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Figure 1.1

Figure 1.2

Figure 1.3

Figure 2.1

Structure of Actin filament. The actin filament is formed by two protofil-
aments, which grow parallelly with each other. The actin filament is
asymmetric, where one end, called the barbed end has generally high
growth rate than the pointed end. 2

Protrusion caused by actin polymerization. Filopodium are small fin-
ger like structures, that are formed by the growth of parallel actin
filaments. Lamellipodium are another type of protrusion, which are
caused by the growth of branched actin filaments. The figure is pro-
duced from Ref. [6] with some modification. 3

Theoretical modelling of force generation by actin filaments. The actin
filaments are assumed to be rod-like elements growing in the upward
direction against a rigid wall like barrier. An external force F is acting
on the barrier in the opposite direction of the filament growth. The
filaments, which are not in contact with the barrier, grow upward
(downward) with force independent rate Uy (Wp). The filament that is
in contact with the barrier grows with force dependent rate U(F). The
barrier grows upward (downward) with rate R, (R_), which may in
general depend upon the external force. 5

Schematic representation of the KPZ barrier model. (a): Polymeriza-
tion of a bound filament by causing a local change in barrier height
with rate Upe™ " (b): A bound filament polymerizes by causing global
movement of the whole barrier with rate Upe . (¢): A free filament
polymerizes and depolymerizes with rates Uy and W, respectively.
Since these processes do not involve any barrier motion, these rates
are independent of F. (d): Thermal fluctuation of the barrier: a local
valley can flip to a hill with rate Ry and the reverse process occurs
with rate R_. We use local detailed balance, Ry /R_ = exp(—BFd/L),
except at the binding sites, where hill to valley transition may be

blocked due to presence of a filament. 15
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Figure 2.2

Figure 2.3

Figure 2.4

Force-velocity characteristic and stall force for a single filament. (a):
Force-velocity curve has a convex shape. Inset shows exponential de-
cay of the barrier velocity for small and intermediate F, when the
global motion of the barrier dominates. Close to stalling the local fluc-
tuations become important. We have used L = 512 here. (b): Stall
force increases with barrier size L. In both the panels, we have used
S/L = 1. Discrete points show simulation data and continuous lines
show analytical results. Other simulation parameters are as in Table
2.1. 18

Average shape of the barrier for single filament. Discrete points show
simulation results and continuous lines show analytical prediction.
(a): Probability p; to find an upslope bond as a function of scaled
distance i/L from the binding site. p; = 1/2 for i = L/2 and for
larger i, we have p; = 1 — p;_1 /2. The open symbols correspond to
F = 0 and the close symbols correspond to F = 4pN. Symbols * and
o are for L = 128 and x and U are for L = 256. These data show
that, except close to the binding site, p; increases linearly with 7 with
a gradient ~ 1/L. We also find that p; remains almost same for these
F values. The continuous lines are analytical predictions, where green
solid line is for F = 0 and blue dashed line is for F = 4pN. (b):
Probability p,(i) to find a valley at a distance i from the binding site.
For i = 0 the probability is substantially smaller compared to the rest
of the system, which means it is rather unlikely to find a valley at
the binding site. The symbols * and A represent F = OpN and 4pN,
respectively. We have used L = 512 here. (c) and (d): [p, (i) — pi(i)]
shows a sharp jump at i = 0 and then remains constant at a value that
scales as 1/L. The open symbols correspond to F = 0 and the closed
symbols correspond to F = 4pN. Symbols * and o are for L = 256
and x are [ are for L = 512. Other simulation parameters are as in
Table 2.1. 22

Variation of « as a function of external load. Close to the stalling force,
« shows a sharp increase. Here, we have used S/L = 1 and L = 256
(red triangle) and 128 (blue circle). Other simulation parameters are

as in Table 2.1. 23
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Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Contact probability pg as a function of F for single filament. Our an-
alytical calculation yields pg = (1 — Wp/Up) =~ 0.5. For slow barrier
dynamics, we find reasonable agreement. But for fast barrier dynam-
ics, our analytical prediction does not remain valid any more and po
increases with F. Here we take L=64. All other simulation parameters
are as in table 2.1. 24

Force-velocity characteristic for a single filament depends on the rela-
tive time-scale between the filament and barrier dynamics. (a): Veloc-
ity of the barrier vs scaled force for different values of S/L. For large
S /L, the convex nature of force-velocity characteristic is lost. As S/L
increases, the local fluctuations of the barrier become more important
and even for small F, the barrier velocity is not governed by the global
movement alone, and hence V' does not decay exponentially anymore.
Here, we have used L = 64. (b): Stall force decreases as a function of
S/L. Since local movements of the barrier become more important
for large S/L, the balance between global and local movements is
reached at a smaller force. Note however, that the x-axis is plotted in
a log-scale, indicating a weak dependence of stall force on the time-
scale. Here we have used L = 256. Other simulation parameters are
as in Table 2.1. 24

Results for § < d. (a): The force velocity curves are convex even for
d/6 >> 1. For small F, the points collapses with each other, as in
this regime, only the global movements play significant role and the
local fluctuations are negligible. Inset (a): The stall force increases as
(d/é )0'6, this is because for small ¢, the local fluctuations becomes less
costly and near the stalling regime, these local fluctuations maintains
the velocity of the barrier. Here we use L = 32 and S/L = 1. (b):
The shape of the force velocity curve changes as S/L changes. Inset
(b): The stall force increases as L%2. For the inset, we use L = 64 and
d/d = 2. Other simulation parameters are as in Table 2.1. 26
Average number of bound filaments Ny as a function of force F. For
slow barrier dynamics, our analytical prediction in Eq. 2.16 agree well
with numerics. But as the barrier dynamics becomes faster, deviations
are observed. Here we have used L = 256, N = 32. Other simulation

parameters are same as in Table 2.1. 27
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Figure 2.9

Figure 3.1

Figure 3.2

Force-velocity characteristic for multiple filaments. (a): Velocity shows
very slow decay for large F, when global movement can be neglected
and V can be assumed to be governed by local fluctuations alone.
Here, we have used L = 512 and N = 32. Inset shows stall force as
a function of N for two different L values. We find stall force scales
linearly with N and remains independent of L. The continuous lines
show analytical results. (b): Dependence of force-velocity characteris-
tic on the time-scale of barrier dynamics. In this case we find same
qualitative effect as in the single filament case. Here, we have used
N = 16 and L = 128. Other simulation parameters are as in Table
2.1. 28

Schematic representation of gradient model. The square blocks show
actin monomers, which join together to form rod-like filaments. The
thick solid line represents the shape of the elastic membrane. (a): A
bulk site of the membrane thermally fluctuates and changes its height
by an amount d, which in turn changes the membrane contour length
by 2d. The forward process increases the energy and occur with rate
R while the reverse process decreases the energy and happens with
rate R_. (b): A bulk site of the membrane changes its height by an
amount 4 but the energy remains same and thus the movement hap-
pens with rate unity. (c): A bound filament pushes the binding site by
an amount d that costs energy and occurs with rate UpR+. (d): A free
filament polymerizes (depolymerizes) with rate Uy (Wp). 33

i — V curve for a single filament. (a): The average velocity of the mem-
brane as a function of u shows a peak at u*. While V ~ 1/L, the
peak-position u* does not depend on L. The solid triangle on the y-
axis marks Vo = 4(Uy — W), which is the expected value of V at
p = 0. Inset: For large y, the membrane velocity decreases exponen-
tially with a decay constant ~ 0.67, which is close to the value of Bd.
Here, we have used L = 64. (b): The variation of average velocity of
the binding site (V,,s) and the average velocity of a bulk site (Vp,)
with p, shows that V};,,; decreases monotonically with y while Vj,x
increases with p for u < u*. For p > u*, these two velocities are
equal. Here we have used L = 16. For all the above plots, we have

used §/L = 1. Other simulation parameters are as in Table 2.1. 34



Figure 3.3 The membrane contour length keeps growing for y < p* and stabi-
lizes for y > p*. (a): The ratio A =1 for y < p* and decreases sharply
at u* to its asymptotic value 2/L for large u. Inset: The saturation
of A at large u happens exponentially. (b): The quantity w,
for large t, decreases with y and becomes zero above p*. Inset: Vari-
ation of contour length with time at y* = 1.748pN. We see that af-

0% with a diffusion

ter large enough time, C(t) grows with time as
constant D = 37.41 + 7.19nm?/s. The analytically calculated value of
D = 41.352nm? /s which is close to the numerical value. Here we use
L = 64. For both panels §/L = 1. Other simulation parameters are as
in Table 2.1. 37

Figure 3.4 Height gradient around the binding site. (a): The probability that z >
0 as a function of u. We see that the probability is exactly one for p <
p* and even for y > p*, it is very close to one. (b): Here we show the
probability that h, 11 > hyio as a function of p. The red triangles are
for prob(hy1 > hyo) while the blue circles are for prob(h,_1 > hy_5).
These probabilities are also close to one for entire range of y. Here,
L = 64 and S/L = 1. Other simulation parameters are as in Table
21. 39

Figure 3.5 Peak position and peak height of 4 — V curve depends on S/L. (a):
Scaled V as a function of y for different S/L values. The scaling fac-
tor V.x has been used such that the data for different S/L values
can be compared. In this plot the symbol o correspond to S/L = 272
(Vinax =~ 5.84 x 1072nm/s), the O correspond to S/L = 271 (Vjyy =~
5.84 x 10~2nm/s), the A\ correspond to S/L = 1 (Viyax =~ 7.89 x 10~ 2nm/s)
and the V correspond to S/L = 26 (Vypax =~ 2.23nm/s). For smaller
values of §/L, the curve is monotonic as the velocity is mostly deter-
mined by the binding site. As §/L increases, the y — V curve devel-
ops a peak at u*. Inset: u* decreases with S/L. The discrete points
from simulations match well with continuous line from Eq. (3.6). We
use L = 64 here. (b): The membrane velocity at pu* plotted against
S /L shows a power law increase. The solid line represents a function
~ x%87 and goes parallel to our numerical data points. Here we have

used L = 64. Other simulation parameters are as in Table 2.1. 40
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Figure 3.6

Figure 3.7

Figure 3.8

Variation of membrane velocity and contour length against u for dif-
ferent values of S/L. (a): The y — V curve changes from convex to
concave as S/ L is increased. For S/L << 1, the curve is convex while
for S/L >> 1, it becomes concave. Here, we have scaled V by Vj;ux
such that we can compare them in the same scale. The values of V;;4x
are 4.67 x 10~'nm /s, 4.67 x 1071, nm /s, 3.73nm /s, and 3.73nm/s, re-
spectively, in the increasing order of S/L. Here, we have used L = 8.
(b): Average contour length of the membrane scaled by Ld as a func-
tion of u for different values of S/L. The continuous line is from
analytical calculation in the equilibrium limit, which matches with
simulation for very high §/L. Other simulation parameters are as in
Table 2.1. 41

For y >> 1, the membrane behaves as a rigid obstacle. (a): The con-
tact probability po for different values of S/L. The continuous lines
are from the analytical predictions, which are valid only for u < u*
and thus compared only upto this region. For large yu, the value of
po saturates to 1/2, which is expected for a rigid barrier. As S/L de-
creases, the rigid barrier behavior sets in for smaller y values. The
continuous lines show analytical calculation in # < u* regime. (b):
The variation of A for different values of S/L. For small y, the value
of A is unity, which means that the contour length of the membrane
diverges with time. For high enough value of u, A saturates to 2/L.
We use L = 64 for both the plots. Other simulation parameters are as
in Table 2.1. 42

u — V curve for multiple filaments with p < 1. (a): The velocity scales
with p similar to the single filament case. It also shows a peak at y =
u* which is independent of p. We have used S/L = 1 here. (b): Scaled
velocity as a function of y for different time scales which show that the
curve changes from convex to concave similar to the single filament
case. For S/L << 1, the curve is convex while for S/L >> 1, the
curve becomes concave. The values of V,,,,, are 0.467nm/s, 3.71nm/s,
3.74nm/s and 3.75nm/s for S/L = 272,2°,27, and 2%, respectively.
Here we have used N = 4 and L = 32. Other simulation parameters

are as in Table 2.1. 43
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Figure 3.9

Figure 3.10

Figure 4.1

Results for multiple filaments with high filament density. In the main
plot, we show u — V' curve for multiple filaments for p ~ 1. We note
that V' does not scale with p. The peak position u* decreases with p.
The inset shows the variation of u* with p. We note that for p << 1,
the value of p* remains constant and then decreases with p for high
value of p. We use §/L = 1 here. Other simulation parameters are as
in Table 2.1. 43

Inhomogeneous distribution of filaments. For the denser part of the
membrane, p = 1/2 while for the rarer part, p = 1/8. We note that for
the denser part, Vg = Viuix at 4 = 0.5pN, while the rarer part still
moves with smaller velocity. The velocity of all the sites become equal
at u* = 5.80 £ 0.04pN, which is much higher than the homogeneous
distribution of filaments. We use here N = 20, L = 64 and S/L = 1.
Other simulation parameters are as in Table 2.1. 44

Variation of velocity and contour length with v for Gaussian model.
(@): The v — V curve for single filament shows 1/L scaling. The curve
is monotonic for all v # 0. Top inset: The velocity falls exponen-
tially with decay constant ~ 3.13, which is close to 2d>. Bottom
inset: In the limit of very small v, the velocity saturates to a value
~ 0.074nm/sec, that is distinctly different from Vy = 0.058nm/s at
v = 0. We use L = 64 for the insets and S/L = 1 for all the plots. (b):
Average contour length of the membrane scaled by d as a function of
v. For very high value of v, < C > becomes equal to the system size
Ld. Top inset: Contour length decreases exponentially for large u with
a decay constant ~ 3.2 which is again close to 234%. Bottom inset: For
very small v, contour length falls off with v as a power law with an
exponent =~ 0.9. For all the above plots, we use L = 64 and S/L = 1.

Other simulation parameters are as in Table 2.1. 48
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Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Contact probability and velocity as a function of v in a Gaussian
model for different values of S/L. (a): For S/L << 1, po does not
show much variation and its value remains close to 1/2. For S/L ~ 1,
in the small v region, the value of pg is higher than 1/2 which then
saturates to its rigid barrier limit for high v. For S/L >> 1, py starts
with very small value and then increases with v, then saturates to
1/2. Higher the value of §/L, slower the tendency to reach 1/2. We
use L = 8 here. (b): The v — V curve changes from convex to con-
cave as S/ L is increased. The values of V,,,;, are 0.475nm/s, 3.50nm/s,
3.72nm /s, and 3.73nm /s for S/L = 1,23,2° and 22 respectively. Other
simulation parameters are as in Table 2.1. 49

Average energy of the membrane scaled by vd? as a function of v for
different values of S /L. The continuous line is from analytical calcula-
tion in the equilibrium limit, which matches with simulation for very
high §/L. Other simulation parameters are as in Table 2.1. 50
Results for multiple filaments. (a): The velocity scales with p. For
large value of v, the velocity falls exponentially with a decay constant
~ 3.18, which is close to the single filament case. We use S/L = 1 and
for the inset, N = 8; L = 128. (b): The v — V curve changes from con-
vex to concave as S/ L is increased. The values of V,,; are 0.477nm/s,
3.167nm/s, 3.616nm/s, and 3.723nm /s for S/L = 1,2°,27 and 2'° re-
spectively. We use N = 4; L = 32 here. Other simulation parameters
are as in Table 2.1. 51

Merging of protrusions. We plot the quantity (l;kk), for the membrane
with only two binding sites at a distance k apart, with [ being the con-
tour length between the two binding sites. For a given k, this quantity
decreases with v exponentially with a decay constant ~ 1.44, which in-
dicates merging of two protrusions for large v. Here we use L = 1024
and §/L = 1. Inset: Two protrusions merge as we increase v. The
average height profile of the membrane is shown for different values
of v. Note that the height of the protrusions also become shorter as
v increases. The v values appearing in the legends are in the unit of
pN/nm. These data are for k = 256. We use L = 1024 and S/L = 1.

Other simulation parameters are as in Table 2.1. 51
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Figure 5.1

Figure 5.2

Figure 5.3

Shape of the membrane for different x and ¢. We note that for small
o but large x (a and b), the shape of the membrane is such that the
height gradient closer to i = b (where the filament is driving the
membrane) has smaller magnitude. On the other hand, for both large
x and o (c and d), the shape of the membrane is linear, where the
height gradient at all the sites are constant, with a peak in height at
the site i = b. 54

Energy cost of movement at the binding site. (a): The value of h}”
varies non-monotonically with ¢ for large x. (b): For large x, AE;,
which is the energy cost when the binding site increases by one unit,
varies non-monotonically with ¢. In the small ¢ region, the variation
in AE;" is mainly due to the variation in the bending energy cost AB;’,
as the elastic energy cost is negligible. For large ¢, on the other hand,
the variation in AE;" is mainly dominated by elastic energy cost AS;,
as the bending energy cost saturates for large 0. We use L = 64, k =
1.2pN and S/L = 1 here. Other simulation parameters are as in Table
2.1. 56

Variation of 1} with i for different values of ¢ and large «. In order
to compare the curvatures of 1} for different o at the binding site,
we subtract /1] from it. (a): The quantity k! — ;) for different values
of large . We note that when ¢ decreases, the curvature of h;’ at the
binding site increases. Thus h;” will increase as o decreases in this
region. The values of I for o = 0.6, 0.8 and 1.0 pN are 6.97 x 1073,
2.60 x 1072 and 1.30 x 1072 (in units of d) respectively. (b): The quan-
tity 1 — hy for different values of small o. We note that the curvature
of h!! at i = b decreases as o decreases. Thus, in this region, 1" will
decrease as o will decrease. The values of hi’ for o = 0.02, 0.04 and
0.06 pN are 1.17, 0.92 and 0.76 (in units of d) respectively. We use

L = 64 ans S/L = 1 here. Other simulation parameters are as in Table

2.1. 57
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Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

o — V curve for different values of x and L. (a): For small value of «, the
velocity falls monotonically with ¢ and the ¢ — V' curves are convex.
For large value of «, the curve becomes non-monotonic, with a peak
at o = ¢*. Top left inset: The value of ¢* decreases with «. Top right
inset: We zoom small ¢ region and note that V first decreases, reaches
a minima, then increases and reaches a peak value at ¢ = ¢*, then
decreases again with ¢. Bottom inset: For very large o, velocity falls
exponentially with decay factor 3.6 which is close to the analytically
predicted value 2Bd%. For top right and bottom insets, we use ¥ =
1.2pN. For all the plots, we use L = 64 and S/L = 1. (b): For small
value of k(= 0.01pN), the velocity scales as 1/L. Top inset: For large
value of k(= 0.8pN) also, the velocity scales with 1/L. Bottom inset:
The value of ¢* remains independent of L. Here, we use S/L = 1.
Other simulation parameters are as in Table 2.1. 58

o — V curves for different values of S/L. (a): ¢ — V curves for small
x and different S/ L. For small §/L, the curves are convex, while for
S/L >> 1, the curves become concave. Inset: The contact probability
po is close to 0.5, when the value of S/L is not too large, however,
for very large S/L, po becomes negligible in the small ¢. (b): ¢ — V
curves for large x and different S/L. The curves are non-monotonic,
but the peak position (¢*) shifts towards smaller ¢ as S/L increases.
Inset: The value of ¢* decreases with S/L. We use L = 64 here. 61
k — V curves for different values of ¢. (a): The x — V curves are mono-
tonic for any value of ¢. Here, we use L = 256. Inset: The velocity
scales as 1/L, similar to the o — V curves. (b): AE;" for large o (= 2pN)
as a function of k. We note that AE," increases monotonically with «.
For all the plots, we use S/L = 1. Other simulation parameters are as
in Table 2.1. 61

Results for multiple filaments with p << 1. (a): ¢ — V curves for dif-
ferent values of x. The velocity falls monotonically for small x, while
vary non-monotonically for large x, with a peak at ¢ = ¢*. Inset: The
value of ¢* decreases with x. Here, we use p = 1/128. (b): ¢ — V
curves for different p and small « (= 0.01pN). We note that veloc-
ity scales with p. Top inset: ¢ — V curves, for different p for large «
(= 0.8pN). In this case also, V scales with p. Bottom inset: ¢* remains
independent of p. We use S/L = 1 here. Other simulation parameters

are as in Table 2.1. 63

xvi



Figure 5.8

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Results for multiple filaments with p ~ 1. (a): ¢ — V curves for dif-
ferent values of p for a given large x (= 0.8pN). The velocity does
not scale with p. Top inset: The value of c* decreases with p. Bottom
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INTRODUCTION

The cytoskeletol protein is found in most of the eukaryotic cells. It is equivalent to the skele-
ton of our body, which is responsible for the overall structure of the cell. The cytoskeletol
consists of three major proteins: Actin filaments, microtubules and intermediate filaments,
collectively known as biofilaments. Among them, actin is the most abundant protein in the
eukaryotic cell. These filaments consume chemical energy, grow and generate significant
amount of force. This force is used by the cell in their movements, which play an impor-
tant role in morphogenesis, wound repair, cancer invasion etc. [1—5]. Actin filaments also
play important role in other biological processes, like cell division, muscle contraction, cell
signalling etc. In the present chapter, we discuss about the actin filaments and its force gener-
ation mechanism. In the subsequent sections, we will discuss some recent experimental and
theoretical works related to this topic. Finally, we will motivate our thesis and briefly outline

our results.

