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Abstract A molecular structural mechanics (MSM) model was developed for F-actins in cells, where
the force constants describing the monomer interaction were achieved using molecular dynamics
simulations. The MSM was then employed to predict the mechanical properties of F-actin. The obtained
Young’s modulus (1.92 GPa), torsional rigidity (2.36x102° Nm?) and flexural rigidity (10.84x102° Nm?)
were found to be in good agreement with existing experimental data. Subsequently, the tension-induced
bending was studied for F-actins as a result of their helical structure. Mechanical instability was also
investigated for the actin filaments in filopodial protrusion by considering the reinforcing effect of the
actin-binding proteins. The predicted buckling load agreed well with the experimentally obtained stall
force, showing a pivotal role of the actin-binding protein in regulating the stiftness of F-actin bundles
during the formation of filopodia protrusion. Herein, it is expected that the MSM model can be extended

to the mechanics of more complex filamentous systems such as stress fibers and actin meshwork.

Keywords: Actin filament; Molecular dynamics simulations; Molecular mechanics; Structural
mechanics model; Structural details



Introduction

Actin-filaments (F-actins) are long filamentous polymers acting as basic structural components in
eukaryotic cells 2. Owing to the unique molecular structures, F-actins exhibit the ability to perform a
broad range of essential cellular functions in cell motility as well as in locating and transporting protein
complexes in cells 3. The filamentous structure is established via an assembly process from monomeric
globular (G) actin subunits to fibrous (F) actin 4. The twist of the actin helix determines how the subunits
are positioned with respect to each other °. Though there exist various twists, the most frequently reported
is the twin strand of beads with an angular separation between the subunits in the helix ranging from
167.14 t0 166.15° >°.

The pivotal roles played by F-actins depend crucially on their mechanical responses/properties ’.
An in-depth understanding of F-actin mechanics is thus essential in revealing how cells fulfill their
biological functions via actin cytoskeleton and offering the new design of biomimetic structure/materials
by mimicking the mechanical characteristics of F-actins. The first experimental study of the mechanical
properties of F-actins was conducted by Fujime &, where the intensity of fluctuation of scattered light was
measured for F-actin in solution. This was followed by a series of development in the experimental
techniques used to study the thermal fluctuation of F-actins, such as optical/electron microscopy *** and
fluorescence light microscopy ‘. At the same time, the new techniques to measure the mechanical
properties of F-actin were also reported 218, to name a few, electro-optic effect 12, polarized fluorescence
13 and optical tweezers 4. In addition to the experimental work, the effort has also been devoted to
theoretically characterizing the mechanics of F-actin. Some theoretical models were proposed for

cytoskeleton containing F-actins 7 in the framework of continuum mechanics. Specially, a wormlike



chain(WLC) model was proposed for F-actin which is capable of describing the equilibrium and
nonlinear dynamical properties of F-actins'®. However, these models are unable to describe the structural
details of F-actin which may exert substantial influence on the overall mechanical behavior of the protein
polymer ’. Thus, molecular dynamics (MD) technique and coarse-grained model were employed to study
the monomeric features %23, Compared with the dynamics simulations, the molecular structural
mechanics (MSM) model is characterized by the static equilibrium feature. As a result, the MSM model
is able to largely reduce the amount of calculation and improve computational efficiency, which is
essential in the study of large-scale filamentous structures, such as actin bundles and MT cytoskeleton
(CSK). In particular, the robustness and efficiency of the MSM model have been demonstrated in
studying the mechanics of MTs 2*%°, Similar to MTs, F-actin is also a group of CSK components
composed of individual filaments constructed by connecting protein monomers. The difference between
MTs and F-actin lies in the overall configurations, i.e., an MT is a hollow cylinder formed by (say 13)
filaments while an F-actin is a helical bundle made of two stranded protein filaments. Due to the efficient
application of MSM model to MTs and the similarity between MTs and F-actin, it is of great interest to
further extend the model to the mechanical behavior of F-actin.

The present study aims to achieve this goal by considering the unique features of F-actin and
characterize its mechanical behavior based on the obtatined MSM model. Herein, the MSM model was
first introduced and validated in measuring the elastic properties of F-actin. After this, the investigation
on the unique mechanical responses was carried out for the F-actin subject to tensile or compressive axial

loads. The influence of the actin-binding proteins was also examined in forming the filopodia protrusion.



Model development for F-actin
In this section, atomistic simulations were performed on the supramolecular F-actin. The MSM

technique and the molecular dynamics (MD) simulation used were briefly introduced as follows.

