

F-actin’s configuration under compressive force. Stress-strain curves for various loading rates are

shown in Figure 6b.
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Figure 6. Visual representation of deformation profile and strength, hydrogen bonds analysis as a function of
strain rate. (a) The atomic structure of F-actin with one end fixed and subjected to compressive load at the free end.
It shows a visualization of the F-actin buckling process, with snapshots taken for different strain values. The
highlighted region (red circle) captures bulge formation at 15 % strain, indicating G-acting starts to slip out during the
compression process. (b) The strain-rate dependence of the compression test response of actin filament. (c) The
decrease in the total number of hydrogen bonds within an F-actin as a function of strain. (d) The average change in
diameter of F-actin at various compression rates. (¢) The compression causes considerable deformation of G-actin
subunits, which resulted in the breaking of hydrogen bonds within G-actin subunits (calculations are done by averaging

the H-bonds within G-actin subunits).

The stress-strain behavior displayed a linear elastic regime accompanied by a nonlinear response
approaching failure (buckling), similar to observed buckling curves for most engineering

materials. In the stress-strain curve, the peak force obtained for each simulation describes an
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increase in an F-actin’s buckling strength with an increase in applied strain rate, establishing a
clear correlation of the compressive stiffness of filament to the strain rate. Further, It is observed
that the compressive strength of F-actin is substantially higher than the tensile strength. Hydrogen
bond analysis (Figure 6¢) shows a rapid decrease in the total number of hydrogen bonds when F-
actin starts buckling (beyond 10 % strain). The maximum buckling force obtained from
simulations associates with the point to which the number of H-bonds in the filament starts to
decline, resulting in structural instability. The extended tip of the longest F-actins in filopodia in
contact with the barrier only resists the axial compressive load.” The present work also confirms
the short length F-actin's ability to carry the axial compressive load, which is crucial while
performing various actin cytoskeletal functions. The results obtained from the simulation
determine that the compressive load on F-actin causes significant axial compression of the G-actin
subunits, which resulted in the deformation of initial G-actin configurations. The deformation of
G-actin configurations causes the breaking of internal hydrogen bonds ((Figure 6¢e) and an increase
in the diameter of F-actin (Figure 6d). To summarize, F-actin's ability to carry axial compressive
load arises from hydrogen bond mediated resistance to deformation of G-actin subunits and sliding
mechanism at G-actin interfaces. Considering the load-displacement plot up to 10 % strain, the

average compressive modulus obtained was 1.62 + 0.18 GPa.

3.3. Bending Induces Compressive and Tensile Stresses in a Filament.

The flexural rigidity is a structural property of F-actin that measures its ability to withstand bending
deformation. The three-point bending test is one of the standard procedures for performing bending
tests to obtain flexural rigidity. Here we have used an SMD simulation approach to perform a

three-point bending test on the filament. To perform the test, we fixed both F-actin's ends by
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applying harmonic constraint on the terminal G-actin subunits (Figure 7a). Next, we selected the
midpoint and forced it to move at constant velocity in a direction perpendicular to the F-actin's

longitudinal axis to a maximum deflection of approximately 7 nm (Figure 7c¢).
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Figure 7. Schematic representation of the bending test with deformation response recorded at various loading
rates. (a) Graphical representation of the bending test setup. Here, the F-actin is placed in the horizontal position with
ends fixed and subjected to point load at the center. (b) Force displacement curve demonstrating the bending response
of F-actin. (c) Images are showing bending deformation of F-actin with an increase in deflection. The filament starts
to break on the tension side among the tension and compression sides, as shown by the circle (orange). (d) Change in

the total number of hydrogen bonds in F-actin. (¢) Flexural rigidity is plotted as a function loading rate.
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The setup presented here closely mimics the bending deformation of F-actin in a cytoskeleton
environment. Bending of F-actin resulted in a concave curvature shaped deformation. As a result,
the top region G-actin subunits are compressed, while lower region G-actin subunits are stretched
(Figure 7¢). This deformation pattern caused the stretching of G-actin subunits in tension along
the longitudinal axis and reflected in the distortion of G-actin interfaces (Figure 7c-d). As a result,
the number of hydrogen bonds in F-actin decreases.

The flexural rigidity (product EI) is essential for any bending calculations, where I is a moment of

inertia depends on the geometry, and E is Young's modulus of elasticity. From the force-

3

displacement results (Figure 7b), the Bending rigidity (ExI) can be expressed by equation = % ,

where F is the force applied, [ is the effective length of the filament, and § is the deflection (here,
the linear regime of bending displacement up to 2.5 nm was considered). Depending on the
simulation results, the flexural rigidity values of F-actin for various loading rates are presented in
Figure 7e. The average flexural rigidity obtained here was (8.06 + 0.98) x 1072 Nm? which
is comparable with reported values of the flexural rigidity in the range between 1.7 X 1072 and

11 x 10726 Nm?.!: 11 12.14.15.75 Begides, another well-known measure of polymer stiffness is

EI

persistence length (/). The equation to determine the persistent length of F-actin is [, = el
b

where T is the temperature (kelvin), and k; is the Boltzmann constant.”® The measured average
persistent length (/,) of F-actin was 19.4 = 1.8 um, which is close to the findings of experimental

investigations indicating a persistence length of F-actin 17.7 um."
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3.4. Torsional Deformation.