1.1 FORCE GENERATION BY ACTIN FILAMENTS

The actin filament is a double helical structure, consisting of two protofilaments, both grow
parallel to each other. A schematic diagram of actin filament is shown in Fig. 1.1. The size of
each actin monomer is roughly 5.4nm. The actin filament is asymmetric and polar in nature
where the two ends, called the pointed end and the barbed end have different properties.
Polymerization is a reversible process where monomers are added and released (depolymer-
ized) from both ends of the filament. The rate of polymerization process depends upon the
actual monomer concentration near the filament end. A concentration of the monomer, at
which there is no net growth of filament, is known as the critical concentration. Due to the
heterogeneous nature of actin filaments, the two ends of the filaments have different critical
concentrations. The pointed end of the actin filament has a critical concentration six times
higher than the barbed end. Thus, at some monomer concentration, which is in between
the critical concentration of the two ends, the barbed end will have a net growth while the

pointed end will have a net shrink.
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Figure 1.1: Structure of Actin filament. The actin filament is formed by two protofilaments, which
grow parallelly with each other. The actin filament is asymmetric, where one end, called
the barbed end has generally high growth rate than the pointed end.
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The actin organises into different kind of structures, like linear bundle, two dimensional
networks, three dimensional gels etc. It is mainly concentrated in a layer just beneath the
plasma membrane. The growth of the barbed end of actin near the cell membrane pushes
the membrane and form the protrusion (Fig. 1.2). Two types of protrusions are mainly caused
by the actin polymerization: Filopodium, which are small finger like structures caused by the
parallel growth of actin filaments and the lamellipodium, which are broad structures caused
by the growth of branched actin networks. After the protrusion is formed, the leading edge
of the cell is attached with the cell-substrate. Finally, the rare part of the cell retracts and the
whole cell thus crawls forward with the help of myosin motors sliding on actin filaments.
The crawling motion of the cell is a non-equilibrium process as it is continuously driven
by actin networks. This process is very important in morphogenesis, would healing, tumor
invasion etc. For example, during morphogenesis, there is a targeted movement of the cells
to specific sites to form organs or tissues. For wound healing, cells move to the wound site
to kill the micro-organisms that cause infection. In all the above examples, the cell actually
crawls to reach the required target, for which the force generation by actin polymerization
is responsible. Recent experimental developments and theoretical models have provided us

with a better understanding of force generation by actin filaments and cell motility.



Lamellipodium

motors 4 Filopodium

S T S Actin

] y \ *h*““‘“‘ 7Filaments
=
y @ : f/ : a-Microvini
\ ‘ - \Golgl
»

Cortical actins

Figure 1.2: Protrusion caused by actin polymerization. Filopodium are small finger like structures,
that are formed by the growth of parallel actin filaments. Lamellipodium are another type
of protrusion, which are caused by the growth of branched actin filaments. The figure is
produced from Ref. [6] with some modification.

1.2 EXPERIMENTAL MEASUREMENTS OF FORCE-VELOCITY CURVES

There are large number of experimental literatures, where the force generation mechanism
by actin filaments have been studied [7—21]. In these experiments, the filaments are generally
allowed to grow against some biological barrier and an external load (force) is applied in the
opposite direction of the filament growth. The velocity of the barrier decreases as the load
increases and this dependency is known as the force-velocity curve. The opposing force at
which the barrier velocity becomes zero is known as the stall force. This is also known as the
maximum force generated by the filaments.

The force-velocity curves are measured in many experiments, but surprisingly, the actual
nature of force-velocity curve is found to depend upon the experimental set up. In [7], the
forces generated in the process of actin-based propulsion is measured using a micromanip-
ulation experiment. A comet-like structure, growing from a coated polystyrene bead is held
by a micropipette while the bead is attached to a force probe. Both the pulling and push-
ing forces are applied and the force-velocity curve is measured. It is found that the curve
is linear for pulling forces and decays more weakly for pushing forces. The nature of the
force-velocity curve is thus convex. In [8], the force-velocity curve of few growing actin fila-
ments is experimentally measured, which are growing between magnetic colloidal particles.
When magnetic field is applied, the colloidal particles assemble into chains under controlled

loading or spacing. When the filaments elongate, the beads separate, and the force velocity



curve is precisely measured. The force-velocity curve is found to be convex in nature. In a
similar type of experiment [9], a population of actin filaments are allowed to grow against
a load applied by magnetic microparticles. The filaments are arranged in stiff bundles by
the actin bundling protein fascin and are constrained to point toward the applied load. The
velocity of filament elongation is measured as a function of force. In this case also, the nature
of the force-velocity curve is found to be convex.

In [10], the growth velocity of actin networks against a flexible cantilever is measured using
a differential atomic force microscope. The force-velocity relationship of the growing network
is measured until network elongation ceases at the stall force. They found that the growth
velocity of a branched actin network is load-independent over a wide range of forces. The
actual nature of the curve is found to be concave. Surprisingly, the growth velocity is found
to depend upon the loading history rather than solely on the instantaneous load [10]. In [11],
an atomic force microscopy cantilever is placed in the path of a migrating keratocyte cell. The
deflection of the cantilever provides a direct measure of the force exerted by the lamellipodial
leading edge. The force-velocity curve obtained from this measurement is concave. In [22],
the force-velocity relationship of fish keratocytes cell is measured using spherical-probe-based
scanning force microscope. In this case also, a concave force-velocity relation is obtained. In
[12], the actin driven protrusion forces in the lamellipodium of keratocytes cell is studied.
A vertically mounted glass fiber acted as a flexible barrier is placed in front of migrating
keratocytes with parallel phase contrast microscopy. A laser beam was coupled into the fiber
and allowed detecting the position of the fiber by a segmented photodiode. An interesting
force-velocity curve is obtained in this case. The velocity initially increases with force and
then decreases at high forces. They showed that the initial increase in velocity is an artifact,
caused by the curved geometry of the fiber. Due to the fiber curvature, the contact area
between fiber and lamellipodium increases with time. Due to the increase in contact area,
more filaments push the barrier as the force increases, thus the velocity increases with force

in this regime.

1.3 THEORETICAL STUDIES OF FORCE-VELOCITY CURVES

There are large number of theoretical literatures, where the force generation mechanism
by actin filaments have been studied [13-19, 23—29]. In most of these literatures, the actin
filaments are modelled as rod-like polymers growing and pushing against a rigid barrier (Fig.
1.3) [13, 17, 19, 23]. The filaments are allowed to grow (shrink) by the addition (subtraction)
of monomers. In order to measure the stall force or force-velocity curve, an external force (F)
is applied in the opposite direction of the growing filaments [13-19]. As the magnitude of

the force increases, the velocity deceases and finally becomes zero at the stall force.
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Figure 1.3: Theoretical modelling of force generation by actin filaments. The actin filaments are as-
sumed to be rod-like elements growing in the upward direction against a rigid wall like
barrier. An external force F is acting on the barrier in the opposite direction of the fil-
ament growth. The filaments, which are not in contact with the barrier, grow upward
(downward) with force independent rate Uy (Wp). The filament that is in contact with the
barrier grows with force dependent rate U(F). The barrier grows upward (downward)
with rate Ry (R_), which may in general depend upon the external force.

In theoretical literatures also, the nature of force-velocity curves are found to depend upon
the modelling details. Force generation by a single actin filament growing against a barrier
has been explained using a simple Brownian ratchet mechanism in [13]. Thermal fluctua-
tions of the barrier create a gap between the barrier and the filament tip, making it possible
for the filament to grow by adding one monomer in the gap. This mechanism predicts a con-
vex force-velocity curve. The above simple model has been subsequently generalized in [14],
where details of interaction between the actin monomers and the barrier have been consid-
ered. This study also predicts a convex force-velocity curve. In [15], the three-dimensional
dynamics of the growth of a semi-flexible actin polymer against a fluctuating obstacle is
studied numerically. The velocity is measured as a function of the external load and a convex
curve is obtained in this case. However, when the Brownian ratchet mechanism is extended
for multiple filaments, the nature of the force-velocity curve is found to crucially depend
on how the details of the interaction and load sharing among the filaments were modelled
[16-19]. In [16], a two-dimensional model for lamellipodial protrusion is studied by consid-
ering the filament as well as barrier flexibility. Two types of sharing of work of protrusion
is considered among the filaments: A perfect work sharing (PWS), where the total work of
protrusion is divided perfectly evenly among all polymerization events and a zero work
sharing (ZWS), where only the lead polymerization event does the maximum possible pro-
trusion work. The shape of the force-velocity curves are found to be convex, but for the ZWS
case, the velocity falls much faster in the small force region in comparison to the PWS case.

In [17], the force generated by parallel actin filaments is studied against a rigid barrier. The



filaments do not have any lateral interactions and are only interacting mechanically with the
barrier. The force-velocity curve is found to be concave for small force while convex for large
force. They also identify two regimes: At low force, there is a non-condensed regime where
the filaments are spread out spatially while at high force, there is a condensed regime, where
filaments accumulate near the barrier. In [18], the force generation by parallel biofilaments
have been studied with lateral interactions among the protofilaments. It is noted that the
force-velocity curves explicitly depend upon the geometry of the filament bundles as well as
the interaction strength between the protofilaments. However, the shape of the force velocity
curves remain convex in any case.

There are certain models, which showed a crossover from convex to concave force-velocity
curve, when some model parameters are varied [23, 30, 31]. In [30], a hybrid mesoscopic
model for actin polymerization is developed that combines the microscopic dynamics of
semiflexible actin filaments and the viscous retrograde flow of actin network modelled as a
macroscopic gel. It is shown that the force-velocity curve can be convex as well as concave,
depending on the characteristic time scale of recoil of the gel like network. In [31], the growth
of multiple biofilaments have been studied against a hard obstacle in order to elucidate the
nature of load sharing in the growth of these biopolymers. They vary the diffusion coefficient
and the number of filaments and obtain the force velocity curve of different nature. For small
number of filaments, a convex force velocity curve is obtained while for large number of
filaments with large diffusion coefficient, a concave force velocity curve is obtained. In [23],
the growth of branched actin networks is studied against a rigid movable wall. They use
several parameters in their model: The initial distance of the movable wall form the filament
tip, minimum distance between two branching point, maximum number of branches allowed
to form etc. By varying these parameters, both the convex as well as the concave force-

velocity curves are obtained.

1.4 MEASUREMENT OF STALL FORCE

The stall force generated by actin filaments is measured in many experimental literatures. It
is found that single actin filament generates forces of the order of peconewton while actin
gels or comet tails generate forces of the order of nanonewtons. In [20], assembly of actin
filaments is observed using evanescent wave fluorescence microscopy. It is found that poly-
merization of an individual actin filament produced a force of at least 1.3 pN, close to the
theoretical maximum (~ 2pN) under the same experimental conditions. In [21], the force
generated by the polymerization of multiple actin filaments against a barrier is measured
directly, using an optical trap. It is found that the growth of approximately eight parallel-
growing actin filaments can be stalled by relatively small applied load of 1pN, which is



equal to the theoretical stall force required to stall a single actin filament. They explain their
observation by arguing that only the longest filament is in direct contact with the barrier,
suggesting that the separate filaments in the bundle do not co-operate with each other in the
force generation mechanism. In [12], the actin driven protrusion forces in the lamellipodium
of keratocytes cell is studied using a glass fiber as a vertical barrier. The cell is found to stall
at force 2.9 + 0.6nN. Assuming the density of filaments to be 240 filament per um, they esti-
mated the stall force per filament to be 1.7 £ 0.8pN. In [7], the forces generated in the process
of actin-based propulsion is measured using a micromanipulation experiment. They apply
both the pulling and pushing forces in the range —1.7nN to 4.3nN. They note that a force
of 4.3nN is not sufficient to stop the growth of the actin comet. Because of comet buckling
under larger forces, the value of the stall force cannot be reached experimentally, but a lower
estimate is given to be 4.3nN. In [32], the compressive force generated by actin comet tails is
studied on lipid vesicles. They developed a model system where large artificial lipid vesicles
coated with the protein ActA are propelled by actin polymerization in cytoplasmic extract.
They estimate the magnitude of force generated by actin comet tails in the range 0.4 — 4nN.
In [11], the force generated by growing keratocyte cell is measured using an atomic force

microscopy cantilever. The whole cell stall force is found to be ~ 40nN in this case.
The theoretical prediction of stall force for a single filament ranges form one to several
Uy

piconewtons. In [17], the expression for the stall force is found to be F; = kBTTln Wes

d is the actin monomer length and Uy (Wp) is the (de)polymerization rate of actin filament.

where

Using a monomer concentration of 0.24uM, the stall force for a single filament, using the
above expression is ~ 1pN. In [13], a similar expression for the stall force is obtained. Within
a comparatively higher monomer concentration (10uM), the stall force of a single filament
is found to be ~ 7.8pN. For multiple filaments, the stall force is found to scale linearly with
the number of filaments in [17, 18, 33]. However, an absence of linear scaling of stall force
with the number of filaments has been reported in [19, 29] and was explained by using
effects like ATP hydrolysis of actin monomers. In [29], the force generation by multiple actin
filaments has been studied using the ATP-hydrolysis. The filaments are growing against
a hard obstacle which moves diffusively in the force field of an optical trap. It is noted
that the stall force of N filaments is less than N times the stall force of a single filament.
In another study [19], collective dynamics and force generation by biofilaments have been
studied against a rigid wall using ATP (GTP)-hydrolysis of actin (microtubule) monomer. In
this case, the hard wall is not diffusing but only moves when filament pushes it. The stall
force of N filaments is found to be greater than N times the stall force of a single filament.

Thus, unlike in [29], the collective growth of filaments enhances the stall force in this case.



1.5 IMPORTANCE OF MEMBRANE PROPERTIES ON THE FORCE GENERATION MECHA-

NISM BY ACTIN FILAMENTS

The actin filaments grow against the cell membrane or a biological barrier in in vitro experi-
ments, which has a central importance in actin polymerization and cell motility [34—37]. The
mechanical characteristics of the plasma membrane, such as, the membrane tension directly
affects the rate of those processes that involves the membrane deformation. For example,
extension of the plasma membrane that takes place during cell motility and cell spreading
depends strongly on membrane tension. In [38], the authors note that an artificial increase in
membrane tension in immortalized mouse embryonic fibroblasts cell stopped the lamellipodia
protrusion while a decrease in tension restored the protrusion. In [39], it was shown that
when the membrane tension is decreased by adding certain ampiphillic compounds, the
lamellopodial extension rate increases, while in situations where membrane tension is in-
creased using osmotic methods, the extension rate drops. This observation shows that there
is an inverse relationship between tension and extension rate. Although the membrane ten-
sion is generally considered as an obstacle to cell movement, it was shown in [40] that the
membrane tension also optimizes the motility in Caenorhabditis elegans sperm cells by stream-
lining actin polymerization in the direction of movement. They observed that membrane
tension reduction leads to an unorganized and rough lamellipodium, which composed of
short filaments angled away from the direction of movement. Due to the lack of directional
polymerization of filaments, the cell displacement speed is reduced. On the other hand, an
increase in tension reduces lateral membrane protrusions in the lamellipodium, and fila-
ments are longer and more oriented toward the direction of movement, thereby speed up
the motility. In an in vitro reconstitution of lipid bilayer in [41], it has been found that mem-
brane elasticity causes formation of filament bundles that support membrane protrusions
from branched filament network. The above literatures show that plasma membrane and its
elastic tension play a very important role in actin polymerization and cell motility. The cell
membrane also possesses bending rigidity which has been measured in many experimen-
tal literatures [42—46]. The value of the membrane rigidity is found to depend not only on
the measurement techniques but also on the environmental conditions such as immersing
medium and presence of various molecules and salts. However, the effect of bending rigidity
on the force generation mechanism is not directly shown in any of these experiments.

We note from above experimental literatures that the membrane, against which actin fila-
ments grow, may in general have shape fluctuations and other properties, like elastic tension
or bending rigidity etc. However, in most of the theoretical literatures, the shape fluctuations
or other properties of the barrier have been neglected and it is considered as a rigid wall like

object. There are, however, certain theoretical models where these properties are explicitly



considered. In [24] a flexible plasma membrane was explicitly modelled and it was shown
that thermal fluctuation of this flexible obstacle substantially enhances the growth velocity of
a filopodial protrusion. It was argued that in the case of a flexible membrane, a filament only
has to overcome the local bending energy in order to polymerize, whereas for a rigid obsta-
cle, the full load force must be overcome. Thus, a flexible membrane gives rise to a larger
velocity for a given load. In [25], the growth of actin filaments have been studied against an
elastic membrane. The elastic membrane was described using a solid-on-solid (SOS) model
and the leading edge of the actin mesh was modelled by an advancing uncorrelated front.
The elastic energy of the membrane is described by a one-dimensional SOS Hamiltonian,
which is proportional to the contour length of the membrane. The steady-state fluctuations
of the driven membrane show a non-monotonic behavior with the driving rate, where the
strongly driven and weakly driven regimes are separated by a minimum in the width of the
membrane profile. This similar modelling strategy is generalized in [26] to understand cer-
tain aspects of crawling motion of a cell on a flat substrate, particularly, how the asymmetry
between the leading and trailing edge of the membrane decides the shape and velocity of
the membrane. In [24, 27, 28], the growth dynamics of actin filaments is studied, where the
energy of the membrane is described by a Helfrich Hamiltonian [47]. In [27], the growth of
branched actin network is studied in order to investigate the effect of molecular transport
on the force-velocity relation. The energy of the membrane is described using a Helfrich
Hamiltonian, containing an elastic energy term and a bending energy term. The elastic en-
ergy is taken to be proportional to the square of height gradients while the bending energy
is proportional to the square of the Laplacian of height. They note that facilitated transport
of G-actin monomer helps the actin monomer to reach near the membrane leading edge and

can enhance the growth of the actin network.