Single F-actin model

The structure of a single F-actin was illustrated in Figure 1a where the building blocks are G-actin
monomers. X-ray studies revealed that, in most cases the angular separation € in F-actins varies from
167.14 to 166.15° 3. Accordingly, the two typical structures of F-actin were considered in the present
study, which were associated with the angular separation 8 = 167.14° and 166.15°, respectively. The
difference between these two typical cases thus showed the maximum influence of the variation of angle
separation on the mechanical behavior of F-actin. Different diameters D of F-actin were reported in the
literature. In this study, D = 7 nm was selected ¢, which yields the area of cross-section around 19 nm?
close to 18 nm? previously used ° in calculating the mechanical properties of F-actin. In the MSM model
(Figure 1b) of the present study, the cross-section was modeled as two tangent circles as the resultant
helical geometry is a helix consisting of two strands of head-to-tail stacked monomers *. Moreover, the
helical repeat of F-actin is denoted as ‘cross-over’ where the number of the subunits varies with the
angular separation 6 °.

In the molecular mechanics theory, the force field is expressed in the form of steric potential energy
25 For an F-actin structure the main types of the steric potential energy include the interaction stretching
energy U/, the angle bending energy U/ and the dihedral angle torsional potential energy U/ as

shown in Figure 1c. The total potential energy U of an F-actin then reads



Ubonds :Z(ZU{—O—ZUF-I-ZU:) (1)

i=1,2

where i denotes the types of interactions mentioned above (i=1 for the intra-strand interactions and i=2
for the inter-strand interactions). The corresponding expressions of interaction energy are as follows.
U/ =%kir(Ari)27 Uy =%ki¢(A¢i)2l Uy :%kiT(ACDi)Z’(i =12 2)

Here, Ar, isthe change of interaction length, A¢, is the change of in-plane interaction angle, A®, is
the change of out-of-plane angle, k| is the force constant for interaction stretching, k’ is the force
constant for interaction angle bending and k; 1is the force constant for interaction torsion. In this study,
the values of these force constants were calculated based on the MD simulations.

Herein, the MSM model (Figure 1b) was constructed to accurately describe the geometric
characteristics of F-actin and model the two types of the protein interactions by elastic beams. Three
main deformation patterns of the beams are stretching, bending and torsion. Thus, the total potential

energy of the frame structure can be written as:

Ubeams = Z(ZUIA +ZUiM +ZU'T) (3)

i=1,2

where, U/ is the strain energies of a beam in tension. U™ is the strain energy due to bending and U/
is the strain energy due to torsion. Here i specifies the quantities of beam i (i=1 for longitudinal beams

and /=2 for helical beams). The beam energy can be calculated by using the formulas below.
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Here, | is the length of the beam, Al 1is the length change, A¢, is the bending angle, AZ is the
torsion angle, Y,A is the extensional stiffness, Y1, is the bending stiffness and S,J, is the torsional
stiffness of the beam.

The equivalency of the F-actin structure and its MSM model can be established when the



corresponding energy in Eqgs. 2 and 4 are equal, which leads to the following relationship between the

force constants of the protein interactions and the stiftnesses of the space beams.

Yi r Yili ® Si‘]i T (i
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Thus, the structural stiffnesses can be obtained via Eq. 5 once the values of k|, k?, k’ were obtained
for F-actin based on MD simulations. Subsequently, the stiffness matrices K can be constructed for the
whole frame structure of F-actin and its static deformation can be calculated by using the stiffness matrix
method based on the following equation

Ku=F (6)

where u is the global nodal displacements and F is the nodal forces acting on the boundary of an F-

actin. More details of the technique can be found in the Supporting Information.

Model of F-actin supported by the ABPs

A filopodia F-actin bundle consists of a number of parallel actin filaments that are bounded by the
actin binding proteins (ABPs). It is thus of importance to develop a modeling technique for F-actin by
considering the stiffening effect of ABPs. It was noted that different ABPs were used to construct F-actin
bundles 2”2, The present study however is focused on the F-actin bundle in filopodial protrusion. Thus
ABP considered here is fascin which is prevalent in filopodia *’. Herein, the ABPs were modeled as linear
springs which are able to withstand axial tension but unable to resist compression "> %. The length of
ABPs was taken as 9 nm and their longitudinal repeat along an F-actin filament was 36 nm * (Figure
le). Specifically, the constituent F-actins of a filopodial actin bundle are bounded to form a hexagonal

lattice *°. Accordingly, ABPs was assumed to distribute uniformly in circumferential direction as shown