Due to its helical structure, an actin filament experiences longitudinal and torsional loads during
interactions with myosin.’” Hence, to understand the mechanism of force generation, it is essential
to study F-actin's behavior under torsion. The actin filament's torsional rigidity can be measured
based on its bending rigidity by assuming it as a homogeneous cylindrical rod.”® However, due to
the helical polymeric structures of F-actin, this assumption is a simplification. Molecular-level,
fluctuation in the length of the filament, and the Brownian motions can be detected and observed.
The phenomenon of equipartition of energy can be used to calculate F-actin's torsional rigidity by
recording these fluctuations®® . However, the computational time required to capture these
fluctuations is significantly higher than the SMD simulations approach. We have used a user-

defined forces SMD simulation protocol to determine the torsional rigidity of F-actin.
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Figure 8. Schematic representation of the torsion test, angular displacement, hydrogen bond analysis. Images
are showing a schematic arrangement of the torsion test setup. (a) The cross-sectional view of F-actin representing the

rotational axis and radius. (b) The test setup showing toque (T) applied to one end of the filament. (¢c) Angular
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displacement response of F-actin at different values of applied torque. Lower torque value resulted in smaller angular
displacement, while higher values cause rapid and more significant angular displacement. All the values of torque
induced twist gave nearly the same value of torsional rigidity. (d) There was no variation in the total number of

hydrogen bonds observed for all sets of applied torques.

Torque is a moment that creates a twist in a structure to which it is applied. To set up the simulation,
we fixed one end of an F-actin by applying constraints. The user-defined torque was applied on
another end along the longitudinal axis to observe the angular deflection (twist). In the case of a

prismatic shaft subjected to a constant torque, the torque-twist relationship is given by equation

6 = Z—; , where 0 is the angle of twist, T is applied torque, / is the length of filament, G is shear

modulus, and J is torsion constant (which depends on shafts cross-section, for circular cross-

. D* . . . .
section = ”3—2 , where D is diameter). The F-actin structure is analogous with rod/shaft, hence by

making use of the torque-twist relationship, the torsional rigidity was characterized. In a torque-
twist relationship equation, the term GxJ is called Torsional rigidity. The torque-twist relationship
indicates that the angle of twist depends upon the magnitude of applied torque, length, and shear
strength of filament. Similar results have been observed in the current SMD simulated torsion test
of F-actin. Figure 8a-b represents schematic views of F-actin cross-section, an axis of rotation,
and applied torque. The torque-twist responses of F-actin for different values of applied torque (T)
are represented in figure 8c. It is observed that higher values of torque applied in the same time
frame caused a higher and rapid growth of angular twist (0). This behavior is in agreement with
the torque-twist relationship equation. Further, these results are used to quantify the Torsional
rigidity of F-actin. Based on these simulation outcomes, we estimate the average torsional rigidity
GJ = (9.62 +1.2) X 10726 Nm? The total number of hydrogen bonds in F-actin remained
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almost the same throughout the simulation (Figure 8d). Thus, the angular twist mechanism arises
from the deformation of interlinked G-actin subunits and is not linked to breaking hydrogen bonds

(Figure 8d).

4. CONCLUSIONS

In the present study, SMD simulations were performed to obtain detailed insight into the molecular
mechanisms governing F-actin's deformation response. We have observed that elongation of F-
actin comes at the cost of deformation of G-actin subunits and displacement of G-actin-G-actin
interfaces, which gave rise to the formation of new noncovalent interactions. Elongation of F-actin
initiated salt bridge formation between Lys113: Glul95 and Arg62: Glu270 at the inter-strand

interfaces; these new connections increased inter-strand G-actin-G-actin bonding strength.

Further, we found that analogs to serrated locking plates, the contact between G-actin subunits at
the inter-strand interfaces, provide resistance to their relative movement in longitudinal and
transverse  directions, offering strength F-actin against deformation. The intra-
strand interactions among G-actin subunits considerably contribute to filament strength because
of their conformational arrangement and electrostatic, hydrophilic interactions. Hence, F-actin
mechanics is controlled by conformational locks and nonbonded interaction energy at intra-strand
and inter-strand G-actin interfaces. Elongation causing rotation of the free end depended on the
extent of elongation and the strain rate-driven varying magnitude of rotation of G-actin subunits
(3° to 7° per subunit). Further, we observed that F-actin's ability to carry axial compressive load
arises from G-actin subunits' relatively stable configuration during compression. The influence of
variation in strain rate on the mechanical properties of F-actin was investigated using SMD

simulations. The obtained average values of Young's modulus = 1.95 + 0.15 GPa, Flexural rigidity
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(EI) = (8.06 +0.98) x 10726 Nm? Persistent length (/,) = 19.4 + 1.8 pm, were found to be
matching with existing experimental data. Here, the average compressive modulus found was 1.62
+ 0.18 GPa. Further, average torsional rigidity GJ = (9.62 + 1.2) X 1072 Nm? obtained from
user-defined constant torque SMD simulation was found to be in close agreement with available
experimental data, demonstrating the torsion test model's reliability. This research describes the
mechanical response of an essential cellular protein, the F-actin, subjected to a wide range of
conceivable loading paths and elucidates the fundamental mechanisms contributing to its

resilience.

Supporting information

Definitions, details of the choice of the spring constant (Figures S1), details of the selection of the
pulling velocities, details of the torsion test simulations, user-defined forces SMD simulation

process (Figures S2), Steered Molecular Dynamics (SMD) parameters.
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