1.6 MOTIVATION AND PLAN OF THE THESIS

In this thesis, we study the force generation by actin filaments growing against a barrier.
The filaments are polymerizing against the barrier and push it. The barrier also undergo
independent thermal fluctuations, unaided by the filaments. We are interested to know how
the local shape fluctuations of the barrier, its elastic properties or bending rigidity affect the
force generation process. We are also interested to know how the independent dynamics of
the barrier play a role in this mechanism.

In most of the theoretical literatures discussed above, the force generation mechanism is
studied against a rigid barrier [13, 17, 19, 23, 31, 48, 49]. In some of the models, the barrier
is even taken as a passive object without any independent dynamics [17, 19, 23]. Inside

a cell, actin filaments grow against a cell membrane, which in general have local shape



deformations caused by many different biological processes. Even in in vitro experiments,
the biological barrier against which actin filaments grow, may have shape fluctuations and
other properties, like elasticity, bending rigidity etc. We ask a very general question here:
What happens when such a barrier with above properties is placed in the path of growing
filaments? How the growth of the filaments are affected by the presence of the such a barrier
and what is the effect on the barrier due to the presence of these filaments?

We use simple lattice gas model for the description of our system. In order to study the
system numerically, we use kinetic Monte Carlo simulation technique. The filaments are
modelled as parallel rigid rods growing upward and pushing the barrier. The barrier is
modelled using simple lattice gas modelling, by considering its shape fluctuations and other
properties, like elasticity, bending rigidity etc. We first model the barrier by a surface having
local shape deformations. An external force is acting on the barrier in a direction opposite
to the growth of the filaments. The dynamics of such a barrier can be described by a one-
dimensional Kardar-Parisi-Zhang (KPZ) surface. The barrier fluctuates independently and
due to the external force, it has a bias in the opposite direction of the filament growth.
The filaments, on the other hand, try to push the barrier upward, thereby work against the
external force. We further model the barrier by a Solid-On-Solid (SOS) surface considering
other properties like elasticity and/or bending rigidity etc. In these cases, the barrier try to
remain flat in order to minimize its elastic and/or bending energy and the filaments grow
and try to distort the barrier. Thus, in all the cases, there is always a competition between
the filament and the barrier dynamics and the dynamics of one is affected by the other.

In all the above cases, we assume that the filaments can always grow and push the barrier,
however, another way of modelling the filament barrier interaction is that a filament can only
grow when local shape fluctuations of the barrier create a space for the insertion of an actin
monomer. In our last chapter, we use both these filament-barrier interactions considering
different types of the barrier along with a rigid barrier and note that these two interactions
give rise to qualitatively different results.

In chapter 2, we study the force generation by actin filaments growing against a barrier
having local shape fluctuations. We model the barrier as a KPZ surface. An external load is
acting in the direction opposite to the filament growth. The local shape deformation allow
the filaments to grow by making local distortions in the barrier that have less energy cost.
Thus, the force generation process is enhanced in the presence of local shape fluctuations
of the barrier. Indeed, we note that stall force in this case is comparatively higher that the
rigid barrier keeping other conditions same. We also note that the relative time scale between
the barrier dynamics and the filament dynamics is very crucial, and the shape of the force
velocity curve (convex or concave) changes as this relative time scale changes. The stall

force decreases as the barrier dynamics becomes faster than the filament dynamics. The stall

10



force is also found to depend on the barrier size for single filament, while for N number of
filaments, the stall force is independent of system size and scales linearly with N.

In chapter 3, we study the force generation mechanism by actin filaments growing against
an elastic barrier. The elastic energy is taken to be proportional to the sum of local height
gradients (or the contour length) of the barrier. We note that the average velocity of the
barrier shows non-monotonic variation with the elastic constant (u), with a peak at u = p*.
We note that y* is the elasticity where the elastic force of the barrier exactly balances the
polymerization force of the filament. Below p*, we do not have the steady state and the elastic
energy of the barrier increases with time. For an elastic barrier also, we note that the relative
time scale plays a crucial role. The shape of elasticity-velocity curve (convex or concave)
depends upon this relative time scale. The value of u* decreases as the barrier dynamics

* is found to be independent of filament

becomes faster. Within small filament density, u
density. However, for high enough filament density, filaments are no longer independent of
each other, and yu* starts decreasing with filament density.

In chapter 4, we study the force generation by actin filaments growing against an elastic
membrane, but unlike Chapter 3, the elastic energy is proportional to the square of the local
height gradients. The form of the elastic energy directly affects the qualitative nature of the
results in the present case. The elastic energy cost, in this case, will increase as the contour
length increases, even for very small elasticity. Thus, the system is always in the steady state
for any non-zero value of elasticity. The shape of elasticity-velocity curve also depends upon
the relative time scale in a similar way as in the previous case.

In chapter 5, We study the force generation by a set of parallel actin filaments growing
against a membrane whose energy is described by a Helfrich Hamiltonian. The Hamiltonian
contains an elastic energy term, which is proportional to the square of local height gradients
and a bending energy term, which is proportional to the square of the Laplacian of height.
We note that the shape of the membrane changes qualitatively when we change the value
of elasticity (c) keeping the bending rigidity (x) fixed at some moderate or large value. This
effect gives rise to a non-monotonic variation in the bending energy cost in order to push
the membrane. We also note that there is a rich interplay between the elastic and bending
energy scales in the system: For large x and o, the variation in elastic energy cost in order
to push the membrane dominates over the bending energy cost while for large x but small
o, variation in the bending energy cost dominates. This effect gives rise to non-monotonic
variation in the membrane velocity with ¢. Starting from a non-zero value at ¢ = 0, the
velocity first decreases with ¢, reaches a minimum, then increases again, reaches a peak, and
finally decreases to zero as ¢ becomes very large. The peak position of the curve (¢*) shifts
towards the smaller elasticity as the bending rigidity is increased. The value of ¢* is inde-
pendent of filament density or membrane size within small density of filaments, however,

for large filament density, c* explicitly depends upon the filament density as well as the
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size of the membrane. For small «, the o — V curve is convex and changes to concave when
the membrane dynamics becomes faster, however, for large «, the ¢ — V curves remain non-
monotonic and ¢* decreases as the membrane dynamics becomes faster. The x — V' curves
are monotonic for any value of ¢.

In chapter 6, we study the comparison between the two force generation mechanisms,
where the filaments barrier interaction have two different forms. In one case, the filament
only grows when there are sufficient gap between the filament tip and the barrier while in
the other case, the filament is able to grow and push the barrier even if there is no gap be-
tween the barrier and the filament tip. We note that this very small difference in the filament
barrier interactions gives rise to many qualitative differences between these two processes.
Particularly, how the relative time scale between the barrier and the filament dynamics influ-

ence the force generation properties, are significantly different for these two cases.
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ACTIN FILAMENTS GROWING AGAINST A
KARDAR-PARISI-ZHANG (KPZ) MEMBRANE

2.1 INTRODUCTION

In this chapter, we study the force generation by parallel actin filaments growing against a
barrier having local shape fluctuations. An external force (or load) is applied on the barrier
against the direction of filament polymerization. To keep our description simple, we use a
lattice gas model and describe the barrier by a Kardar-Parisi-Zhang (KPZ) interface. A KPZ
interface is a well studied model for surface height fluctuations in the presence of a field
[50-61]. Under the action of this field, the interface tends to move in the direction of the
field and thus have a non-zero velocity in this direction. In our model, the direction of this
external field (or force) is opposite to the filament polymerization. Since, the barrier can not
penetrate the filaments and it has to always stay above the filament tips, it gives rise to a
competition between the filament and the barrier dynamics. We are interested to find out
how the presence of the fluctuating barrier affects the dynamics of the actin filaments, and
how the presence of the filaments affects the shape of the barrier.

Our numerical simulations and analytical calculations show that there is a rich interplay
between the polymerization dynamics of the filaments and the shape fluctuations of the
barrier. In order to polymerize, the filaments must push against the barrier and work against
the external force, either causing a local change in its profile (which requires less energy) or
causing a global movement of the whole barrier (which involves a large energy cost). For
small and intermediate value of the external force, the barrier motion is governed by its
global movement, and for large force, the local fluctuations become important. These local
movements cost less energy and can continue even when the force is significantly large. As
a result, the stall force in our system is much higher than that for a rigid barrier [17]. For a
single filament, the stall force is found to increase with the size of the barrier. For N filaments
stall force is independent of the barrier size and scales linearly with N. The barrier shape is
also affected by the growing filaments and the scaling behavior of its height profile shows

continuous variation as a function of the external load.
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There are two time-scales in our system, one associated with the (de)polymerization of the
filaments and the other with the thermal fluctuations of the barrier. Our results show that
the choice of these time-scales may crucially determine the nature of the force-velocity curve.
This is because the local movements of the barrier make increasingly important contribution
to its velocity as the thermal fluctuations become faster. Even for small or intermediate
load, therefore, the barrier velocity is not governed by its global movement alone and this
changes the qualitative nature of dependence of velocity on load. The stall force is also
found to decrease for faster barrier dynamics. Some of the results discussed above have been
published in [62].

This chapter is organized as follows. In section 2.2, we describe our model. Our results for
the single filament and multiple filaments are presented in sections 2.3 and 2.4, respectively,

and conclusions are in section 2.5.

2.2 DESCRIPTION OF THE MODEL

The present model consists of N parallel filaments growing against a barrier with a fluctuat-
ing height profile (see Fig. 2.1). We model the filaments as rigid polymers, made of rod-like
monomers of length 4, such that a (de)polymerization event (decreases) increases the length
of the filament by an amount d. The barrier is modelled as a one dimensional surface. In
our lattice model, the discrete surface elements are represented as lattice bonds of length A,
which can have two possible orientations, +71/4. We denote these two cases by symbols /
and \ and call them upslope and downslope bonds, respectively. Height at any particular
lattice site i is defined as h; = /2 ;;1 tan 6;, where 0; is the orientation of the j-th bond and
5 = 1/2A. The total number of such bonds is L. One / followed by a \ forms a local hill and
in the reverse order \ / they form a local valley. The local height of the surface fluctuates due
to transition between these hills and valleys. When a local hill (valley) at a given site flips
to a valley (hill), the height of that particular site decreases (increases) by an amount 6. We
assume J is equal to the monomer length d in most of our cases. As explained below, this
assumption means that height fluctuation of the surface creates a gap which is just enough
for insertion of a monomer. Towards the end of the sec 2.3, we briefly discuss the case of
0 # d. The interface described above has some specific properties, like, the magnitude of the
height difference between two consecutive sites remains conserved. The contour length of
the interface also remains conserved. This type of simple modelling makes it easier to han-
dle the problem analytically. However, in our later chapters, we will relax these constraints
when we consider the elastic or bending energy of the barrier explicitly.

A filament whose tip is in contact with the barrier, is called a bound filament and in

absence of any such contact, it is called a free filament. The surface site where a bound
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Figure 2.1:

Schematic representation of the KPZ barrier model. (a): Polymerization of a bound fila-
BEd

ment by causing a local change in barrier height with rate Upe™ T . (b): A bound filament
polymerizes by causing global movement of the whole barrier with rate Upe P, (c): A
free filament polymerizes and depolymerizes with rates Uy and W, respectively. Since
these processes do not involve any barrier motion, these rates are independent of F. (d):
Thermal fluctuation of the barrier: a local valley can flip to a hill with rate R, and the re-
verse process occurs with rate R_. We use local detailed balance, R /R— = exp(—pFd/L),
except at the binding sites, where hill to valley transition may be blocked due to presence

of a filament.
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filament can form a contact, is called a binding site. When a bound filament polymerizes,
it creates space for insertion of another monomer by pushing the barrier up and in this
process perform work against the external load (which tends to push the barrier down).
When the bound filament pushes against a local valley, that valley flips to a hill and the
height of the binding site increases by an amount d [Fig. 2.1(a)]. However, polymerization of
a bound filament which is not in contact with a local valley, requires a global movement of
the whole barrier as shown in Fig. 2.1(b), when height of all the L sites are increased by an
amount d. Assuming F/L is the load per site, the energy cost for the first process is just Fd/L,
and for the second process it is Fd. Following the rule of local detailed balance, we assign
rates Upexp(—pPFd/L) and Upexp(—pPFd) to these two types of polymerization processes,
respectively. Here, 8 is the inverse temperature and U is the free filament polymerization
rate that does not involve any barrier movement and hence is independent of F. We also
assume the depolymerization rate is same for both free and bound filaments and is denoted
as Wy [see Fig. 2.1(c)]. When a bound filament depolymerizes, it loses contact with the
barrier and becomes a free filament. In certain configurations, when there is only one bound
filament, its depolymerization results in an unsupported barrier.

Apart from being pushed by the filaments, the barrier can also show thermal fluctuations,
when local hills can flip to valleys and vice versa. However, due to presence of the filaments,
these transitions can sometimes get blocked. For example, if a bound filament is in contact
with a hill, then that particular hill cannot flip to a valley, until the filament depolymerizes
and a gap is created for a local downward movement of the barrier. When both forward

. . . . R
and reverse transitions are allowed, their rates satisfy local detailed balance Ri — ¢ PFA/L

where R is the rate at which local surface height can increase (i.e. a valley ﬂgps to a hill)
and R_ be the reverse transition rate [see Fig. 2.1(d)]. Note that in absence of any external
load F, the transition between hills and valleys become symmetric at all sites other than the
binding sites and the surface has a local Edwards-Wilkinson dynamics [63]. For non-zero F,
hill to valley transitions are generally favored (except, possibly, at the binding site) and the
barrier behaves like a KPZ surface with a downward bias.

We perform simulations using kinetic Monte Carlo technique. The relative time scale be-
tween the filament dynamics and the barrier dynamics is quantified by a parameter S. For a
system consisting of N filaments and L barrier sites, each Monte Carlo time-step consists of
N filament updates and S independent barrier updates. In case of a bound filament polymer-
ization, the barrier heights are also simultaneously updated. More specifically, for N < S,
we first choose a filament at random and perform polymerization or depolymerization move
as described above. Then we choose S/N barrier sites in random sequential order and up-
date them. Repeating this process N times completes one Monte Carlo step. Similarly, for

N > S, we first perform N /S filament updates and then choose one barrier site at random
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Uy | Free filament polymerization rate 2.784s7!

Wy | Filament depolymerization rate 14571
d Size of an actin monomer 2.7nm
T Temperature 300K

Table 2.1: Parameters used in our simulation. The value of parameters Uy and Wy are taken from Refs.
[1, 64] and the value of d is taken from Refs. [1, 23].

and update it; repeat this process S times and that defines one Monte Carlo step. We assume
periodic boundary condition for the surface and an equal number of upslope and downs-
lope bonds, i.e. no overall tilt. We start with an initial configuration where all N filaments
have unit length, containing one monomer each and the upslope and downslope bonds are
placed alternatingly (a flat surface). We let the system evolve for a long time, according to
above dynamical rules. All our measurements are performed in steady state. The various
simulation parameters are given in Table 2.1.

Note that the relative time-scale between the surface and filament dynamics can also be
changed by rescaling R, and R_, but we have used R_ = Uy and R = Upe PF/L through-

out and controlled the relative time-scale by S instead.

2.3 RESULTS FOR SINGLE FILAMENT

For a single filament, we first present the results for S = L and later we consider the effect
of variation of S. We define the velocity V of the barrier as the rate of change of the average
height of the surface after the system has reached steady state. We present the force-velocity
curve in Fig. 2.2(a). This curve has a convex shape where velocity decays rapidly for small
force, and for large force it decays slowly. In fact for small and intermediate values of force,
the velocity falls off exponentially (Fig. 2.2(a), inset) and close to stalling it shows deviation
from the exponential form. We explain below that the exponential dependence originates
from the global movement of the barrier [as shown in Fig. 2.1(a)] which dominates V for
small and moderate F range. In Fig. 2.2(b) we show the variation of stall force F; with barrier
size L. Stall force increases with L, although logarithmically slowly. Note that stall force
is often interpreted as the maximum polymerization force generated by the filament and
therefore it is somewhat surprising that it depends on the size of the barrier. This is because,
as shown below, in our system the local fluctuations of the barrier, which depend on L, make
substantial contribution towards its net velocity and this becomes particularly significant in

the stalling regime.
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Figure 2.2: Force-velocity characteristic and stall force for a single filament. (a): Force-velocity curve
has a convex shape. Inset shows exponential decay of the barrier velocity for small and
intermediate F, when the global motion of the barrier dominates. Close to stalling the local
fluctuations become important. We have used L = 512 here. (b): Stall force increases with
barrier size L. In both the panels, we have used S/L = 1. Discrete points show simulation
data and continuous lines show analytical results. Other simulation parameters are as in
Table 2.1.

2.3.1 Analytical calculation of velocity due to global movement

In our system there are two possible barrier movements: Global and local. In a global move-
ment, a bound filament polymerizes by pushing the whole barrier up, such that the average
height changes by an amount d. The rate at which this process happens is Uy exp(—BFd). Let

this process contribute a velocity V; to the barrier in steady state, which can be written as
Vi = podUpexp(—pFd). (2.1)

Here, po is the probability that the filament is in contact with the barrier. Note that here we
have ignored the possibility that the bound filament is pushing against a valley (in that case
no global movement takes place, only a local flip is sufficient for polymerization). In fact we
have verified in our simulation (data presented in Fig. 2.3(b) ) that the probability of finding
a valley at the binding site is indeed small.

To write Vj as a function of F we still need to calculate pg. Define p; as the probability that
the distance between the filament tip and the binding site is i. Clearly, i = 0 corresponds
to the contact probability. It is easy to see that for i > 0, the probability p; satisfies master
equation for a biased random walker:

dp;

—p = Wopio1 + Uopiy: — (Wo + Uo)p; (2.2)
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and for i = 0 one has

d
% = Upp1 — Wopo. (2.3)

Here, we have ignored any change in p; due to height fluctuations at the binding site. For

fast barrier dynamics, when height fluctuations increase, this assumption breaks down. In
i

steady state, these equations yield a recursion relation p; = (%) po, for positive i. This

recursion relation, along with the normalization condition ) ; p; = 1 yields the expression

po = (1 — Wy/Uy), which is independent of F. So the final expression for V; becomes

Vi =d(Uy — W) exp(—BFd). (2-4)

2.3.2  Analytical calculation of velocity due to local fluctuations

To calculate the velocity due to local height fluctuations of the barrier, we consider a local
valley (hill) flipping to a hill (valley) which increases (decreases) the average height by an
amount 4/L. As discussed in section 2.2, the transition rates at the binding site is different
from the rest of the system, since a hill to valley transition may be blocked, if a filament is in
contact. Then the barrier velocity due to local height fluctuations can be written as

Uy

Vy = 20
27 L

L-1 L-1
((1 +po)po(0) + Xi Pv(i)> e PHIE — (1 po)pi(0) — Z% pi(i) (2.5)

i= iz
where p,(i) and pj,(i) denote the probability to find a valley and a hill, respectively at a
distance i from the binding site. In the above equation, the first term on the right-hand-side
represents the situation where a valley at the binding site flips to a hill, due to thermal
fluctuations or due to being pushed by the filament. The second term presents flipping of a
valley to a hill at all the other sites. The third term describe the case when there is a hill at
the binding site which can flip to a valley when no filament is in contact. The fourth term
describe flipping of a hill to a valley in rest of the system.