in Figure 1f. The angle between adjacent ABPs is set to be 60° based on the hexagonal lattice *°. One end
of the (166.15°) F-actin was fixed and the other end was allowed to slide only along the axial direction.
The external force was then applied to the two monomers of the end that is able to move. The extensional
stiffness of ABPs probed by single molecule unfolding experiments ranges from 1 pN/nm to 1000 pN/nm
27_ Fitting the present model to the experimental data enables us to determine the equivalent spring
constants required in the spring model for ABPs. A similar modeling technique was effectively used in

studying the critical buckling force of in vivo MTs 3¢

MD simulations on monomer interaction

As mentioned before, we obtained the force constants for the protein interactions of F-actin based
on MD simulations. After that, the structural stiftnesses of the space beams required in the MSM model
can be determined based on Eq. 5. The MD simulations and the experimental setup used are introduced
briefly in this section. As shown above, F-actins are helical linear polymers composed of G-actin subunits
3. Following the previously used numbering method, each subunit is labeled by an integer, n-1, n, n+1 or
n+2 (Figure 2a) from the barbed-end side of the filament *. The intra-strand interaction (interaction 1) of
G-actins was defined as longitudinal interaction and the inter-strand one (interaction 2) as the helical
interaction. Both intra- and inter-strand interactions comprise of two different interactions, such as the
interaction between two monomers at their interface and the interaction inside individual monomers. To
characterize these interactions, an AFM-like approach was applied with NAMD package ’. The atomic
structure of monomeric actin labeled by PDB ID code 1J6Z ® was considered in the development of the
model. The details of the structure can be found in RSCB Protein Data Bank 3°. Herein, two different

molecular systems shown in Figures 2b-e were generated, i.e., the intra-strand (n~n+2) interaction and



the inter-strand (n~n+1) interaction, each of which consists of two monomers. The filament model by
Egelman et al. > was employed to describe the initial organization between monomers. The structural
data of globular (G-) actin are used in the present MD simulations to represent those of F-actin with
conformation or filamentous state different from that of G-actin *%. Such a replacement was applied
successfully to characterize F-actin in previous studies '°?°. The characterization of the inter-strand
monomer interaction (between the monomers n and n+l (Figures 2b-c)) was performed via MD
simulations where a group of Cy-atoms of the residues in monomer n + 1 (denoted as Pulled-G) were
pulled by an external load (Figures 2b-c), while another group of Cq-atoms of the residues from monomer
n (denoted as Fixed-G) were fixed. Similar techniques were used for the intra-strand monomer interaction
(between monomers 7 and n+2 (Figures 2d-e)). In this case, the Pulled-G and Fixed-G were chosen from
monomer n+2 and monomer 7, respectively. Herein, the Pulled-G and Fixed-G were chosen from the
residues involved in the interactions between the actin monomers in F-actin structure by following Ref.
3. In addition, more detailed study was conducted to examine the influence of different choices® of the
groups. It was found that the force-displacement relation only changes slightly when different groups
were selected. Thus, the results based on the selected Pulled-G and Fixed-G in the present work should
be reliable. The CHARMM22 force field *° was used in the simulations of actins. The entire system was
solved by water molecules, neutralized with Potassium chloride %°, and then energy minimized, heated
to 310K and equilibrated for 5000 ps in order to stabilize the structure *!. Then the Pulled-G were pulled
by connected springs with a preliminary assigned elastic constant k.= 6.948 nN/nm. The selected value
of ks represents a compromise between low ke, values that make the MD simulations very time

consuming and high k.s values which allow faster simulations but introduce large uncertainty in the force



values. The Langevin dynamics was specified as inactive during the steered MD simulations in order to
disturb the movement of the atoms as little as possible. In the tensile and bending tests, the free end of a
spring was moved at a constant rate **. It is noted that the force-deformation behavior of proteins (e.g.,
collagen triple helix) may show the strain rate-dependence in tensile test . Thus, in this study we
examined the influence of strain rate on the force constants. It was found that the equivalent force
constant converges when the rate is under 1x10™* nm/ps. Hence, in what follows the rate 5107 nm/ps
was used in the simulations. Three replicas of simulations were then performed for each interaction
system. The values of material property were calculated as the average value of the material property

achieved in the three simulations.

Mechanical tests based on the MSM

Based on the MSM and the obtained force constants, we performed tensile, bending and torsion
tests for F-actin. The goal is to calculate the corresponding elastic properties of F-actin and examine the
effect of actin structure on the properties. In measuring Young modulus, one end of the F-actin was fixed,
i.e., all degree of freedom was constrained to zero, while an external force F7 is applied to the other end

which is pinned to a roller free to move in longitudinal direction (Figure 3a). The value of the Young’s

modulus Y can then be obtained by Y = RIA
AL/L,

, in which 4y is the area of the cross section, Ly is the
initial length and AL is the elongation in the axial direction. The torsion simulation was also performed
for the F-actin (Figure 3b), where cantilevered F-actin was considered and a torsional moment M was
44

applied to the monomer of the free end. The torsional rigidity x” was computed as &' =ML, /y

where y was the torsional angle generated by M. A cantilevered F-actin was also considered in the bending



test as shown in Figure 3c. Here the bending stiffness (E) is calculated by (El)=F, L3 /(3W) * where

F’5 is the transverse force on and w is the resulted deflection of the free end.