The probabilities p,(i) and p,(i) can be calculated within a mean field approximation
by considering a KPZ surface with the binding site acting as a “defect site", where the
transition rates are different from the rest of the system. The shape of the barrier changes
due to transition between local hills and valleys. The probability to find a hill at a site s
located at a distance i from the binding site is p;(i) and it can be written as p;(1 — p;+1),
where p; is the probability that the bond preceding the site s has 71/4 orientation and the
(1 — pi+1) is the probability that the bond immediately after the site s has —7/4 orientation.
Here, we have used mean-field theory and neglected correlation between the bonds. The

probability to find a valley at site s can similarly be written as (1 — p;)p;11. The transition
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rate from a hill to a valley is R_ and the reverse process occurs with rate R,. For i # 0,
Ry /R_ = exp(—pFd/L). However, when i = 0, or, in other words, the site s is the binding
site itself, then although valley to hill transition is not affected, the reverse transition can take
place only when the filament is not in contact with the binding site. We therefore make the
simplifying assumption that the effect of the filament can be included by merely rescaling
the hill to valley transition rate at the binding site by the probability that the filament is
in contact. In section 2.3 we calculate the contact probability pg = 1 — Wy/Uy ~ 1/2. The

master equations describing the time-evolution of p; can then be written as

dp; .
L= (1= p)(R_pio +Repin) —pi[R-(1=pia) + Re(1=p;1)],  for2<i<L—1
(2.6)
and at the binding site,
d
% = (1—p1)[R-(1 = po)pL + Ryp2) — p1[R-(1 — p2) + Ryp1(1 — p1)], (2.7)
where we have applied periodic boundary condition, which also gives
d
L — (1= pr)(Rpro1 + Ripr) = pu[R-(1 = p1)(1 = po) + Ri- (1 = pr1)]. (28)

We solve the above equations in steady state when the left hand sides vanish. To leading
order in 1/L, we find p; = a + bi/ L, where a and b are related via the condition Y-, p; = L/2

and b satisfies the quadratic equation

) [ N T[S (S
one of whose roots can be discarded from the condition that 0 < p; < 1 for all i. For a
given F, therefore, p; varies linearly with the distance from the binding site with a gradient
1/L. For F = 0, we have a = (\/i— 1) and b = (3 —2\@). For 0 < F < F,, the range of
variation of a and b are rather small and occur at third or higher decimal places. Therefore,
p; does not change significantly with F. Our simulation data in Fig. 2.3(a) show similar
qualitative behavior, although close to the binding site there is deviation of p; from linearity.
The quantitative values of 2 and b however, do not match with simulations. We attribute this
mismatch to the mean field theoretic assumptions used in our calculation.

We calculate p,(i) and py(i) from p; and compare with simulation in Fig. 2.3(b). Notice
that from our analytical expression for p;, it follows immediately that (p, (i) — pj,(i)) is inde-
pendent of i and ~ b/L. This has important consequence for our calculation of V,. Moreover,

the probability that the filament is in contact with a valley is given by p,(0)po and our nu-
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merical results in Fig. 2.3(b) show that this probability is rather small. Our calculations also
show that p, (i) and py (i) have very weak dependence on F.
Thus, for large L, the total velocity of the barrier V = V; 4- V, can be written as

L—-1
V(F) = Uy = Wo) e P+ S0 | po(0)(1-+ po) — (1= polpu(0) + L (pu(1 = 70 = (i)

(2.10)

where we have retained terms upto order 1/L and ignored higher order terms. In Fig. 2.2(a)
we compare our calculation with simulation results and obtain reasonably good agreement.
For small F, the first term in Eq. 2.10 dominates the velocity and as F increases, local fluctua-
tions become more important. The last term in Eq. 2.10, within the braces, which represents
the velocity due to hill-valley fluctuations at all sites, except the binding site, is the most
dominant term in the local movement. In the stalling region, the positive contribution from
the global movement and the negative contribution from the local fluctuations cancel each
other, where the first and last term of Eq. 2.10 determine the major balance. The stall force
F; can be obtained by graphically solving the above transcendental equation after putting its
left hand side zero. This gives stall force as a function of L and we compare this variation
with simulation results in Fig. 2.2(b). We find good agreement for large L but as expected,
for small L there are deviations. Note that the stall force in our system is substantially higher
than that for a rigid barrier [17]. Since the local movements cost much less energy, they can

continue even when the load is high.

2.3.3 Variation of the shape of the barrier with load

We have seen above how the barrier fluctuations affect the growth of the filament. The barrier
properties are also altered in this process. As the load increases, the height profile of the
barrier shows larger variation across the system. We characterize it by measuring the scaling
of average height with distance from the binding site: (h(r) — h(0)) ~ r*, where h(r) is the
height of a site at a distance r from the binding site. In Fig. 2.4 we plot « as a function of the
external force, which shows that for small force « increases slowly, around the stalling force
there is a sharp increase and finally for very large force, « saturates to unity. Note that large
value of a indicates presence of large hills and valleys in the system. & = 1 corresponds to
a phase separation of upslope and downslope bonds in the system which gives rise to one
single large hill, the highest point being the binding site. This situation is similar to the case
of an elastic membrane, when the membrane tension is large and the membrane is stretched

completely. Note that our analytical calculation of the density profile gives, (h(r) — h(0)) ~
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Figure 2.3: Average shape of the barrier for single filament. Discrete points show simulation results

and continuous lines show analytical prediction. (a): Probability p; to find an upslope
bond as a function of scaled distance i/L from the binding site. p; = 1/2 for i = L/2
and for larger i, we have p; = 1 — p;_1 /». The open symbols correspond to F = 0 and the
close symbols correspond to F = 4pN. Symbols * and o are for L = 128 and x and [ are
for L = 256. These data show that, except close to the binding site, p; increases linearly
with i with a gradient ~ 1/L. We also find that p; remains almost same for these F values.
The continuous lines are analytical predictions, where green solid line is for F = 0 and
blue dashed line is for F = 4pN. (b): Probability p,(i) to find a valley at a distance i from
the binding site. For i = 0 the probability is substantially smaller compared to the rest
of the system, which means it is rather unlikely to find a valley at the binding site. The
symbols * and A represent F = OpN and 4pN, respectively. We have used L = 512 here.
(0 and (d): [po(i) — pu(i)] shows a sharp jump at i = 0 and then remains constant at a
value that scales as 1/L. The open symbols correspond to F = 0 and the closed symbols
correspond to F = 4pN. Symbols * and o are for L = 256 and x are [J are for L = 512.
Other simulation parameters are as in Table 2.1.
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Figure 2.4: Variation of « as a function of external load. Close to the stalling force, « shows a sharp
increase. Here, we have used S/L = 1 and L = 256 (red triangle) and 128 (blue circle).
Other simulation parameters are as in Table 2.1.

2% + (& + a)r, which in the limit of large L gives, « = 1. In this case, we do not have any

F dependency in &, as we have neglected the F-dependency in the calculation of p;.

2.3.4 Effect of faster and slower barrier dynamics

We find the nature of the force-velocity curve depends on the relative time-scale of the barrier
and filament dynamics. For faster barrier dynamics, the local fluctuations of the barrier
increases and as a result their contribution to the net velocity is also higher. This means
even for small force, the velocity is not dominated by the global movement (first term in Eq.
2.10) alone. In addition, our simple expression for the contact probability py = (1 — Wy/Uy),
which was derived neglecting the local fluctuations at the binding site, does not remain valid
for fast barrier dynamics and py increases with F in this case (see our data in Fig. 2.5). As a
result, the velocity does not decay exponentially for small force, but follows a slower decay.
For a given F, as the barrier dynamics becomes faster, the velocity becomes higher and the
convex nature of the curve is gradually lost. Moreover, since stalling phenomenon in our
system can be described as a balance between global and local velocity of the barrier (see Eq.
2.10), larger contribution from local movement implies this balance is reached at a smaller
value of force. Therefore, for faster barrier dynamics we have a smaller stall force. We present
our data in Figs. 2.6(a) and 2.6(b).

Our data in Fig. 2.6(b) imply that in the limit of infinitely slow barrier dynamics, when the
barrier can be considered as an effectively rigid object, the stall force diverges. Note that even

in this limit, our model remains different from the rigid barrier case studied in [17], where
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yields po = (1 — Wy/Uy) ~ 0.5. For slow barrier dynamics, we find reasonable agreement.
But for fast barrier dynamics, our analytical prediction does not remain valid any more
and pg increases with F. Here we take L=64. All other simulation parameters are as in
table 2.1.
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Figure 2.6: Force-velocity characteristic for a single filament depends on the relative time-scale be-

tween the filament and barrier dynamics. (a): Velocity of the barrier vs scaled force for
different values of S/L. For large S/L, the convex nature of force-velocity characteristic
is lost. As §/L increases, the local fluctuations of the barrier become more important and
even for small F, the barrier velocity is not governed by the global movement alone, and
hence V does not decay exponentially anymore. Here, we have used L = 64. (b): Stall
force decreases as a function of S/ L. Since local movements of the barrier become more
important for large §/L, the balance between global and local movements is reached at
a smaller force. Note however, that the x-axis is plotted in a log-scale, indicating a weak
dependence of stall force on the time-scale. Here we have used L = 256. Other simulation
parameters are as in Table 2.1.
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at least one filament is always bound to the barrier. For N = 1 this would mean whenever
there is a depolymerization, the barrier also moves down, along with the filament tip. On
the contrary, we allow unsupported barrier in our system and when the barrier is effectively
rigid, it shows only global movement which is always in the upward direction. The force
velocity curve is perfectly exponential in this case and zero velocity is reached at F — oo

limit.

2.3.5 Results for 6 < d

Throughout this section, we have considered the case where J, the barrier fluctuation length
scale is equal to the monomer length 4, i.e., the local movement of the barrier occur in steps
whose size is equal to that of a monomer. In this section, we show the results for § < d for
single filament. The force velocity curve for different values of d/J is shown in Fig. 2.7(a). We
note that the curves are convex even for much smaller values of ¢. For small values of F, the
points collapse with each other, as for small F, only the global movement plays significant
role which is independent of the value d/J, and the local fluctuations are negligible. On the
other hand, for large F, the velocity for smaller ¢ stalls at larger forces. This is because for
small value of §, the local fluctuations are less costly and near the stalling regime, these local
fluctuations make significant contributions in the velocity. We explicitly show the variation
of F; as a function of d/§ in the inset of Fig. 2.7(a) and note that F; increases as (d/45)%¢ . We
also note that the relative time-scale between the filament and barrier dynamics affects the
F —V curve in the same way as for d = ¢ case [Fig. 2.7(b)]. The stall force continues to show
dependence on the barrier properties [inset Fig. 2.7(b)]. Thus, we can say that the qualitative
conclusions of our earlier results also remain valid for § < d. In other words, even when the
shape fluctuations of the barrier occur over much smaller length scales, their effect cannot

be ignored.

2.4 RESULTS FOR MULTIPLE FILAMENTS

In the case of N filaments in the system, we mainly consider the case when the ratio N/L
is small. We assume the binding sites are uniformly placed on the lattice, at a distance L/N.
Between the segment of two successive binding sites, the same considerations as in a single
filament case apply. We assume these segments are independent and apply our results for
the single filament case for each segment.

To start with, we consider the velocity of the barrier due to its global movement V; =
poNdUy exp(—pBFd). As before, py is the probability to find a filament in contact with the

barrier and poN is the average number of bound filaments in the system. Here, we have
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Figure 2.7: Results for § < d. (a): The force velocity curves are convex even for d/§ >> 1. For small
F, the points collapses with each other, as in this regime, only the global movements play
significant role and the local fluctuations are negligible. Inset (a): The stall force increases
as (d/5)%, this is because for small J, the local fluctuations becomes less costly and near
the stalling regime, these local fluctuations maintains the velocity of the barrier. Here we
use L = 32 and §/L = 1. (b): The shape of the force velocity curve changes as S/L
changes. Inset (b): The stall force increases as L%2. For the inset, we use L = 64 and
d/é = 2. Other simulation parameters are as in Table 2.1.

neglected any correlation between the binding sites. To calculate pg, we write down master
equations for average number N; of filaments at a distance i from the corresponding binding
site. By definition, Ny is the average number of bound filaments and the contact probability

is po = Np/ N. The time-evolution equations for N; can be written as

AN,

Tto = UN; — {(No — 1)Uge P4 + W} No (2.11)
AN

Ttl = {(No—1)Upe P + Wy} Ny + UoN, — (Nolpe PF? + Wy + Up) Ny (2.12)
dgi = (Nouoeiﬁljd + W())Nl;l + UoNji1 — (NoU()efﬂPd + Wo + UO)N,‘ fori > 2(2.13)

Here, we have assumed that the distance i between the filament tip and the binding site can
change only due to polymerization and depolymerization dynamics and the global move-
ment of the whole barrier due to polymerization of bound filaments. We have neglected
local height fluctuations occurring at the binding sites. As we show below, this approxima-
tion works reasonably well as long as filament density N/L is small and the time-scale of
barrier fluctuation is comparable or slower than the filament dynamics. For very fast motion
of the barrier, the height fluctuations at the binding sites become more frequent and this
assumption breaks down.

Solving the Egs. 2.11, 2.12, 2.13 in steady state, we obtain the recursion relation

NolUpe#F4 + W\’
NiH:( 0-0¢ 0 + 0) Ni;i=1,2,.. (2.14)
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Figure 2.8: Average number of bound filaments Nj as a function of force F. For slow barrier dynamics,
our analytical prediction in Eq. 2.16 agree well with numerics. But as the barrier dynamics
becomes faster, deviations are observed. Here we have used L = 256, N = 32. Other
simulation parameters are same as in Table 2.1.

and

(N()U()efﬁl:d + Wy — quf'BFd)
Uo

Ny = No (2.15)

Using the normalization relation, )| N; = N we get

N(Uy — Wp)

Ny =
0 Uy — Uge PFd - NUye PH

(2.16)

(Up—Wo)
Uy+(N—1)Upe PFd*
result with simulation and find reasonable agreement. For small F, the contact probability is

and the contact probability has the form py = In Fig. 2.8 we compare this
approximately 1/N times the single-filament value, indicating that for small F, at most one
filament is in contact with the barrier.

For the local movement of the barrier, we need to calculate the probability to find hills and
valleys. As discussed above, for each segment between two successive binding sites, we use
our results for p,(i) and py,(i) for the single filament case (with the modification that i in this

case varies from 0 to (L/N — 1)). The velocity due to local fluctuations then becomes

_ NdU
T L

V2

L/N-1 L/N-1
(pv(o)(lJrPoH B Pv(i)> e PHIE — (1= po)pi(0) — Y mld| @17)

i=1
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Figure 2.9: Force-velocity characteristic for multiple filaments. (a): Velocity shows very slow decay for
large F, when global movement can be neglected and V' can be assumed to be governed by
local fluctuations alone. Here, we have used L = 512 and N = 32. Inset shows stall force
as a function of N for two different L values. We find stall force scales linearly with N and
remains independent of L. The continuous lines show analytical results. (b): Dependence
of force-velocity characteristic on the time-scale of barrier dynamics. In this case we find
same qualitative effect as in the single filament case. Here, we have used N = 16 and
L = 128. Other simulation parameters are as in Table 2.1.

The total velocity to leading order in 1/L and N /L becomes

d(Uy — W) grq . dUGN
Ne P =0
T+ (N—De i ¢ 771

[ {Po(0)(1+ po) = pu(0)(1 = po)}

Y {0 (- -m})] e

V(F) =

The stall force can be obtained by solving the above transcendental equation graphically
for V(F) = 0 and we compare the analytical stall force with our simulation results in Fig.
2.9(a), inset. We find that the stall force is independent of L in this case and scales with N,
which can be easily seen from Eq. 2.18. Since the value of the stall force is rather large in this
case, one can neglect global movement of the barrier close to the stalling regime. In addition,
po =~ (1 —Wy/Uy) for large force, and (p, (i) — py(i)) is of order N/L. Using these in Eq. 2.18
it directly follows that the stall force for N filaments is independent of L and scales as N. We
also investigate the effect of barrier movement time-scale on the force-velocity dependence

[Fig. 2.9(b)] and we find qualitatively the same effect as in N = 1 case.

2.5 SUMMARY

In this chapter, we have studied force generation by a set of parallel actin filaments polymer-
izing against a barrier. A similar question has been addressed in many recent works where
the barrier was modelled as a rigid wall, which may have a thermal ratchet like motion [13,

14, 65, 66], or may be a passive obstacle which can move only when pushed by the filaments
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[17, 19, 23, 67-69]. In this chapter, we have considered a barrier with thermal fluctuations
but instead of modelling it as a rigid wall, we allow for its shape fluctuations. Interestingly,
we note that the qualitative shape of the F-V curve depends upon the relative time-scale
between the filament polymerization and barrier fluctuation. For slow barrier dynamics, the
curve has a convex shape and V shows an exponential decay for small and moderate F. But
for fast barrier dynamics when the local fluctuations become more important, there is signifi-
cant deviation from exponential dependence. In experimental and theoretical literatures also,
the qualitative nature of the force-velocity curve was found to depend on the details of the
experimental set-up or the modelling details as described in chapter 1 [7-10, 13, 14, 17, 19].
Certain theoretical models even showed a crossover from convex to concave force-velocity
curve, as some model parameters are varied [23, 30, 31]. A similar effect is seen in [30] also,
for a hybrid mesoscopic model, that combines the microscopic dynamics of semi-flexible
actin filaments and the viscous retrograde flow of actin network modelled as a macroscopic
gel. It was shown that the force-velocity curve can be both convex and concave, depending
on the characteristic time-scale of recoil of the gel-like network. It is remarkable that our
simple lattice gas model can reproduce this same effect, which underlines the importance of
the relative time-scale of obstacle and filament dynamics on the force generation mechanism.

Finally, our simple model shows that a non-rigid obstacle can produce remarkable effects
on force generation of parallel actin filaments. Our results underline the importance of the lo-
cal shape distortions and the independent dynamics of an obstacle. Many of our conclusions
are generic and can be expected to remain valid in systems where different descriptions of
a non-rigid obstacle are used. This also opens up the possibility of observing some of these
effects in experiment. For example, the change of shape of the barrier with external load
can be monitored in an experiment and our prediction that the height variation across the
barrier increases with load, can be explicitly verified. The key feature of a fluctuating barrier
is that one component of velocity comes from the local fluctuations and a direct measure-
ment of this component will surely give insights into the effects of barrier fluctuations. Our
model shows that for multiple filaments close to stalling regime, velocity is dominated by
these local movements and we also predict the scaling behavior of this velocity with filament
density and barrier size. It would be interesting to verify these predictions in experiments,
which would not only shed light on the qualitative nature of the local fluctuations but would

also provide insights about their quantitative behavior.
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ACTIN FILAMENTS GROWING AGAINST AN ELASTIC
MEMBRANE: GRADIENT MODEL

3.1 INTRODUCTION

The plasma membrane is elastically deformable and has a role of central importance in the
motility process [34—37]. Extension of the plasma membrane that takes place during cell
motility and cell spreading depends strongly on membrane tension. The lamellopodial ex-
tension rate increases (decreases) when the membrane tension is decreased (increased) [39].
A flexible membrane enhances formation of filopodial protrusion and also allows merging of
smaller neighboring protrusions into a larger one [24]. Thus, elastic properties of the plasma
membrane have significant influence on actin polymerization and force generation process.
This gives rise to a more general theoretical question: What happens when a flexible, elas-
tically deformable obstacle is placed in the path of growing filaments? In this chapter, we
focus on this aspect, and study the force generation by actin filaments growing against an
elastically deformable barrier. The elastic energy of the membrane is taken to be propor-
tional to its contour length. Due to this elastic energy, the membrane tries to stay flat and
any deformation from this flat state costs energy. The filaments, on the other hand, push the
membrane and try to deform it. Thus, similar to Chapter 2, in this case also there is a com-
petition between the dynamics of the filaments and the barrier. We are interested to find out
how the membrane elasticity affects the growth of the filaments and how the polymerization
force exerted by the filaments affects the membrane deformations.

We find that the average membrane velocity shows a peak as a function of the membrane
tension p. This is somewhat surprising since a larger membrane tension is expected to make
the polymerization process more costly and hence the growth process slower. We show that
the peak results from the competition between the polymerization force of the filaments and
the elastic force of the membrane. We also show that for small y, the system does not have
a steady state and the total contour length of the membrane keeps increasing with time. For
large values of j, the system reaches a steady state and the membrane velocity then decreases

with . The relative time-scale between the filament and the membrane dynamics plays very
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crucial role to determine the qualitative shape of the elasticity-velocity curve. Some of the
results discussed above have been published in [70].

This chapter is organized as follows. In section 3.2, we describe our model. Our results for
the single filament and multiple filaments are presented in sections 3.3 and 3.4, respectively,

and conclusions are in section 3.5.

3.2 DESCRIPTION OF THE MODEL

The present system consists of a set of N parallel filaments growing against an elastic mem-
brane as shown in Fig. 3.1. The membrane is modelled as a one dimensional lattice of length
L and lattice constant d. At each site i of the lattice a height /; is assigned. For a completely
flat membrane, when height of all sites are the same, the elastic energy is minimum. Presence
of a local height gradient stretches the membrane and costs energy.

The membrane is modelled as a solid-on-solid (SOS) surface without diffusion [71] and

the Hamiltonian has the form [25, 72—74]

L
Hi=p)_ |hi—his] (3.1)
i=1

where yu is the elastic tension. In the absence of any filament, the membrane undergoes
equilibrium thermal fluctuations and the probability to obtain a particular height profile
{h;} follows Boltzmann measure with the above Hamiltonian. The sum in Eq. (3.1) is related
to the total contour length C of the particular height configuration of the membrane, such
that C = Y& | | — 1| + Ld. Note that since the energy is linear in C, the energy cost
for increasing the contour length by an amount J just depends on § and is independent
of C. We call Eq. (3.1) the “gradient model". We assume periodic boundary condition on
the membrane, i1 = hy. This model was used in Ref. [72] to study thermally excited
protrusions in lipid membranes. In Ref. [73], the critical behavior of this model was analysed
using functional renormalization. In Ref. [25], this model was used to describe a membrane
and scaling properties of the height fluctuations were studied when the membrane was
driven by an advancing uncorrelated front representing the actin meshwork. In our next
chapter, we will also consider the case where the elastic energy of the barrier is proportional
to the square of local height gradients [26, 73].

The membrane can undergo independent thermal fluctuations in its local height [see Figs.
3.1(a) and 3.1(b)] and tends to minimize its elastic energy. In our lattice model, we assume

that as a result of these fluctuations, the local height can increase or decrease by a discrete
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amount ¢. The rates of the dynamical moves that changes the energy by an amount AE are
assumed to satisfy local detailed balance

R
R+ _ g-por

R_ (3-2)

where Ry (R-) is the rate of those processes that increases (decreases) the energy by an
amount AE [Fig. 3.1a]. For AE = 0, the rate is taken to be unity [Fig. 3.1b]. Unlike the
previous case (Chapter 2), here the height of a membrane site can fluctuate without any
restriction, such that the height difference between two neighboring site may be greater than
unity or even zero. Thus, in this case, the contour length of the barrier is no more conserved.

The filaments are modelled in a similar way as in the Chapter 2. A (de)polymerization
event increases (decreases) the length of a filament by an amount d. Throughout this work,
we consider 6, the unit of barrier height fluctuation, and the monomer size d to be the
same. There are two types of filaments we need to consider: free filaments, which are not in
touch with the membrane, and bound filaments, whose tip is in contact with a membrane
site. The point of contact is called the binding site. For a free filament, the polymerization
process happens with a rate Uy and depolymerization happens with a rate Wy [see Fig.
3.1(d)]. However, for a bound filament, a polymerization process increases the height of the
binding site by an amount d [see Fig. 3.1(c)] and hence an energy cost AE is involved. Note
that the change in energy can be positive or negative, or even zero, depending on the local
height configuration around the binding site. For a positive (negative) energy cost, the bound
filament polymerization rate is taken to be UyR (UpR—), while for zero energy cost, the rate
is simply Up. The depolymerization rate of bound filament does not involve any membrane
movement and hence is equal to W.

The elastic interaction of the membrane tends to keep the membrane flat and the bound
filaments generally grow by causing protrusions in the membrane. Although in principle,
it is possible that the local height configuration around the binding site is such that the
polymerization of bound filament actually releases some elastic energy, such configurations
are rare and most of the time elastic force acts against polymerization force. The elasticity-
velocity curve therefore plays a similar role as the force-velocity curve measured in Chapter
2 and in many other studies [7-10, 13, 23, 31, 62].

Note that the height of the membrane at the binding sites should be such that the mem-
brane always stays above the filament tips, and this puts some restrictions in height fluctua-
tions at the binding sites. Any height fluctuation that brings a binding site at a lower height
than the filament tip is forbidden. Everywhere else in the membrane, the height fluctuations
will occur in accordance with Eq. (3.2).

We perform simulations using kinetic Monte Carlo technique as discussed at the end of

model section of chapter 2. We start with an initial configuration where all N filaments have
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unit length, containing one monomer each and a flat membrane. The system undergoes time

evolution and after a large number of Monte Carlo steps, we perform our measurements.

(@) (b)
—» —»
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—
3 Uo
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Figure 3.1: Schematic representation of gradient model. The square blocks show actin monomers,
which join together to form rod-like filaments. The thick solid line represents the shape of
the elastic membrane. (a): A bulk site of the membrane thermally fluctuates and changes
its height by an amount 4, which in turn changes the membrane contour length by 24. The
forward process increases the energy and occur with rate Ry while the reverse process
decreases the energy and happens with rate R_. (b): A bulk site of the membrane changes
its height by an amount d but the energy remains same and thus the movement happens
with rate unity. (c): A bound filament pushes the binding site by an amount d that costs
energy and occurs with rate UpR.. (d): A free filament polymerizes (depolymerizes) with
rate Uy (Wp).

3.3 RESULTS FOR SINGLE FILAMENT

In the present model, since the elastic energy of the membrane is proportional to its contour
length, the change in local height by an amount d that causes C to change by 2d, brings about
a change 2ud in the energy. In our simulation, we choose R, = e "/ and R_ = ¢f#e. The
bound filament polymerization that leads to an increase (decrease) in energy happens with
rate UpR4+ (UpR-). All other movements of the membrane where energy does not change,

occur with rate unity. We first present the results for S/L = 1.
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3.3.1 Peak in the elasticity-velocity curve

The polymerization of the bound filament pushes the membrane upward and gives rise
to a nonzero membrane velocity, which is measured as the rate of change of the average
membrane height in the long time limit. We measure the velocity V' as a function of u
and present our data in Fig. 3.2(a), for S/L = 1. We find that V shows a nonmonotonic
dependence on y: Starting from a nonzero value for y = 0, it increases with y for small p
values, and after reaching a peak at a certain p*, the velocity decreases again. Presence of
a peak is somewhat surprising, since increasing y ought to make it more difficult for the
filament to push against the membrane. We also find that V scales as 1/L. In the remaining

part of this sub-section, we explain different aspects of this data in detail.
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Figure 3.2: 4 — V curve for a single filament. (a): The average velocity of the membrane as a function
of y shows a peak at y*. While V ~ 1/L, the peak-position u* does not depend on L. The
solid triangle on the y-axis marks V = %(Uo — Wp), which is the expected value of V at
# = 0. Inset: For large u, the membrane velocity decreases exponentially with a decay
constant ~ 0.67, which is close to the value of fd. Here, we have used L = 64. (b): The
variation of average velocity of the binding site (V};,7) and the average velocity of a bulk
site (Vp,x) with p, shows that V;;,,; decreases monotonically with y while V5 increases
with p for p < u*. For y > u*, these two velocities are equal. Here we have used L = 16.
For all the above plots, we have used S/L = 1. Other simulation parameters are as in
Table 2.1.

First we consider y = 0. In this case, there is no energy cost involved in stretching the
membrane, and thus the single filament present in the system polymerizes with rate U,
irrespective of whether it is free or bound to the membrane. The velocity of the barrier in
this case turns out to be Vy = d(Uy — W) /L. We briefly present the calculation below.

Let po be the probability that the filament is in the bound state. The height at the binding
site can (a) increase due to bound filament polymerization that happens with an effective rate
Uppo, (b) increase due to thermal fluctuation that happens with rate 1, or (c) decrease due
to thermal fluctuation, provided the filament is not in a bound state (since the membrane

always needs to stay above the filament tip) and this process happens with effective rate
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(1 — po). It follows therefore that the average velocity of the membrane can be written as
Vo =V(u=0) = % po(Up + 1), where the pre-factor d/L is the change in average height
of the membrane due to d-unit change in the binding site height. Here, we have assumed
S/L = 1. The contact probability py can be calculated by noting that the height difference
between the filament tip and the binding site performs a biased random walk, with the
restriction that it cannot cross the origin and become negative [62].

Let p; be the probability that there is a gap of size i between the binding site and the
filament tip. Clearly, the contact probability pg corresponds to i = 0. The master equation for

pi with y < p* can be written as

d i S S B S S _ .
L= (Uo+ TeP)pisa + (Wo+ SeP)piy — (Up + TPt 4+ Sl £ Wo)p;; for i >0
and P S S

% = (Uo+ e )pr = (e P+ Wo)po; fori=0

where all symbols have their usual meaning. Here, we have used the fact that for p < p*,
the binding site moves faster than the rest of the system and hence has a larger height than
all bulk sites. Although the system is not in steady state for u < p*, the probability p; still

reaches a stationary value. In steady state one has the recursion relation,

S p—Bud i
e + WO
SePrd + Uy

which by applying normalization condition gives the expression for the contact probability,

Uy — Wy + Sebrd — Se=Pud

po = Sehd 1 g ; forp <y (3-3)

Alternatively, the binding site being driven by the growing filament, its velocity must be
same as the growth velocity of the filament. The later quantity is simply {Up poe*ﬁyd + Up(1—
po) — Wo}, while the velocity of the binding site has the form {Uypoe PH¢ + Se=Prd — S (1 —
po)ePt?}. Equating these two gives the same expression ff[r Po I/E\I/S in Eq. (3.3).

0 —

Tuoo' Using this value, we have

Vo = %(Uo — Wp). Comparison of this value with our simulation data in Fig. 3.2(a) show

For y = 0 and S/L = 1, the contact probability py =

good agreement.
Next, we explain the presence of the peak in the  — V curve. Note that for y = 0 the sys-
tem has no steady state and the filament pushes the binding site upward, while other (L —1)

sites of the system which are not coupled (4 being zero), undergo equilibrium fluctuations
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and show no net velocity. Consequently, the height difference between the binding site and
the bulk sites and hence the contour length C keeps increasing with time. For nonzero y
there is an energy cost associated with stretching the membrane. This elastic force tries to
reduce C and the bulk sites feel an upward pull towards the binding site. The strength of
this pull increases as u increases and this explains why the membrane velocity increases
with p. However, for small values of y, this elastic force is not strong enough to counter the
polymerization force exerted by the filaments, and the bulk sites are not able to catch up
with the binding site, which still moves at a larger velocity and C keeps increasing with time.
Finally, when yu reaches a critical value u*, such that the elastic force exactly balances the
polymerization force, the average velocity of the bulk sites becomes equal to that of the bind-
ing site. As u is increased further, the elastic force becomes stronger than the polymerization
force and it becomes increasingly difficult for the filament to push the binding site. However,
as soon as a successful polymerization takes place, and the binding site height increases, the
bulk sites quickly catch up because the elastic energy associated with a nonflat profile is high
for u values in this range. The whole membrane now moves with the same velocity and C
stabilizes. The membrane velocity in this case is dominated by the polymerization events at
the binding site, the rate of which is Uy exp(—pud). Thus the membrane velocity decreases
exponentially with y in this range [see data in Fig. 3.2(a), inset].

To verify the above mechanism, we measure the velocity of the binding site and the bulk
sites separately and plot the data in Fig. 3.2(b). As argued above, we find that for small
i, the binding site velocity is higher than the bulk site and these two velocities become
equal for u > u*. The difference between the binding site and the bulk site velocities can
be alternatively measured by w for large t, where C(0) is the initial contour length
and C(t) is the length of the contour after evolving the system upto t MC steps. Our plot
in Fig. 3.3(b) shows that for y < p*, this quantity decreases linearly with y and becomes
zero at p*. We also measure the ratio A =< (|hyq — hp| + [hy — hy_1| +2d)/C >, averaged
over different configurations. Here, b denotes the binding site. A gives the fraction of contour
length that is contained between the binding site and its two neighbors. For y < u*, when
the binding site moves faster than the rest of the membrane, for large times, this fraction is
very close to 1, since the length of the rest of the membrane becomes negligible compared
to the growing separation between the binding site and its neighbors. Our data in Fig. 3.3(a)
show that A stays at 1 for small y and then shows a sharp fall at 4 = u*. For u > u~,
when the polymerization is almost impossible and the membrane velocity is close to zero,
the membrane is flat and A then becomes 2/L. In this limit, the membrane behaves like a
rigid barrier, which was studied in Refs. [13, 17-19, 23, 31]. We find that after the sharp jump
at = pu*, the ratio A decreases exponentially with u to the asymptotic value 2/L [Fig. 3.3(a),
inset]. Note that both for small and large y, the binding site is the only site that is being
pushed by the filament and the dynamics of bulk sites still follow local detailed balance. The
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overall velocity of the membrane is thus generated by the drive present at the single binding

site and this is the reason V scales inversely with the system size L.
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Figure 3.3: The membrane contour length keeps growing for 4 < p* and stabilizes for y > p*. (a): The

ratio A = 1 for u < u* and decreases sharply at u* to its asymptotic value 2/L for large .

Inset: The saturation of A at large 4 happens exponentially. (b): The quantity w,

for large t, decreases with y and becomes zero above y*. Inset: Variation of contour length
with time at p* = 1.748pN. We see that after large enough time, C(t) grows with time as
195 with a diffusion constant D = 37.41 = 7.19nm? /s. The analytically calculated value of
D = 41.352nm? /s which is close to the numerical value. Here we use [ = 64. For both
panels S/L = 1. Other simulation parameters are as in Table 2.1.

3.3.2  Absence of steady state for p < p*

For p < p*, when the binding site and bulk site velocities are different, and C keeps increas-
ing with time, the system does not have a steady state. This seems somewhat surprising and
in this subsection we discuss this issue in detail.

Let us define z = 2hy — hy 1 — hp_1. Our data in Fig. 3.4(a) show that for y < u*, the sign
of z is always positive and even for u > pu*, the probability to find negative z is negligible.
This is expected, since for small y, the binding site always stays above its neighbors, and for
large u, when the membrane is flat, the binding site is most of the time at the same level with
its neighbors, but does not typically fall below that level. We show below that z performs a
biased random walker with a reflecting boundary condition at the origin.

First note that z can increase either due to increase of h;, (from bound filament polymer-
ization or thermal fluctuation at the binding site) which happens with rate e ## (pyUy + 1),
or due to decrease of .1, which happens with rate 1. This is because our data in Fig. 3.4(b)
show that the sites (b + 1) almost always have one neighbor (site b & 2) at a lower height, and
another neighbor (site b) at a higher height. From Eq. (3.1) it then follows that the height at
the sites (b £ 1) can increase or decrease without any energy cost and rate of such processes

is taken to be 1 [see, for example, Fig. 3.1(b)]. The value of z can decrease because of decrease
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in /1, which releases elastic energy and happens with rate ef#¢(1 — py), or because of increase
of hy+1, which again happens with rate unity, as explained above. Let us define P(z, t) as the

probability for z at time t. Then the change in P(z,t) in a small time At can be written as,

P(z,t+ At) — P(z,t) = At[(1 — po)ePr?P(z +2d,t) +2P(z+d,t) +2P(z — d,t)
+(1+ Uppo)e PP (z — 2d,t) — {(1 — po)eP* + 4+ (1+ Uppo)e P*}P(z,t)]  (3.4)

Here, we have considered z > 0 [supported by data in Fig. 3.4(a)] and put a reflecting
boundary at the origin z = 0, such that z can never be negative. In the continuum limit, Eq.
3.4 becomes a Fokker-Planck equation for a biased random walker with drift and diffusion
given by, respectively, v = 2d{(1 + Uppo)e P — (1 — pg)ePt?} and D = 2d%{(1 — po)efr +
(1+ Uppo)e Pr +1}.

It can be easily seen that for small y, the bias v is positive while for large u, the bias
v is negative. At y = p*, v becomes zero and the system shows unbiased diffusion with
diffusivity D. The value of y* can be obtained by equating v to zero and using the expression

for po from Eq. 3.3 which gives the resulting equation
Woe3P1d — Upe?P™d — (U3 — UyWy + Uy )eP*™ @ + Uy = 0. (3.5)

Numerical solution of the above equation gives only one physical solution for u*. We find
u* = 1.81pN, which is close to the value 1.748 & 0.004pN observed in simulations.

Due to the reflecting boundary condition at the origin, this implies that for p < p*, the
system does not reach a steady state, and (z) increases linearly with time, while for y > u*,
there exists a steady state and (z) reaches a time-independent value. At y = u*, we have an
unbiased random walker with reflecting boundary at the origin, for which there is no steady
state either, but (z) in this case grows diffusively with time with a diffusion constant that

matches our analytical expression given above [see Fig. 3.3(b), inset].

3.3.3 Faster membrane dynamics lowers p*

So far we have considered the case for S = L membrane updates in one MC step. What
happens when the membrane dynamics is faster or slower than this? Apart from the binding
site, all the other (L — 1) bulk sites are being driven by only the elastic interaction. For large
S, when the bulk sites are updated at a higher rate, the effect of the elastic interaction is felt
more strongly. As a result, the point of balance y*, where the elastic force and polymerization
force become equal, now shifts towards a smaller value of u. More specifically, for small but
nonzero u, when the bulk sites experience an upward bias towards the binding site, their

total displacement in the upward direction per MC step increases, as S increases. Thus the
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Figure 3.4: Height gradient around the binding site. (a): The probability that z > 0 as a function of p.
We see that the probability is exactly one for < u* and even for y > p*, it is very close
to one. (b): Here we show the probability that h,.; > hy1, as a function of . The red
triangles are for prob(hy1 > hy ) while the blue circles are for prob(h,_1 > hy_5). These
probabilities are also close to one for entire range of . Here, L = 64 and S/L = 1. Other
simulation parameters are as in Table 2.1.

bulk sites are able to catch up with the binding site at a smaller value of y. In other words, as
S increases, i* decreases. In Fig. 3.5(a) we plot  — V data for different S/L values, and find
that the peak of the curve shifts towards left as S/ L increases. For S /L >> 1, the value of u*
becomes infinitesimally small and for any finite y, the curve looks monotonic. In the inset of
Fig. 3.5(a) we show the variation of u* with §/L. Note, however, that the dependence is not
very strong and p* deceases logarithmically slowly with §/L. We see that over two decades
of change of S, the value of y* changes only by a factor of half. However, the membrane
velocity measured at p* shows a more strong dependence on §/L and grows as a power law
with an exponent =~ 0.87 [Fig. 3.5(b)]. We can generalize our calculation in the last subsection

for arbitrary values of S and obtain y* as the only one physical solution of the equation

‘g (w0e3ﬁﬂ*d — Upe®Prd — UpePr™d + u0> — (U2 — UyWy)ePH® = 0. (3.6)

The analytical result shown by the continuous line in the inset of Fig. 3.5(a) shows good
agreement with numerical data over a wide range of S/L.