MSM modeling on the F-actin mechanics
In this section, MD simulations and MSM model were employed to investigate the mechanical
properties of F-actins. Efforts were also invested to explore their unique deformation behavior due to

helical structure and the structural rigidity in forming filopodial protrusion.

Force constants and elastic properties

The force constants were calculated for F-actin by using the techniques demonstrated in the 3rd
section of model development. The results from the AFM-like MD simulations were shown in Figure 4
describing the relation between the load on the Pulled-G and their displacement along the pulling
direction. Following previous MD simulations **, the maximum displacement 0.5nm or Inm is
considered for the tensile and bending tests of the monomer interactions. This displacement range is
selected as it reflects the range of displacement of subcellular components observed experimentally in

Refs. 7, 9-10. From linear fitting to the data in Figures 4a and b, the force constants of actin stretching

were obtained, i.e., Keyrq® =0.88953 NN /nm for helical interactions and k¢ =3.13099 nN /nm
for longitudinal interactions. It is worth mentioning that the linear interaction assumption is adopted to

facilitate the development of the MSM for constituent protein monomers of F-actin. Such an assumption

was efficiently used previously in developing models for and understanding the experimentally observed

10



mechanical behavior of protein filaments ° 2% 4> %47 The assumption is necessary here as it can greatly
improve the computational efficiency of the MSM and at the same time, maintain the accuracy in solving
the mechanical problems with relatively small deformation. On the other hand, in future efforts should
be invested to improving the MSM model by considering the non-linear monomeric interaction and
enabling the use of the MSM in large deformation problems of F-actin.

In the simulation of bending, the distance between the Pulled-G and Fixed-G was obtained as 6.046
nm and 8.644 nm in the helical and the longitudinal directions, respectively. When the translational
displacement of Pulled-G is 1.0 nm in bending, the interaction angle changes yhelicai=0.16559 rad and
Vongitudinal = 0.11575 rad were obtained, respectively. Herein, the bending energy is calculated by
U =%k3§2‘:;2§0na, (AD? or U =%k:§$;2§ (7)?, where kX s the interaction constant that can be

directly obtained from Figures 4c and d, Al is the displacement of Pulled-G in pulling direction, y is

the change of interaction angle and k;ﬁgﬁ;g? is defined as the force constant for the bending. Based on

2
k bending __ |, bending (AI )

information ~ shown above we  finally arrived at angular — Ktransiational (}/)2 and

kPedno — 243112 nN/nm  for the helical interactions and k.*;?;?{ﬂgmm =7.26357nN/nm  for

helical
longitudinal interactions. It is noticed that the torsion of G-actins is difficult to simulate with the AFM-
like MD simulation method. Thus, following the empirical treatment in Ref. 45, the force constants for

. . . i i torsion bending
the torsion of the two interactions were set as k22" = k"9 /50 and k|0ngitudina| = k|0ngitudina| /50 The

helical helical
force constants were summarized in Table 1, which are obtained for the interactions between two adjacent
G-actins. The stiffness of a system of four G-actins was also evaluated in Ref. 48. Using the MSM

technique, the equivalent stiffness of the four G-actin systems can then be estimated based on the force

constants obtain for the two actin systems in the present simulations. The result 6.67 nN/nm is found to

11



be within the range of [4.16, 67.7 nN/nm] achieved in the previous MD simulations *®. Also, as will be
shown later, the mechanical properties of F-actin given by the MSM model based on the obtained force
constants match with many existing experimental data > 714,26, 4969,

Based on the MSM and the achieved force constants, tensile tests were performed for F-actins. The
length of the simulated F-actins ranges from 500 to 50000 nm, while their angular separation equals to
166.15° or 167.14°. The obtained Young’s modulus was plotted in Figure 5a against the length. It can be
seen from the figure that Y decreases slightly with growing length for relatively short F-actins with length
smaller than 5000 nm. The length dependence however decreases with the rising length and vanishes
when the length is greater than a critical value of 10000 nm. The effect of the angular separation is also
observed, i.e., when the angle decreases from 167.14° to 166.15° the Young’s modulus changes slightly
from 1.922 GPa to 1.915 GPa. The average Youngs modulus obtained here was about 1.92 GPa, in good
agreement with the values 1.8 to 2.6 GPa reported in the literature % 4!,

The torsional rigidity x’ of F-actins is also calculated for the F-actins with different angular
separations. For a given L the 166.15° F-actins exhibits «’ higher than that of the 167.14° F-actins. The
variation of x” however is small (< 2.2%) leading to an average value around 2.36x1072° Nm? right in the
range of [0.2x102%, 8.5x1072¢ Nm? ] achieved in the literature > 14 5263,

The flexural rigidity (EI) is an important structural property of F-actins which measures their ability
to resist the bending deformation and the structural instability of F-actins. In particular, the substantial
length-dependence of (EI) was experimentally observed for MTs 7°. Similar feature was also reported for

short in silico MTs whose length is smaller than 400 nm 2. It is thus of great interest to examine the

unique feature of (EI) and calculate its value for the F-actins. To this end, the MSM was used to perform

12



bending tests for the cantilevered F-actins with the length ranging from 200 nm to 2000 nm. The results
were shown in Figure 5¢ which indicated that though (EI) fluctuated slightly with the length change,
there did not exist a clear trend for (EI) to change with the length L or the separation angle. In other
words, F-actins behave like a Euler beams with nearly constant bending stiffness about 10.84x1072¢ Nm?.
This is different from the behavior of relatively short MTs whose (EI) increases with rising length as a
result of the inter-protofilament sliding ”'. It should also be mentioned that the reported values of (EI) are
in the range between 1.7x102° Nm? and 11x102¢ Nm? 714 26.49.66-69 "\yhjch is again in good agreement
with the average value 10.84x1072° Nm? calculated in Figure 5¢ based on the present MSM model. Overall,
the mechanical properties given by the MSM model for F-actins are in accordance with existing
experimental data. This comparison between the present MSM and existing experimental data show the
clear evidence of the relevance of the MSM model to the mechanics of the F-actins. Moreover, the
alteration of diameter D (7 to 8 nm) and subunit rise 7 (2.73 to 2.75 nm) may also occur for F-actins > 2%
72 which would lead to the variation of F-actin properties. The investigation on this issue based on the
MSM model (See details in the Supporting Information) showed that the D-variation results in relative
changes of 25% in Young’s modulus Y, 17% in the torsional rigidity x” and 4% in bending stiffness (EI)
of F-actins, while the relative changes of Y, x” and (EI) due to the variation of subunit rise is less than
1%.

It is worth mentioning that the estimation method for the force constants in Table 1 is different from
the experimental setup in Ref. 42 where an external force is assumed to act at the monomer center (instead
of the residues involved in the interactions between monomers). Under this assumption, the force

constants for interaction stretching k™" can be obtained as follows.

new

13



1 1 1 1

kstretching = 2kstretching + kstretching + 2kstretching (7)
origin monomer new monomer

where k;zgﬁhing is the coefficient in Table 1, and k""" — 4 98733 nN /nmis the force constant for

monomer stretching. The values of Y, x” and (EI) were obtained based on this method for a 5um-long F-
actin (166.15°). The obtained x” = 2.43x1072° Nm? and (EI) = 12.47x102° Nm? are similar to the values
shown before, whereas Y = 4.82 GPa achieved here is substantially greater than the 1.92 GPa obtained

previously. Since the loading condition considered in the 3rd section of model development is more

practical in experiments, the force constants in Tables 1 were used in the present simulations.

Tension induced bending

The presence of internal forces within the cytoskeleton was of major interest in the current research
3. The ability to sustain tension and compression offers the cell rigidity and maintains its structural
stability ', It is generally admitted that F-actins could undergo tension while MTs are always compressed
74 Specifically, in the models of the actin bundles and the tensegrity model of the cytoskeleton, F-actins
play an important role in resisting tensile forces 7>, It is interesting to see in the tensile test of F-actin
(Figure 6) that for a given tensile force F1, the stretching of F-actin is always accompanied with a
transverse deflection w, which increases with the rising contour length L. In addition, for a given L the
deflection at the angle of 166.15° was found to be larger than the deflection associated with the angle of
167.14°. In addition, the tension-induced transverse deflection gradually increased with the increasing
tensile force applied or the rising elongation of the F-actin (Figure 6). Similar transverse deflection was
also observed for F-actin when a compressive force is applied.