Note that our calculation for the contact probability py presented in Eq. 3.3 shows that for
small  and large S/L, the contact probability is very small. This means that the filament
is unbound most of the time and grows like a free filament with a net growth rate d(Up —
Wp), which is independent of y. Since we measure the membrane velocity as the average
displacement of the membrane per Monte Carlo step and we define our Monte Carlo step
such that there are S surface updates and one filament update, our data in Fig. 3.6(a) show
that the membrane velocity also approaches this limit as §/L becomes large. The y — V

curve in this case therefore becomes flat for small y and then decreases for large y, giving
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Figure 3.5: Peak position and peak height of ;1 — V curve depends on §/L. (a): Scaled V as a function
of u for different S /L values. The scaling factor V,,,, has been used such that the data for
different S/ L values can be compared. In this plot the symbol o correspond to S/L = 272
(Vinax =~ 5.84 x 10~ 2nm/s), the O correspond to S/L = 271 (Viypay ~ 5.84 x 10~ 2nm/s), the
A correspond to S/L =1 (Viyax >~ 7.89 x 10~2nm/s) and the V correspond to S/L = 26
(Vinax ~ 2.23nm/s). For smaller values of S/L, the curve is monotonic as the velocity is
mostly determined by the binding site. As S/L increases, the y — V curve develops a peak
at u*. Inset: u* decreases with S/L. The discrete points from simulations match well
with continuous line from Eq. (3.6). We use L = 64 here. (b): The membrane velocity at
u* plotted against S/L shows a power law increase. The solid line represents a function
~ x%87 and goes parallel to our numerical data points. Here we have used L = 64. Other
simulation parameters are as in Table 2.1.

rise to a concave curve, as shown in Fig. 3.6(a). Thus the  — V curve can change its shape
from convex to concave depending on the choice of the relative time scale S/L [30, 31, 62].

In the limit of very large S/L, when the membrane fluctuations occur much more rapidly
than the filament polymerization, the membrane reaches a thermal equilibrium between two
filament movements. The partition function for the system can be calculated in this case and
the average contour length (C) of the membrane can be obtained from there, which has the
form (C) = Ld/(1 — e~P#?). In Fig. 3.6(b) we compare it with numerics and find reasonably
good agreement for large S /L.

3.3.4 For large u the membrane behaves as a rigid obstacle

When p is very large, the membrane remains flat most of the time. Whenever there is a
filament polymerization, the height of the binding site increases, but due to high elastic
energy cost associated with such a configuration, the bulk sites quickly catch up and the
membrane is flat again. We find that the membrane behaves like a perfectly rigid barrier in
this case. Let p; be the probability to find a gap of length i between the filament tip and
the binding site. For a rigid barrier without any independent movement, this gap can only
increase or decrease due to filament polymerization or depolymerization. In Sec. 2.3.1 of

Chapter 2, we consider such a case, where we ignore any change in p; due to the height
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Figure 3.6: Variation of membrane velocity and contour length against y for different values of S/L.
(a): The u — V curve changes from convex to concave as S/L is increased. For §/L << 1,
the curve is convex while for S/L >> 1, it becomes concave. Here, we have scaled
V by Viuax such that we can compare them in the same scale. The values of Vi, are
4.67 x 10" tnm/s, 4.67 x 1071, nm/s, 3.73nm/s, and 3.73nm/s, respectively, in the increas-
ing order of S/ L. Here, we have used L = 8. (b): Average contour length of the membrane
scaled by Ld as a function of y for different values of S/L. The continuous line is from
analytical calculation in the equilibrium limit, which matches with simulation for very
high §/L. Other simulation parameters are as in Table 2.1.

fluctuations and p; changes only due to the filament dynamics. Thus, in a similar way, we
have pg =1 — Wy /Uy ~ 1/2 (Using the value of Uy and Wy from Table 2.1).

In Fig. 3.7(a), we show the variation of py with y for different S/L and find that for large
u, the contact probability indeed saturates to 1/2, the rigid barrier limit. Smaller the value
of §/L, faster is the saturation. For small y, the contact probability can be calculated analyti-
cally (see Eq. 3.3) and in Fig. 3.7(a) this has been shown by solid lines, which agree well with
the simulations. Our calculation remains valid only for 4 < u* and hence the comparison
has been done only in this regime. u* becomes too small for very large S/L, and hence
not marked in this plot. In the case for §/L << 1, when the membrane dynamics is very
slow, the thermal fluctuations of the membrane can be neglected and the contact probability
is essentially controlled by the polymerization and depolymerization of the filament. Thus
we find that the contact probability approaches 1/2 even for y < p* in this case [shown
by red triangles in Fig. 3.7(a)]. However, the system is not in steady state here and the con-
tour length of the membrane keeps increasing with time. In Fig. 3.7(b) we plot the ratio
A =< (|hpy1 — hp| + |1y — hp—1| +2d) /C > and show this explicitly.

3.4 RESULTS FOR MULTIPLE FILAMENTS
In the previous section, we have considered the case of single filament. In this section, we

will present a brief discussion on multiple filaments. Let us define the filament density as p =

N/L. We find for p < 1, and for uniform distribution for the binding sites, the qualitative
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Figure 3.7: For p >> 1, the membrane behaves as a rigid obstacle. (a): The contact probability py for
different values of S/L. The continuous lines are from the analytical predictions, which
are valid only for y < y* and thus compared only upto this region. For large y, the
value of pg saturates to 1/2, which is expected for a rigid barrier. As §/L decreases, the
rigid barrier behavior sets in for smaller y values. The continuous lines show analytical
calculation in y < p* regime. (b): The variation of A for different values of S/L. For small
i, the value of A is unity, which means that the contour length of the membrane diverges
with time. For high enough value of y, A saturates to 2/L. We use L = 64 for both the
plots. Other simulation parameters are as in Table 2.1.

behavior is same as that for single filament. In Fig. 3.8(a), we show the y — V curve for
multiple filaments for small p. Since the membrane velocity results from the polymerization
force exerted at the binding sites (motion at all other sites follows local detailed balance, as
mentioned in Sec. 3.2), our data show that V scales as p. The non-monotonicity of the y — V
curve means that even for multiple filaments, the system fails to reach a steady state for
small y and the membrane contour length C keeps increasing with time. We have checked
that (data not shown) at y = u* the contour length grows diffusively with time and for
u > u* system reaches a steady state when C has a finite value. Figure 3.8(b) shows the
u — V curve for different values of S/L. We note that for S/L << 1, the curve is convex
while for S/L >> 1, it becomes concave.

As p increases, the elasticity of the membrane induces an effective interaction between the
filaments and the single filament picture does not remain valid any more. Our data in Fig.
3.9 show that V' ~ p scaling is lost and y* now depends on p. For large p, most of the sites
are binding sites and are driven by the filaments. Due to elastic interaction, the remaining
few bulk sites feel an upward pull and are able to catch up with the binding sites at smaller
u values. Thus p* decreases with p for large p. When p = 1, the system will reach steady
state for all values of u but for p < 1, there will always be a nonzero y* below which the
system does not have a steady state.

In the above discussion, we have assumed that the binding sites are distributed uniformly
throughout the membrane. If we consider an inhomogeneous distribution of binding sites,

then for small y, the region of the membrane where the density of binding sites is high,
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Figure 3.8: y — V curve for multiple filaments with p < 1. (a): The velocity scales with p similar to the

single filament case. It also shows a peak at u = u* which is independent of p. We have
used S/L = 1 here. (b): Scaled velocity as a function of u for different time scales which
show that the curve changes from convex to concave similar to the single filament case.
For §/L << 1, the curve is convex while for S/L >> 1, the curve becomes concave. The
values of Vyqy are 0.467nm/s, 3.71nm/s, 3.74nm/s and 3.75nm/s for S/L = 272,2°,27,
and 210, respectively. Here we have used N = 4 and L = 32. Other simulation parameters
are as in Table 2.1.
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Figure 3.9: Results for multiple filaments with high filament density. In the main plot, we show y — V

curve for multiple filaments for p ~ 1. We note that V does not scale with p. The peak
position u* decreases with p. The inset shows the variation of y* with p. We note that for
p << 1, the value of y* remains constant and then decreases with p for high value of p.
We use §/L =1 here. Other simulation parameters are as in Table 2.1.

will have a large local velocity since it is being driven by a large number of filaments. On
the other hand, the part of the membrane where binding sites have a low density, will have

a much smaller local velocity. In order for the whole system to reach a steady state, the

velocity should be same everywhere on the membrane. This means that the polymerization

force present in the fastest part of the membrane has to be smaller than the elastic interaction

which pushes the slowest part of the membrane where binding site density is lowest. A very

large value of y is required to achieve this balance. Thus y* becomes very large in the case
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of inhomogeneous distribution of binding sites. We have verified this in our simulations. We
distribute the filaments inhomogeneously such that a section of the membrane have filament
density p = 1/2 (denser part) while another section of the membrane have filament density
p = 1/8 (rarer part). We note that for the denser part, the average velocity of a bulk site
and a binding site becomes equal at smaller value of (= 0.5pN), but the rarer part of the
membrane still moves with the velocity smaller than that of the denser part. Thus, the system
is not in the steady state. The system reaches steady state at y* = 5.80 = 0.04pN, where the
velocity of all the sites become equal. This value is much higher than the homogeneously

distributed case (see Fig. 3.10).
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Figure 3.10: Inhomogeneous distribution of filaments. For the denser part of the membrane, p = 1/2
while for the rarer part, p = 1/8. We note that for the denser part, Vg = Vi at
# = 0.5pN, while the rarer part still moves with smaller velocity. The velocity of all the
sites become equal at y* = 5.80 & 0.04pN, which is much higher than the homogeneous
distribution of filaments. We use here N = 20, L = 64 and S/L = 1. Other simulation
parameters are as in Table 2.1.

3.5 CONCLUSIONS

In summary, we study in this chapter, the force generation mechanism by a set of parallel
filaments growing against an elastic membrane. We describe the elastic membrane using a
one dimensional Solid-On-Solid (SOS) model [25, 72—74]. The elastic membrane tends to stay
flat and any distortion from this flat state costs energy. We find that the polymerization force
wins over the elastic force of the membrane for low values of the membrane tension and
the system fails to reach a steady state. This gives rise to a nonmonotonic dependence of
membrane velocity on its elasticity. Our detailed numerical simulations of various different
quantities, accompanied by analytical calculations and simple scaling arguments provide a
comprehensive picture of the behavior of the system in the long time limit. We also highlight

the importance of the relative time scale between the dynamics of the membrane and the
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filaments to determine the qualitative nature of the dependence of membrane velocity on
elasticity. While for fast membrane dynamics, the velocity is a concave function of membrane
elasticity, for slow membrane dynamics a convex dependence is observed.

Throughout this chapter, we have assumed the membrane to be homogeneous with same
elasticity along the whole membrane. However, in many physical systems there can also be
tension gradient along the membrane [75, 76]. Our results for the simple model will pave

way for studying more complex models where above mentioned effects are included.
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ACTIN FILAMENTS GROWING AGAINST AN ELASTIC
MEMBRANE: GAUSSIAN MODEL

4.1 INTRODUCTION

In our last chapter, we have studied the force generation by actin filaments growing against
an elastic membrane, where we consider the elastic energy to be proportional to the contour
length of the membrane [25, 72, 74]. In literatures, another form of elastic interaction is
widely used, where the elastic energy is taken to be proportional to the sum of squares of
local height gradients [26, 73]. In the present chapter, we would like to study this case. We
call it the “Gaussian model". We are interested to find out how the membrane elasticity in
this case affects the growth of the filaments and how the polymerization force exerted by the
filaments affects the membrane deformations.

In the present case, we find that the membrane velocity decreases monotonically with
the membrane elastic constant v and steady state is reached for all nonzero values of v,
which is different from the gradient model, where we have the absence of steady state for
small elasticity. In the present model also, we note that the relative time-scale between the
membrane dynamics and the filament dynamics is crucial to determine the qualitative shape

of the elasticity-velocity curve. Some of the results discussed above have been published in

[70].
4.2 DESCRIPTION OF THE MODEL
The description of the system is same as the gradient model. The system consists of a set of

N parallel filaments growing against an elastic membrane as shown in Fig. 3.1. The form of

the Hamiltonian in this case is [26, 73]

L
=v Y (h—hi)? (4-1)
i=1
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where v denotes the elastic constant. In this case, energy depends on the square of the local
height gradients, and hence the energy cost to extend the membrane by a certain amount
also depends on the contour length C. For large C values, the energy cost also goes up, as
expected for an elastic body. We refer this model as "Gaussian model". The dynamics of the
system is same as described in the case of gradient model (see Sec. 3.2 of Chapter 3).

In the present model, if the height of the j-th site, /1; changes to h; & d, then the change in
energy, AE = 2dv[d & (2h; — hj ;1 — hj_1)], depends on the local height configuration around
the j-th site. This is different from the gradient model, where AE is constant. Following
the local detailed balance [see Eq. (3.2)] we use in our simulations R = e P*F, and R_ =1,
while all other movements of the membrane where the energy of the barrier does not change,

occur with rate unity.

4.3 RESULTS FOR SINGLE FILAMENT

In this section, we present our results for the single filament and then in the next section, we

discuss the case of multiple filaments.

4.3.1 Membrane velocity decreases with v

For v = 0, there is no difference between gradient model and Gaussian model (Egs. 3.1
and 4.1). Therefore, as derived in Sec. 3.3.1, the membrane velocity at v = 0 is given by
Vo = d(Up — Wp) /L. The membrane contour length C keeps increasing with time and the
system does not have a steady state. However, as soon as v is nonzero, any polymerization
event or independent thermal fluctuation that causes an increase in C, has an energy cost
which is higher as C gets larger. Thus the membrane can not stretch indefinitely and for all
v > 0 the system reaches a steady state. Our data in Fig. 4.1(a) show that for v > 0, the
membrane velocity V decreases as v increases. For large v, the decay is exponential (Fig.
4.1(a), top inset) and we also find V' ~ 1/L scaling, as seen earlier in Fig. 3.2 for the gradient
model.

Note that there is a discontinuity of the v — V curve at v = 0 (see Fig. 4.1(a), main plot).
The data in Fig. 4.1(a), bottom inset show that as v — 0, the velocity saturates to a value,
which is different from the value Vy = d(Uy — Wy)/L at v = 0. This is because at v = 0,
only the binding site of the membrane has nonzero velocity and the bulk sites have zero
velocity. But as soon as v # 0, the system has a steady state and the bulk sites must move
with the same velocity as the binding site. This sharp jump in the bulk sites velocity causes

the discontinuity in the v — V curve.
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Figure 4.1: Variation of velocity and contour length with v for Gaussian model. (a): The v — V curve
for single filament shows 1/L scaling. The curve is monotonic for all v # 0. Top inset: The
velocity falls exponentially with decay constant ~ 3.13, which is close to 23d>. Bottom
inset: In the limit of very small v, the velocity saturates to a value ~ 0.074nm/sec, that
is distinctly different from Vy = 0.058nm/s at v = 0. We use L = 64 for the insets and
S/L = 1 for all the plots. (b): Average contour length of the membrane scaled by d as
a function of v. For very high value of v, < C > becomes equal to the system size Ld.
Top inset: Contour length decreases exponentially for large y with a decay constant ~ 3.2
which is again close to 23d2. Bottom inset: For very small v, contour length falls off with
v as a power law with an exponent ~ 0.9. For all the above plots, we use L = 64 and
S/L = 1. Other simulation parameters are as in Table 2.1.

In Fig. 4.1(b) we plot the steady state average contour length (C) as a function of v. We find
that (top inset) (C) decreases exponentially for large v, as found in the gradient model (also
see Fig. 3.3). For very small v, our data (Fig. 4.1(b), bottom inset) show that (C) decreases as
a power law with an exponent ~ 0.9. The power law decay can be explained as follows.

For very small v, the local height gradient of the membrane decreases sharply as a function
of the distance from the binding site and we have y, > yp11 > Ypi2..., where y; = h; —
hiy1 and b denotes the binding site. The bound filament polymerization and thermal height
fluctuations at the binding site may change /i, which actually changes C. It is easy to see that
the rate of these processes that increase hj, is (1 + Uopo)e_25Vd2(2yb+1) and that decrease h;, is
(1 — po). The height fluctuations of the other sites will not change C. In the steady state, C
is time-stationary, the increasing and decreasing rates must be equal, from which it follows
that y, ~ 1/v. Moreover, in the steady state, the velocity of all membrane sites are equal.
The velocity at the binding site is given by {(1 + Uppg)e 2F**@n+1) — (1 — py)}, and that
at the neighboring site (b+1) is {1 — e~ 26V (vo=ys11+1) ) Once we equate them, it follows
that y,,1 ~ 1/v for small v. Equating the velocity of the sites (b + 1) and (b + 2), it can be
similarly shown that y;., ~ 1/v, and thus for any site i, y; ~ 1/v holds. Thus the quantity
(< C > —Ld = ¥ |yi]) shows an 1/v dependence. Our numerical data yields power law
exponent 0.9 which is close to this prediction.
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4.3.2 Faster membrane dynamics yields a concave v — V curve

The relative time-scale between the membrane and filament dynamics is an important pa-
rameter for the Gaussian model also. The contact probability pyg that is crucial to determine
the interaction between the filament and the membrane depends strongly on whether the
membrane dynamics is faster or slower than the filament dynamics. For very large v, it is
expected that pg ~ 1/2 since the membrane behaves like a rigid barrier in this limit (also
see our discussion in Sec. 3.3.4). However, when v is small, our data in Fig. 4.2(a) show that
the variation of pp with v is qualitatively determined by the value of S/L. For S/L >> 1, the
thermal fluctuations of the membrane happen so fast that the contact with the filament tip is
lost most of the time and py is small. From this small value, pg increases to 1/2 as v becomes
large. For S/L < 1, the membrane fluctuations become almost negligible and the contact
probability is controlled by the (de)polymerization of the (bound) free filament which does
not depend on v. Our data for small S/L support this [Fig. 4.2(a)].
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Figure 4.2: Contact probability and velocity as a function of v in a Gaussian model for different values
of S/L. (@): For §/L << 1, pg does not show much variation and its value remains close
to 1/2. For S/L ~ 1, in the small v region, the value of py is higher than 1/2 which then
saturates to its rigid barrier limit for high v. For S/L >> 1, pg starts with very small
value and then increases with v, then saturates to 1/2. Higher the value of S/L, slower
the tendency to reach 1/2. We use L = 8 here. (b): The v — V curve changes from convex
to concave as S/L is increased. The values of V,,,, are 0.475nm/s, 3.50nm/s, 3.72nm/s,
and 3.73nm /s for S/L = 1,23,2° and 2!2 respectively. Other simulation parameters are as
in Table 2.1.

The behavior of pg has a direct influence on the v — V curve and we show in Fig. 4.2(b) that
the curve becomes concave from convex as S/L is increased. When S/L > 1, the filament is
most of the time unbound for small v and hence the membrane velocity remains constant at
d(Uy — Wp) /L, same as that for a free filament. For large v, when py starts increasing again,
V decreases. The v — V curve is concave in this case. On the other hand, for very small S/L,

the value of py is no longer negligible and it remains nearly 1/2 throughout the region. In
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this case, due to the increase in v, the velocity starts decreasing even in the small v range,
which yields a convex curve.