To capture the underlying physics of the observation, we used polynomial functions to fit the L-w

14



(transverse deflection) relation obtained in the MSM simulations (Figure 6). It was found that the 2™
order polynomial was the best fit to the simulation results, which is in agreement with the bending theory
of beams ** where the deflection w of beams subject to a moment M is proportional to 2. This infers that
the bending of F-actin should be a result of a bending moment generated by the tensile force applied.
Indeed, more detailed study showed that due to the helical structure of F-actins, the central axis of F-
actin does not coincide with the position of the resultant force on the cross section when the tensile forces

are applied through the centers of the two adjacent monomers (see Figure 6). In other words, there exists

a resultant eccentric force f which can thus generate a bending moment M = f AR relative

eccentric eccentric

to the central axis of the F-actin. Here AR is the distance between the eccentric force and the central
axis. Consequently, the observed transverse deflection can be primarily attributed to this additional
moment arising from the eccentric resultant force or the helical structure of F-actin. Moreover, a higher
angular separation 167.14° results in a smaller AR, and thus, a lower bending moment and a smaller
transverse deflection. Also, with the same bending moment the deflection of F-actin naturally grows with
the increasing contour length. The eccentric force found in the F-actin thus offers a possible physical
explanation for the tension-induced bending and the length and angle dependency of the bending
deflection observed in the MSM simulations.

Furthermore, the boundary condition is found to be an important factor that controls the tension-
induced bending. As mentioned in the 4th section of model development, during the tensile test, the force
was applied on the 2 monomers which were pinned on axial rollers. As illustrated on the top of Figure 7,
if the monomers were fixed on rollers in the tensile test, the deflection became negligible compared to

the one associated with the pinned condition. Although the actual end condition of in vivo filaments are

15



not clear 3, the actual end condition could be reasonably assumed to be an intermediate state between
the fixed end and pinned end. Thus, the bending induced by the tensile force may occur for the in vivo

F-actin and can provide a possible explanation for the curved configuration observed for most F-actins *

77

Effect of binding proteins on filopodial F-actin
Filopodia are thin, actin-rich plasma-membrane protrusions that function as antennae for cells to

probe their environment ’®

. The protrusive bundles in filopodia consist of F-actins cross-linked by actin-
binding proteins (ABPs) (Figure 8a). The growth of these F-actins generates force for protrusion of the
leading edge during cell motility 7°. In the study of the filopodial protrusion, the major issues are (1) the
upper limit of the force the F-actin filaments can generate and (2) the underlying physical mechanisms
based on which the critical value can be determined. The critical buckling load of the actin bundles may

serve as a criterion in evaluating the stall force on the actin bundle 3%-%!

and the maximum length of the
filopodial protrusion. In the meantime, a ratcheting model ®? considering a different mechanism was also
proposed to predict the maximum force on the tip of the F-actins. It was reported in Ref. 80 that these
two mechanisms may coexist and one of them can be predominant depending on the monomer
concentration in cytosol. In what follows, we considered the condition at which the buckling is
predominant mechanism in controlling the stall force on the filopodial actin bundles. The MSM model
developed for the filopodial actin bundles was used in the buckling analyses, which is able to account for

the structure-buckling response relation of the F-actin bundles. As shown in Figure 8a, though the length

of filopodia is only about 1 to 5 um 3, the entire length of the protrusive actin bundle inside filopodial

16



could be of the order of 10 um 3% 8485 Therefore, to study the buckling or stall force of protrusion, we
considered F-actin filament with the length varying from 0.5 to 30 um.

To explore the buckling behavior and obtain the critical buckling load for the filopodial actin
filaments, we consider two types of the filaments found in experiments whose angular separations are
166.15° and 167.14°, respectively. Herein, the buckling deformation and the length-dependence of the
critical buckling load N.- were shown for the F-actins with and without ABPs in Figure 8b. As plotted in
Figure 8b for a single F-actin without ABP support, N, generally decreased with rising length.
Specifically, the curves associated with two angular separations nearly coincide with each other. In other
words, the angular separation does not exert significant influence on the buckling of the filaments.

It was reported in Ref. 80 that the bundles of parallel F-actin such as those found in filopodia cannot
automatically cooperate in a linear manner to increase the amount of force generated at the bundle tip.
Only the longest one in the bundle is in contact with the barrier, which thus solely resist the axial load *°.
It can be estimated from Ref. 80 that the length of the load-bearing F-actin was about 10 um, which, in
Figure 8b, corresponds to N about 0.035 pN of a single F-actins. This however is nearly two orders of
magnitude lower than the experimentally measured stall force of the order of 1 pN ®. Thus, the single F-
actin model (the Ist section of model development) is unable to explain the large force measured on the
tip of the F-actin. The possible stiffening effect of the ABPs has to be taken into consideration by coupling
them with the F-actin model (the 2nd section of model development). In Figure 8b, a similar trend of N,
is observed for the F-actins in the presence or absence of the ABPs. But the ABPs are found to be able to
largely enhance the critical buckling load. This effect of the ABPs turns out to be more substantial for