In the limit of very fast membrane dynamics, we can neglect the filament dynamics and
assuming equilibrium we can calculate the average elastic energy of the membrane, as done
in the previous chapter for gradient model [Fig. 3.6(b)]. We note that for the present case

also, the analytical calculation shows good agreement with our numerics for very large S/L

(see Fig. 4.3).
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Figure 4.3: Average energy of the membrane scaled by vd? as a function of v for different values of
S/L. The continuous line is from analytical calculation in the equilibrium limit, which
matches with simulation for very high S/L. Other simulation parameters are as in Table
2.1.

4.4 RESULTS FOR MULTIPLE FILAMENTS

The multiple filaments case is qualitatively the same as the single filament case. For low
density of filaments (N/L = p < 1), we plot the v — V curve in Fig. 4.4(a). We find that V
decreases monotonically with v for nonzero v and scales as p. The decay of V is exponential
for large v with a decay constant which is same as that in the single filament case. In the
limit of large v, the membrane behaves like a rigid barrier and apart from an overall scaling
of V by a factor p, its dependence on v remains same for single or multiple filaments. The
qualitative shape of v — V curve is also found to change with §/L, similar to the single
filament case [Fig. 4.4(b)].

One interesting observation that can be made for the multiple filaments case is the merging
of membrane protrusions. We study merging of membrane protrusion within our simple
model by monitoring the contour length I of the membrane between two binding sites at
a distance k apart. When the protrusions created at the two binding sites merge with each

other, | becomes equal to k. In Fig. 4.5, we plot @ as a function of v for a fixed k for the
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Figure 4.4: Results for multiple filaments. (a): The velocity scales with p. For large value of v, the
velocity falls exponentially with a decay constant ~ 3.18, which is close to the single
filament case. We use S/L = 1 and for the inset, N = §;L = 128. (b): The v — V curve
changes from convex to concave as S/L is increased. The values of V. are 0.477nm/s,
3.167nm/s, 3.616nm/s, and 3.723nm/s for S/L = 1,2°,27 and 210 respectively. We use
N = 4; L = 32 here. Other simulation parameters are as in Table 2.1.

barrier with only two filaments. We find that as v is increased, the ratio decreases and the
decrease is exponential for moderate to large v values. In Fig. 4.5 inset, we show how the

two protrusions merge as v increases.
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Figure 4.5: Merging of protrusions. We plot the quantity @, for the membrane with only two

binding sites at a distance k apart, with / being the contour length between the two binding
sites. For a given k, this quantity decreases with v exponentially with a decay constant
~ 1.44, which indicates merging of two protrusions for large v. Here we use L = 1024 and
S/L = 1. Inset: Two protrusions merge as we increase v. The average height profile of
the membrane is shown for different values of v. Note that the height of the protrusions
also become shorter as v increases. The v values appearing in the legends are in the unit
of pN/nm. These data are for k = 256. We use L = 1024 and §/L = 1. Other simulation
parameters are as in Table 2.1.
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4.5 CONCLUSIONS

In this chapter, we study the force generation mechanism by a set of parallel filaments grow-
ing against an elastic membrane, where the elastic energy is proportional to the square of
the local height gradients. We find that the membrane velocity monotonically decreases with
elasticity and the system always reaches a steady state for all nonzero elasticity. This result is
in contrast with the result for the gradient model, where we have absence of steady state even
for non zero elasticity. We also highlight the importance of the relative time scale between
the dynamics of the membrane and the filaments to determine the qualitative nature of the
dependence of membrane velocity on elasticity. While for fast membrane dynamics, the ve-
locity is a concave function of membrane elasticity, for slow membrane dynamics a convex
dependence is observed. Therefore, the effect of relative time-scale in this case is same as the
gradient model. We also note that two nearby protrusions appear to merge, as the elasticity
increases. In earlier studies of a more detailed modelling of cell membrane [24], it was shown
that actin filament polymerization gives rise to filopodial protrusions. The protrusion speed
depends on elastic properties of the membrane and the membrane distortion also induces
an effective attraction between the filopodia and close by filopodia merge together to form
a larger (wider) protrusions. In our case, within the simple modelling, we are able to show

such an interesting effect.
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MEMBRANE WITH ELASTIC AND BENDING ENERGY: HELFRICH
HAMILTONIAN MODEL

5.1 INTRODUCTION

In our last two chapters (Chapter 3 and 4), we study the force generation mechanism by
actin filaments growing against a membrane considering its elastic energy while neglect its
bending energy. However, the cell membrane also possesses bending rigidity, that has been
measured in [42—46]. In this chapter, we study the force generation mechanism by actin
filaments growing against a membrane by explicitly considering its bending rigidity along
with its elastic tension [24, 27, 28]. We describe the energy of the barrier by the Helfrich
Hamiltonian [47], that contains both the elastic as well as the bending energy. The elastic
energy is considered to be proportional to the square of height gradients, similar to the
Gaussian model, while the bending energy is considered to be proportional to the square
of the Laplacian of height. We are interested to know how the introduction of the bending
rigidity affects the force generation process in this case.

Pushed by the growing filaments, the membrane develops a net velocity along the direc-
tion of filament growth. For moderate or high values of bending rigidity x, the membrane
velocity V shows interesting variation as a function of membrane tension ¢. Starting from
a non-zero value at ¢ = 0, the velocity first decreases with ¢, reaches a minimum, then
increases again, reaches a peak, and finally decreases to zero as ¢ becomes very large. This
dependence is highly unusual, since one would normally expect V to show a monotonic
decrease with ¢ because as ¢ increases it ought to become more difficult to push the mem-
brane. We show that the counter-intuitive behavior results from an interplay between the
elastic and bending energy scales of the system. With increasing o, elastic energy cost for
creating a local protrusion in the membrane increases monotonically, as expected, but the
bending energy cost shows a peak, which in turn gives rise to a peak in the total energy cost.
In other words, there is a range of o values for which it becomes easier for the system to
create a membrane protrusion as ¢ is increased with « held fixed. The membrane velocity

increases in this range as a result.
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To understand the mechanism behind the peak in bending energy cost we examine the
shape of the membrane and show that a qualitative change in the shape is responsible for
this effect. In the limit when both ¢ and « are large, the membrane height varies slowly in
space and one can neglect higher order derivative of height and assume height profile of a
protrusion is almost linear, as shown in Fig. 5.1(c) and 5.1(d). For such a local shape of the
membrane, the bending energy has a non-zero value at the binding site, where the filament
is in contact with the membrane. Everywhere else on the membrane the bending energy
is negligible. As o decreases slightly but still remaining large, the shape of the membrane
remains qualitatively same, but height gradient magnitude now increases and the bending
energy becomes significantly large at the binding site. To minimize this energy, as ¢ is low-
ered further, the membrane shape finally changes qualitatively, and becomes as shown in Fig.
5.1(a) and 5.1(b), where the peak gets rounded and height profile also does not remain linear
anymore. While the bending energy now is non-zero even away from the binding site, its
variation across the membrane happens more gradually. The bending energy cost to create a
local protrusion, which is proportional to the fourth derivative of height, decreases for such

a configuration, as ¢ is lowered.
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Figure 5.1: Shape of the membrane for different x and . We note that for small ¢ but large x (a and
b), the shape of the membrane is such that the height gradient closer to i = b (where the
filament is driving the membrane) has smaller magnitude. On the other hand, for both
large x and o (c and d), the shape of the membrane is linear, where the height gradient at
all the sites are constant, with a peak in height at the site i = b.

This chapter is organized as follows. In Sec. 5.2, we describe our models. Our results for
the single filament is presented in Sec. 5.3 and the results for the multiple filaments are

described in Sec. 5.4 and conclusions are in Sec. 5.5.
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5.2 DESCRIPTION OF THE MODEL

The present system consists of a set of N parallel filaments growing against a membrane of

size L, whose energy is described by the Halfrich Hamiltonian of the form,

~

L
H= UZ;(hi —hi1)? +x X%(hi—1 —2h; +hij1)? (5.1)
i= iz
where {h;} denotes the height profile of the membrane, ¢ is the elastic tension and « is the
bending rigidity. The first term denotes the elastic energy which is proportional to the square
of gradient of height. The second term, which proportional to the square of the Laplacian of
height, describes its bending energy. A similar form has been used in [27], where the growth
of branched actin network is studied in order to investigate the effect of molecular transport
on the force-velocity relation. Here, we do not apply any external force, rather we vary o
and x in order to investigate the effect of these quantities on the force generation process.
The dynamics of the system is same as described in Chapter 3 and Chapter 4. The fila-
ments grow and push the membrane while the membrane undergoes independent thermal
fluctuations in its local height and tends to minimize its energy. The local height of the mem-
brane can change with rates R, and R_ which satisfies the condition given in Eq. 3.2. We
use R, = ¢ PAE and R_ = 1. For AE = 0, both the rates are taken to be unity.

The expression for AE at the i-th site can be written by using Eq. 5.1 as,

AEF = o{2d% F2d(hi—y — 2h; + hiy1)} + c{6d% £ 2d(hi_p — 4hi_1 + 6h; — 4hi1 + i)}
or,
AEF = o{2d* F 2dh!'} + x{64* £ 2dn]"} = ASF + ABF (5.2)

where, i/ and h!"" are second and fourth derivatives of height at the i-th site; AS:" and
ABZ are the elastic and bending energy costs respectively. The sign + (—) corresponds to
the energy cost when the height of i-th site, i.e., /i; increases (decreases) by one unit. We note
that the elastic energy cost is proportional to the second derivative of height (1) and the
bending energy cost is proportional to the fourth derivative of height (k") (see Eq. 5.2). The

simulation technique used here is also the same as the previous models.
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5.3 RESULTS FOR SINGLE FILAMENT

In this section, we present our results for the single filament case. These results are quite
general and also valid for multiple filaments with N << L. In our later sections, we will also

discuss the case of multiple filaments.

5.3.1 Non-monotonic variation in bending energy cost

In sec. 5.1, we show that the qualitative shape of the membrane changes as the value of ¢ is
changed, keeping x at some moderate or large value. This effect gives rise to non-monotonic
variation in fourth derivative of height at the binding site (h}"). Since the bending energy
cost in order to push the membrane (AB;), is related to k" by Eq. 5.2, AB, also shows

non-monotonic variation with o. We show these results in Fig. 5.2.
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Figure 5.2: Energy cost of movement at the binding site. (a): The value of h;"" varies non-
monotonically with ¢ for large «. (b): For large x, AE;", which is the energy cost when
the binding site increases by one unit, varies non-monotonically with ¢. In the small ¢ re-
gion, the variation in AE;" is mainly due to the variation in the bending energy cost AB;,
as the elastic energy cost is negligible. For large ¢, on the other hand, the variation in AE,"

is mainly dominated by elastic energy cost AS;", as the bending energy cost saturates for
large 0. We use L = 64, k = 1.2pN and S/L = 1 here. Other simulation parameters are as
in Table 2.1.

The non-monotonic variation in k)" is quite surprising, as one may expect the height
derivatives to decrease with ¢. This is because the height gradients are expected to decrease
with ¢ in order to minimize the elastic energy, which means all the higher derivatives at the
binding site should also decrease with o, but we note that /1;” increases with ¢ in the small
o region. Here, we explain this interesting behaviour in detail. For large ¢ and «, the shape
of the membrane is such that all the derivatives (k}, 1}, etc.) are zero. When ¢ is decreased
keeping x large, it will develop small gradients in the system, but the shape will be such

that the gradients (1) are same throughout the system with a peak in height at the site i = b,
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which costs less energy [see Fig 5.1(c) and 5.1(d)]. In this case, the h}] will be negative and
will increase (in magnitude) as ¢ is decreased, while for other sites, h;’ will be zero [See Fig.
5.3(a)]. Now, if we assume a continuum surface of this kind, it is clear that the curvature
of h} at i = b, which is nothing but h}”, will increase as ¢ is decreased. However, in the
small ¢ region, the shape of the surface will deviate from the previous structure, and will
take a shape where the gradients /] near the binding site will be less (in magnitude) than
the gradient far from it [see Fig. 5.1(a) and 5.1(b)]. In such a situation, when ¢ is decreased,
h! at the binding site will increase (in magnitude) slower that 4}’ at some neighbourhood of
binding site [see Fig. 5.3(b)]. Thus, )", which is the curvature of h at i = b, will decrease
as o decreases in this case. In between, there will be a maximum of /;”’. This explains why

h)"" will behave non-monotonically with ¢ for large .
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Figure 5.3: Variation of 1 with i for different values of o and large . In order to compare the cur-
vatures of ! for different o at the binding site, we subtract i from it. (a): The quantity
h!' — hy for different values of large 0. We note that when o decreases, the curvature of
K} at the binding site increases. Thus 1" will increase as o decreases in this region. The
values of 1}/ for ¢ = 0.6, 0.8 and 1.0 pN are 6.97 x 1073, 2.60 x 102 and 1.30 x 1072 (in
units of d) respectively. (b): The quantity k!’ — h} for different values of small o. We note
that the curvature of ] at i = b decreases as o decreases. Thus, in this region, /" will
decrease as o will decrease. The values of h’b’ for o = 0.02, 0.04 and 0.06 pN are 1.17, 0.92
and 0.76 (in units of d) respectively. We use L = 64 ans S/L = 1 here. Other simulation
parameters are as in Table 2.1.

We also note that in Fig. 5.2, the bending energy cost saturates for large o, since for such
a large value of o, all the height derivatives at h;, (1}, h}") become negligible and bending
energy cost becomes constant (see Eq. 5.2). In this region, the variation in the AE;" is mainly
dominated by the variation is elastic energy cost, which increases linearly as ~ 2d?¢. In the
small ¢ region, on the other hand, the variation in total energy cost AE;" is mostly dominated
by the bending energy cost. This is because « is large and elastic energy cost is negligible
for small o. The bending energy cost itself varies non-monotonically, which gives rise to
non-monotonic variation in AE; in this region. Thus, we note that there is a range of ¢

value, for which the energy cost decreases when the value of ¢ increases. This rich interplay
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between the elastic and bending energy scales gives rise to non-monotonic variation in the

elasticity-velocity curves that we discuss in the next section.

5.3.2  Membrane velocity varies non-monotonically with o

In our previous section, we note that there is an interplay between the elastic and bending
energy scales in the system. For small ¢, the variation in the bending energy cost AB;
dominates while for large o, the variation in the elastic energy cost AS,” dominates. This
effect has a direct consequence on the non-monotonic variation in the membrane velocity V.
We measure V as a function of the elasticity (¢) for a given value of bending rigidity (x). We
note that for small «, the velocity falls monotonically with ¢ and o — V' curves are convex.
However, for x not too small, the velocity shows interesting non-monotonic variation with
o [Fig. 5.4(a)]. We note that the velocity first decreases with ¢, then increases and reaches
a peak at 0 = ¢* and finally decreases again with o (Fig. 5.4(a), top right inset). The peak
position of the o — V' curve shifts towards small ¢, as the value of x increases (Fig. 5.4(a), top

left inset). Below, we explain these results.
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Figure 5.4: ¢ — V curve for different values of x and L. (a): For small value of «, the velocity falls
monotonically with ¢ and the o — V curves are convex. For large value of «, the curve
becomes non-monotonic, with a peak at ¢ = ¢*. Top left inset: The value of ¢* decreases
with . Top right inset: We zoom small ¢ region and note that V first decreases, reaches a
minima, then increases and reaches a peak value at ¢ = ¢*, then decreases again with .
Bottom inset: For very large o, velocity falls exponentially with decay factor 3.6 which is
close to the analytically predicted value 28d2. For top right and bottom insets, we use k =
1.2pN. For all the plots, we use L = 64 and S/L = 1. (b): For small value of «(= 0.01pN),
the velocity scales as 1/ L. Top inset: For large value of k(= 0.8pN) also, the velocity scales
with 1/L. Bottom inset: The value of ¢* remains independent of L. Here, we use S/L = 1.
Other simulation parameters are as in Table 2.1.

The expression for the velocity at the binding site can be written as,

Vy = Ugpoe PAEY + e ARy — (1 — po)e PAEY (5:3)
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where pg is the contact probability of the filament tip with the membrane. The first term
in Eq. 5.3 corresponds to the bound filament polymerization, the second and third terms are
for independent upward and downward movement of the binding site respectively. As, the
downward movement happens only when there is no filament in contact with the membrane,
a factor (1 — po) is multiplied with the downward movement. For large x, both the AEbi are
positive as the height derivatives (I}, ;" etc.) are smaller in comparison to other terms (see
Eq. 5.2). Thus, for both the upward and downward movements, the energy is increasing, and

AEY in this region. We note that the value of py is

each process will occur with rate Ry = e~
~ (0.5 for any ¢ if S/L is not too large (Fig. 5.5(a), inset). This is because an introduction of
k makes the membrane rigid enough, and we have shown in our chapter 3 that for a rigid
barrier, po = 1 — Wy/Up ~ 0.5 [70]. Note that the expression for average velocity V is the
same as Vj, as the system is in the steady state, which means the velocity of all the sites are
same. For large x and small ¢, we can neglect the elastic energy cost. Using the value of AE;f

and neglecting the terms containing ¢, the expression for V turns out to be,

V e PR (U + 1) poe 2P — 2(1 — po) Sinh(2Bdxh)" )}

In the above expression, only k)" shows a variation with ¢ and all other terms are constant.

Since Sinh(x) is a monotonically increasing function of x, an increase in ;" will cause a
decrease in V and vice versa. Since, 1" increases first and then decreases in the small ¢
region, V will first decrease and reach a minima, then will increase again. Thus, we note
that there is a range of ¢ for which the velocity of the membrane increases with ¢. When o
becomes large, the terms in Eq. 5.3, that contain elastic tension is no longer negligible. In this
case, however, the terms containing height derivatives at /, (1), h,” etc.) becomes negligible

and can be neglected in the expression of V. The V (Eq. 5.3) then will have the form,

Ve~ (Uy+ 1)poe’6ﬁd2"e*25d2‘7

Thus, in this region, V will fall exponentially as a function of ¢. We indeed note an expo-
nential fall of velocity in this region. The exponential decay factor in this case is 2Bd? ~ 3.52
which is close to the numerically observed value 3.6 (Fig. 5.4(a), bottom inset). Thus, we
explain above, why the velocity of the membrane will have non-monotonic variation with ¢
for large x. We also note that the peak in the ¢ — V curve corresponds to the region where
the height derivatives (h;, h;" etc.) becomes negligible. In this region, the bending energy
cost saturates and the elastic energy cost increases linearly with ¢, which causes the velocity
to fall exponentially with ¢. Larger the value of x, smaller will be the value of o, where
the height derivatives become negligible. This explains why the value of ¢* will decrease

with « (Fig. 5.4(a), top left inset). For small x, the energy cost AE;t does not show any non-

59



monotonic variation, rather it increases monotonically with ¢ (data not shown). In a similar
way as above, we can explain that in this case V will also fall monotonically with o.

Next, we measure ¢ — V curves for different values of L. We note that ¢ — V curves collapse
for different L if we scale velocity by 1/L, for both the small and large « [Fig. 5.4(b)]. The
explanation for this 1/L scaling is same as for the gradient model or the Gaussian model.
Since, velocity scales with 1/L, it is expected that the value of ¢* (for large x) will also be
independent of L. We plot ¢* as a function of L in Fig. 5.4(b), bottom inset and explicitly

show this.