slender F-actins whose length is greater than 1 pm. For example, considering the F-actin with length 10
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um the ABPs of 500 pN/nm can raise N, from 0.035 pN to 3.750 pN by more than an order of magnitude.
Another determinant of the stiffening effect is the equivalent extensional stiffness of the ABPs. As
expected, Figure 8b shows that N, of the F-actin grows considerably with the increasing stiffness. The
stiffening effect of ABPs is strong when their equivalent stiffness rises up to 50 pN/nm. In this process,
Nerrises by 1 to 2 orders of magnitude when the length greater than 10 pm was considered. In particular,
for relatively long F-actin with length larger than 10 um, N, is of the order of 1 pN when the modulus
falls in the range of [50 pN/nm, 1000 pN/nm]. It is noted that organization of F-actins into different
functional networks is regulated by a variety of ABPs ®, whose extensional stiffnesses range from 1
pN/nm to 1000 pN/nm 2. However, more efforts in experimental studies still need to be made to obtain
the exact value of the stiffnesses of the fascins, which are the bundlers in filopodia *. Thus, it is evident
that the stiffnesses achieved in the present study are reasonable as they fall into the range of the stiffnesses
of ABPs in the literature 27, although solid data on the stiffnesses of filopodial ABPs is still required to
perform further comparison. Also, the MSM model is in agreement with the experiment in measuring the
critical buckling load or a stall force of F-actin bundles *°.

To summarize, the above analyses show that the influence of ABPs results in a complex buckling
deformation pattern, referred to as ‘localized buckling’ in Ref. 87, which is associated with a high critical
buckling load relative to the buckling load of single F-actin without the ABPs (Figure 8b). The ABPs can
firmly hold the neighboring F-actin filaments and largely prevent the filaments from sliding towards each
other. The stabilizing effect of ABPs is very strong, which greatly enhances the structural stiffness of F-
actins and accordingly, enable them to elongate to an extent required for the filopodial protrusion before

reaching the stall force. In other words, the ABPs play an essential role in regulating the stiffness of F-
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actin bundles. The present MSM simulations thus identify the indispensable role of the ABPs in the
filopodial protrusion and cell motility 34, provide a theoretical interpretation for the experimentally
achieved stall force on the F-actin and propose the physical mechanism of the filopodial protrusion 3.
Here, the present work is focused on the mechanics of individual F-actin or its bundle. However, it is
noted that cytosol may exert significant effect on the mechanical behaviors of F-actin. This issue thus

deserves to be examined in detail in future study.

Conclusions

In the present work, the MD simulations were performed to obtain the force constants between the
monomers of F-actin. Subsequently, an MSM model was first obtained for F-actin based on the structural
mechanics theory and the force constants obtained. The MSM model enjoys the highly improved
efficiency and expanded the scope of the research as compared with formidable MD simulations and
difficult nanoscale experiments.

Based on the MSM, the effect of the structure on the elastic modulus and structural stiffnesses was
investigated for F-actin. The obtained average effective Young’s modulus ¥ = 1.92 GPa, torsional
stiffness x! = 2.36x102° Nm?, and bending stiffness (EI) = 10.84x1072¢ Nm? were found to be in good
agreement with existing experimental data. The results demonstrated the reliability and robustness of the
present MSM model in characterizing mechanical behavior of F-actins.

The MSM model also showed that the helical structure of F-actin leads to a resultant eccentric force
and thus, a resulted bending moment on the cross section of the F-actin filament when an axial

tension/compression is applied. For a given axial load the induced bending deflection of F-actin increases
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substantially with the rising contour length but decreases slightly with growing rotation angle. This study
provided a possible physical origin for the curved F-actin filaments experimentally observed.

Furthermore, for an F-actin bundle in the filopodial protrusion the compressive load from cell
membrane can be taken by only one F-actin filament supported by the ABPs that enhance the critical
buckling load by one to two orders of magnitudes. The achieved buckling load is of the order of 1 pN
consistent with the experimentally measured stall force on the tip of the F-actin. The ABPs thus plays a
crucial role in regulating the stiffness of F-actin bundles, facilitating the formation of the filopodial
protrusion and thus, cell motility.

Herein, it is highly expected that the present MSM model can be further extended to more complex
filamentous systems and thus, is able to expand the scope of research to the higher order cytoskeletal

structures composed of cross-linked F-actin bundles, such as the stress fibers or actin meshwork.
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Table captions

Table 1 The force constants of interactions between monomers of F-actin
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Tables

Table 1 The force constants of interactions between monomers of F-actin

Description

Constant symbol

Value

Longitudinal tensile

Longitudinal bending

Longitudinal torsion

Helical tensile

Helical bending

Helical torsion

k stretching ( klr )

longitudinal

kbending (kfu)

longitudinal

ktorsion ( kl, )

longitudinal

kstretching ( k; )

helical

kbending ( kg) )

helical

ktorsion ( kzr )

helical

3.13 nN/nm

7.26 nN-nm/rad?

0.145 nN-nm/rad?

0.890 nN/nm

2.43 nN-nm/rad?

0.0486 nN-nm/rad?
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Figure captions

Figure 1. (a) Structural representation of an F-actin with monomer interactions 1 and 2, (b) the MSM
model developed for the F-actin with elastic beams 1 and 2 characterizing interactions 1 and 2,
respectively, the deformation patterns of (c) the monomer interactions of F-actin and (d) the elastic beams
1 and 2 of the MSM model, (e) F-actin bundle in the protrusion of the leading edge in motile cells, and
(f) the model of F-actin supported by ABPs in filopodia protrusive.

Figure 2. Schematics of an F-actin structure showing (a) numbering method of the monomers and the
deformation patterns of the monomer interactions including (b) the interaction stretching and (c)
interaction bending in the helical direction, and (d) the interaction stretching and (e) interaction bending
in the longitudinal direction.

Figure 3. Experimental setup in the MSM simulations for (a) tensile, (b) torsion and (c) bending tests of
a cantilevered F-actin.

Figure 4. Force-displacement relation obtained for Pulled-G in pulling direction for (a) interaction
stretching along (a) the helical and (b) the longitudinal directions, and interaction bending in (c) the
helical and (d) the longitudinal directions.

Figure 5. The length dependence of (a) Young’s modulus Y, (b) torsional rigidity x” and (c) flexural
rigidity (EI) calculated for F-actins with angular separation of 166.15° and 167.14°, respectively.

Figure 6. The tension induced bending of F-actin

Figure 7. Boundary condition effect on F-actin stretching

Figure 8. (a) The polymerizing actin bundle which generates force for protrusion of the leading edge in
motile cells and (b) Length-dependence of the critical buckling forces Ncr obtained for the F-actins

supported by ABPs with different extensional stiffness.
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Figure 1. (a) Structural representation of an F-actin with monomer interactions 1 and 2, (b) the MSM
model developed for the F-actin with elastic beams 1 and 2 characterizing interactions 1 and 2,
respectively, the deformation patterns of (c) the monomer interactions of F-actin and (d) the elastic beams
1 and 2 of the MSM model, (e) F-actin bundle in the protrusion of the leading edge in motile cells, and

(f) the model of F-actin supported by ABPs in filopodia protrusive.
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Figure 2. Schematics of an F-actin structure showing (a) numbering method of the monomers and the
deformation patterns of the monomer interactions including (b) the interaction stretching and (c)
interaction bending in the helical direction, and (d) the interaction stretching and (e) interaction bending

in the longitudinal direction.
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Figure 3. Experimental setup in the MSM simulations for (a) tensile, (b) torsion and (c) bending tests of

a cantilevered F-actin.
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Figure 4. Force-displacement relation obtained for Pulled-G in pulling direction for interaction stretching

along (a) the helical and (b) the longitudinal directions, and interaction bending in (c) the helical and (d)

the longitudinal directions.

38



193 -
] -
[ o
1.92 — N —M- 166.15
o - —0-90-0-0-0 009 o (.
1.91 — Ul Bl B Bl B B
T T T T T T T 1T
(b) 0 10000 20000 30000 40000 50000
e 245
22 %;‘g -8 i & & & nm "B 166.15°
= 230 g0 0 0 0 0 0 0 0 0 0 I+
[—-\-C 2'25 1 I I I I I ] I J l 1 I I
(c) 0 10000 20000 30000 40000 50000
115 -
5110 | 1”” W 166.15°
S 105 * 8—e—0—eo ~@—167.14°
@10‘0 1 I I I 1 I I l ]
0 500 1000 1500 2000
L (nm)

Figure 5. The length dependence of (a) Young’s modulus Y, (b) torsional rigidity x” and (c) flexural

rigidity (EI) calculated for F-actins with angular separation of 166.15° and 167.14°, respectively.
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Figure 6. The tension induced bending of F-actin
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Figure 7. Boundary condition effect on F-actin stretching
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Figure 8. (a) The polymerizing actin bundle which generates force for protrusion of the leading edge in
motile cells and (b) Length-dependence of the critical buckling forces Ncr obtained for the F-actins

supported by ABPs with different extensional stiffness.
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