5.3.3 Faster membrane dynamics lowers o*

We plot o — V curves for different values of S/L in Fig. 5.5. We note that for small «, the
o — V curves become concave when §/L becomes very large [Fig. 5.5(a)]. We also note that
the po also becomes very small in the small ¢ region for faster barrier dynamics (Fig. 5.5(a),
inset). The explanation for this effect is similar to the gradient or the Gaussian model. For
large x, on the other hand, we note that the shape of the o — V curves remain non-monotonic
[Fig. 5.5(b)]. The peak position of the velocity shifts towards smaller o with S/L (Fig. 5.5(b),
inset). We can explain the shift of the peak position of velocity (or ¢*) with §/L in the
following way. In our previous section, we explain that the peak in the velocity arises at
some value of ¢ = ¢*, at which the height derivatives (1}, h,” etc.) become negligible. For
smaller value of §/L, the membrane sites can not fluctuate much. Thus, once the filament
pushes the binding site, the height gradient at the binding site persists for much longer time.
Thus the average value of height gradient will be higher in this case for a given ¢. Thus,
the value of ¢ at which the height derivatives become negligible, will also increase, which
increases ¢*. On the other hand, for large S/L, the bulk sites quickly catch up with the
binding site and thus the height gradient at the binding site quickly disappears. Thus, the

value of ¢* will be smaller in this case. Thus, the value of ¢* will decrease with S/ L.

5.3.4 Kk — V curves are monotonic for any o

In our earlier sections, we measure the velocity of the membrane as a function of ¢, with
the value of x held fixed. In this section, we measure velocity as a function of x keeping
the value of o fixed. We note that the velocity falls monotonically with x, even for large
o [see Fig. 5.6(a)]. In this case, we note that the energy cost at the binding site, i.e., AEb+
increases monotonically with x even for large ¢ [Fig. 5.6(b)]. Thus, we do not find any non-
monotonicity in velocity here. This observation can be explained as follows. For large o, a

small height gradient will cause very high elastic energy, since each site of the membrane
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Figure 5.5: 0 — V curves for different values of S/L. (a): ¢ — V curves for small x and different S/L.
For small S/L, the curves are convex, while for S/L >> 1, the curves become concave.
Inset: The contact probability pg is close to 0.5, when the value of S/L is not too large,
however, for very large S/L, po becomes negligible in the small ¢. (b): ¢ — V curves for
large x and different S/ L. The curves are non-monotonic, but the peak position (¢*) shifts
towards smaller o as S/L increases. Inset: The value of ¢* decreases with S/L. We use
L = 64 here.

will have an elastic energy. Thus, for large o, the height derivatives (1}, I}, etc.) at the binding
site become negligible even for very small . Thus, the variation in AE;" is only due to the
variation in bending energy cost, while the elastic energy cost saturates at the beginning and
will not show any variation with x. For small o, the elastic energy cost will be negligible
and the variation in the bending energy cost will dominate. Thus, for any value of ¢, the
variation in the beading energy cost will dominate over the elastic energy cost. Thus, AE;"
will increase monotonically with x and the velocity will decrease with x. We also note that

velocity scales as 1/L similar to the previous case (Fig. 5.6(a), inset).
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Figure 5.6: x — V curves for different values of ¢. (a): The x — V curves are monotonic for any value
of 0. Here, we use L = 256. Inset: The velocity scales as 1/L, similar to the o — V curves.
(b): AE; for large o (= 2pN) as a function of k. We note that AE;" increases monotonically
with x. For all the plots, we use §/L = 1. Other simulation parameters are as in Table 2.1.
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In all the above cases, we take the membrane size L >> 1. However, for small L, we note
that there are finite size effects. For small value of L, the ¢ — V curves or x — V curves do not
scale with 1/L (data not shown). The value of ¢* is also found to increase with L and then

saturates for very large L (data not shown).

5.4 RESULTS FOR MULTIPLE FILAMENTS

So far, we have considered the case of single filament. In this section we will present a brief
discussion on multiple filaments. We define the filament density as p = N /L. We first discuss

the case of small filament density, i.e., p << 1. Then we will also discuss the case of p ~ 1.

5.4.1 For N < L, the qualitative behaviour remains same as the single filament

For p < 1, we note that the qualitative behavior of the system remains same as that for
the single filament case. In Fig. 5.7(a), we plot the ¢ — V' curves for multiple filaments with
small p for a given value of k. We note that similar to the single filament case, ¢ — V curve
is monotonic for small ¥ while it shows non-monotonic variation for large «, with a peak
value of V at 0 = ¢*. The value of ¢* is also found to decrease with « (Fig. 5.7(a), inset). We
note that V scales as p for both the small as well as large x [Fig. 5.7(b)]. Thus, the value of ¢*
should also be independent of p. We plot c* as a function of p in Fig. 5.7(b), bottom inset and
explicitly show this. We also note that for small x, the ¢ — V' curve changes from convex to
concave for §/L >> 1 (data not shown). The x — V curves are monotonic for any ¢, similar

to the single filament case (data not shown).

5.4.2 For N ~ L, 0* depends explicitly upon N and L

In the previous section, we discuss the case of multiple filaments with very small filament
density, such that there are no interaction between the filaments. However, as p increases,
the filaments are no longer non-interacting and the single filament picture does not remain
valid in this case. Our data in Fig. 5.8 show that V ~ p scaling is lost and ¢* is no longer
independent of p. We note that c* decreases with p for a given L. For a given p, c* increases
with L (or N). Thus, ¢* is not only a function of p rather explicitly depends upon N or L
also. We explain this effect below. For a given L, when we increase N (or p), the filaments are
very close to each other. In such a situation, a bulk site will feel more upward pull due to
the presence of binding sites very close to it. Thus, the membrane will become flat and the
magnitude of height gradients will decrease. Thus, for a given ¢, higher p will have smaller

value of height derivatives (i, ;" etc.). Thus, 0*, at which the height derivatives become
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Figure 5.7: Results for multiple filaments with p << 1. (a): o — V curves for different values of x. The

velocity falls monotonically for small «, while vary non-monotonically for large x, with
a peak at ¢ = ¢*. Inset: The value of ¢* decreases with x. Here, we use p = 1/128. (b):
o — V curves for different p and small k¥ (= 0.01pN). We note that velocity scales with p.
Top inset: o — V curves, for different p for large x (= 0.8pN). In this case also, V scales with
0. Bottom inset: ¢* remains independent of p. We use S/L = 1 here. Other simulation
parameters are as in Table 2.1.

negligible, will decrease with p for a given L. We show this explicitly in Fig. 5.8(b). On the

other hand, for a given p, when N (or L) is increased, the height derivative increases [Fig.

5.8(b)]. Thus, the height derivatives become negligible at higher value of ¢, which increases
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Figure 5.8: Results for multiple filaments with p ~ 1. (a): ¢ — V curves for different values of p for

a given large « (= 0.8pN). The velocity does not scale with p. Top inset: The value of ¢*
decreases with p. Bottom inset: For a given p (= 1/4), the c* increases with N (or L). Thus,
o* explicitly depends upon p as well as N (or L). (b): h)”" as a function of ¢ for different
values of p and L. We note that the value of k" is higher if p is smaller (for a given L) or
if L is larger (for a given p). Thus, the value of ¢, at which 1" will be negligible, will be
smaller for either larger p (for a given L) or smaller L (for a given p). We use S/L = 1 here.

Other simulation parameters are as in Table 2.1.
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5.5 CONCLUSIONS

In this chapter, we study the force generation by parallel actin filaments growing against a
membrane whose energy is described by the Helfrich Hamiltonian. The Hamiltonian con-
tains an elastic energy term, being proportional to the square of height gradients and a
bending energy term which is proportional to the square of the Laplacian of height. We note
that the shape of the membrane changes qualitatively when we change the value of elasticity
(0) keeping the bending rigidity (x) fixed. This effect gives rise to a non-monotonic variation
in the bending energy cost in order to push the membrane. We also note that there is a rich
interplay between the elastic and bending energy scales in the system, as a consequence,
the elasticity-velocity curves show non-monotonic variation for moderate or large value of «.
The velocity first decreases with ¢ and reaches a minima, then increases with ¢ and reaches
a peak at ¢ = ¢* and then again decreases with ¢ for large o values. We also note that the
peak position of the curve (c*) shifts towards the smaller elasticity as the bending rigidity is
increased. The value of ¢* is found to be independent of membrane size (L) for single fila-
ment. For multiple filaments with small filament density, c* is independent of the filament
density, however, for large filament density, c* explicitly depends upon the filament density
as well as the size of the membrane. For small x, the shape of ¢ — V curve changes from
convex to concave when the membrane dynamics becomes faster. For large x, however, the
o — V curve remains non-monotonic even for faster membrane dynamics. The value of ¢*
decreases as the membrane dynamics becomes faster in this case. We also note that xk — V
curves are monotonic for any value of ¢, and we do not observe any non-monotonicity here.

In our previous chapters (Chapter 3 and 4), a similar model has been studied, where the
energy of the membrane is described by only its elastic energy and bending energy has been
neglected. We note that for the Gaussian model, the velocity falls monotonically with the
elastic tension for any non-zero value of elastic tension. For the present case, introduction of
bending rigidity changes the qualitative nature of the results. The non-monotonic variation
of velocity is also seen for the gradient model, but the origin of this effect is different from
the present case. For the gradient model, the non-monotonicity arises due to the competition
between the elastic force of the membrane and the polymerization force of the filament, with
a peak in velocity where the two forces become equal. For the present case, however, it arises
due to the interplay between the elastic and bending energy scales. Unlike gradient model,
where the system does not have a steady state for small elastic tension, here we have steady
state throughout for any non-zero ¢ or «.

Finally, within simple modelling of force generation by parallel actin filaments against a
membrane, we are able to show many interesting effects by varying its bending rigidity and

elastic tension. There are a number of experiments, where the effect of elastic tension on the
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force generation mechanism have been studied [39—41]. There are some experiments, where
the bending rigidity of the cell membrane have been measured [42—46], but the effect of
bending rigidity on the force generation mechanism have not been addressed. Our simple

study may open up the possibility to observe some of these effects in experiments.
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COMPARISON BETWEEN TWO TYPES OF FILAMENT-BARRIER
INTERACTIONS

6.1 INTRODUCTION

In our earlier chapters (Chapters 2 to 5), we have studied force generation by actin filaments
growing against a barrier, considering its shape fluctuations, its elastic properties, bending
rigidity etc. In all these models, the filament-barrier interactions are such that a filament can
always grow and push the barrier even if it is in contact with the barrier. Such models are
also studied in [17-19, 23, 65, 77]. There are another class of models, where it is assumed
that a filament can only grow when there is sufficient gap between the filament tip and
the barrier [13, 25, 31, 48, 49]. While the models discussed above vary in many aspects, the
interaction between the growing end of the filament and the barrier can be roughly classified
in the above two types. Although the difference between the two mechanisms seems to
be microscopic and rather a matter of modelling details, we find that the force generation
properties are significantly different in the two cases. Interestingly, this difference persists
even in absence of shape fluctuations of the barrier, when the barrier is modelled like a rigid
wall. In this chapter, we will discussed some important qualitative differences between these
two types of filament-barrier interactions, which has not been addressed in earlier literatures,
to the best of our knowledge.

For ease of nomenclature, we denote the two cases by type A and type B, where type
A stands for those models where filaments can actively push the barrier and grow, and
type B represents those models where the filaments can grow only if there is sufficient
gap between the filament tip and the barrier to insert one monomer. We demonstrate the
difference between type A and B models for three different types of barrier: A rigid wall-
like barrier, a barrier with Kardar-Parisi-Zhang dynamics which is studied in Chapter 2 and
an elastic barrier which is studied in Chapter 3. We note that the main differences between
type A and B models are manifested in the way various properties depend on the relative

time-scale S between the filament and barrier dynamics.
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For a rigid barrier with a type A interaction with the filaments, we find the shape of force-
velocity curve is always concave when there are multiple filaments present in the system. On
the other hand, for a single filament, the force velocity curve is convex (concave) when the
thermal fluctuations of the rigid barrier position are much slower (faster) than the filament
dynamics. For type B interaction, the force-velocity curve for multiple filaments shows con-
vex (concave) shape for slower (faster) barrier dynamics, but for a single filament the shape
does not depend on the time-scale. Even at zero force, the velocity Vp of the barrier for the
two types show different behavior. While for type A interaction, Vj is independent of the
time-scale of barrier dynamics, for type B interaction, Vj increases as the barrier dynamics
becomes faster. The stall force F; decreases for type A as the barrier dynamics becomes faster,
but remains constant for type B. As the number of filaments in the system becomes larger,
F; also increases. Our analytical calculations show that for type B, stall force scales linearly
with the number of filaments, while for type A, there is a logarithmic correction to linear
scaling. For the KPZ barrier with type A interaction (Chapter 2), F; decreases as the barrier
dynamics becomes faster, but remains constant for type B. For an elastic barrier with type
A interactions (Chapter 3), we note that y* decreases with §/L and for very slow barrier
dynamics, it yields a monotonically decreasing convex u — V curve. For type B, on the other
hand, #* remains same for a wide range of the barrier movement time-scale and the shape of
the 4 — V curve remains non-monotonic. However, in the limit when the barrier motion be-
comes very fast, both the models show concave y — V curves. Some of the results discussed
above have been published in [78].

This chapter is organized as follows. In Sec. 6.2 we present our results for the rigid barrier
model, in Sec. 6.3 we discuss KPZ barrier model, in Sec. 6.4 we discuss elastic barrier model

and finally present our conclusions in Sec. 6.5.

6.2 RIGID BARRIER MODEL

In this model, the barrier is described as a one dimensional rigid and movable wall. Under
the action of an external force F, the wall tends to move downward. Thermal fluctuations can
also move the barrier in the upward direction, but such movements come with an energy cost.
Let R, and R_ be the upward and downward movement rates for the barrier by a discrete
amount d [Fig. 6.1(b)]. These rates satisfy local detailed balance, and we choose Ry = e~ Prd
and R_ = 1. Any downward movement of the barrier that brings it below any filament tip,
is forbidden.

The filaments are modelled as rigid rod-like objects, same as previous chapters. For sim-
plicity, we throughout assume the length of the monomer is same as d, the step of barrier

movement. For type A mechanism, a bound filament can grow by pushing the barrier up-
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ward by an amount d and thereby performing work Fd against the external force [Fig. 6.1(c)].
The rate of such a process is Upe #F. For type B mechanism, on the other hand, the bound
filament polymerization is not allowed and one must wait until thermal motion takes the
barrier upward and a gap of length d is created between the filament tip and the barrier. Fig.

6.1 summarizes our model schematically.

@ l/F lF (b) w iF © ip iF

Uo R+

o= = Ll

Figure 6.1: Schematic representation of rigid barrier model. (a): A free filament polymerizes (depoly-
merizes) with rate Uy (Wp). (b): The barrier height undergoes thermal fluctuations. In
presence of the external force F, the forward process which increases the height is energet-
ically costly and happens with rate R while the reverse process that decreases the height
is energetically favourable and happens with rate R_. (c): A bound filament pushes the
barrier by an amount d that costs energy and occurs with rate UyR4. This movement is
allowed only for type A.

We perform simulations using kinetic Monte Carlo (MC) technique as described in our
earlier chapters. The relative time-scale between the filament dynamics and the barrier dy-
namics is quantified by a parameter S. For a system having N number of filaments, each
Monte Carlo time-step consists of N filament updates and S independent barrier updates.
Starting from an initial condition of all filaments of length d (i.e. each filament consists of
only one monomer) and the barrier is also at a height 4, in contact with all filament tips, the
system undergoes time-evolution and after a large number of Monte Carlo steps, when the
system reaches steady state, we perform our measurements. The various simulation param-
eters are given in Table 2.1.

In the rest of this section, we present our results focussing on the major differences ob-
served between type A and B models. We first present the results for single filament. Then
we discuss the multiple filaments case. A rigid barrier with both the type A and B interac-
tions have been widely studied in [13, 17, 19, 23, 31, 48, 49], but the effect of relative time
scale between the filament and the barrier dynamics is not addressed in most of the cases.
We find that the relative time scale plays an important role, and brings out the difference

between type A and B models.

6.2.1  Variation of Vo with S for single filament

The velocity of the barrier is measured as its average displacement per MC step. In the

absence of any external force, the barrier velocity is denoted as Vj. The contact probability
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po can be calculated in a similar way as done in earlier chapters. Let p; be the probability
that there is a gap of size i between the barrier and the filament tip. The contact probability

po thus corresponds to i = 0. The master equation for p; can be written as

d i — B [
S = (Uo+ 8)pist + (Wo+ Se P )piy = (Lo + S+ Wo+ Se P)p; fori >0
and p
P2 = (Uo +8)p1 — (Wo+ Se P ™)py;  fori=0

where all symbols have their usual meaning. The above equations are valid for both the types
A and B, as the bound filament polymerization does not change p;. In the steady state, one
has the recursion relation p; = (%ﬁ%)im; which by applying normalization condition

gives the expression for the contact probability,

o UO—Wo—l-S(l—e*ﬁFd)

which holds for both type A and type B dynamics.

Eq. 6.1 can also be derived in a slightly different way. We present this alternative derivation
here. Since the barrier is being driven by the growing filament, its velocity must be same
as the growth velocity of the filament. The velocity of the filament, for type A is simply
{Uypoe=PF4 + Up(1 — po) — Wy}, while the velocity of the barrier has the form {Ugpoe P +
Se PFt — S(1 — pg)}. Equating these two for type A, gives the same expression for py as
in Eq. 6.1. For type B, the velocity of the filament is simply {Uy(1 — po) — Wo}, while the
velocity of the barrier is {Se™f — S(1 — py) }. Equating these two also gives the same result
for po as in Eq. 6.1.

For F = 0, using Eq. 6.1, we have pg = (Uy — Wp)/(Up + S). Now, for type A model, Vj

can be written as a sum of three terms:
Vo = d{poUo+S—3(l — po)} (62)

Here, the first term corresponds to the velocity imparted by bound filament polymerization,
which occurs with rate Uy for F = 0. The second and third terms are for upward and
downward thermal fluctuations of the barrier, which take place on an average S times in one
MC step. The factor (1 — py) ensures that the filament is not bound to the barrier, blocking its
downward movement. Substituting the expression for pg, we get the velocity of the barrier
for type A model as Vy = d(Uy — Wy) which is independent of S [70]. The value of V} in this
case is simply the maximum velocity of the filament, since the bound filament is able to grow

freely in the absence of any opposing force. For type B case, bound filament polymerization
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is not allowed and hence the first term in the expression for Vj will not be there, which gives
Vo = d(luii_év(’), which depends on S. The filament in this case still feels the presence of the
barrier and as S increases, free space is created more often above the filament tip which
increases growth speed and hence Vj. In the limit of very large S, we have same V; for type
A and B. We compare these results with the numerics in Fig. 6.2 which shows very good

agreement.
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Figure 6.2: V) as a function of S for rigid barrier. For type A, V) remains constant at the value d(Up —
Wo) for a wide range of S. For type B, V} increases with S and then saturates to a value
d(Up — Wp). The continuous lines show the analytical predictions and discrete points are
from numerical simulations. Simulation parameters are as in Table 2.1.

6.2.2  Force-velocity curves with different S for single filament

In presence of non-zero external force F, the velocity of the barrier is expected to decrease
with F. In Fig. 6.3 we plot the force-velocity curve for type A and type B models for different
values of S. For the ease of comparison, we have plotted both curves using rescaled velocity
V/Vy and rescaled force F/F;. The left panel is for type A and this plot shows that the force-
velocity curve is convex for S < 1 and becomes concave for large S [31]. However, for type
B model, our data in Fig. 6.3(b) show that the force-velocity curve does not change shape
with S. In fact all the curves for different values of S fall on top of each other. We explain
this observation below by analytically calculating V' as a function of F.

For type A systems, the Eq. 6.2 changes to V(F) = d{poUpe P + Se P — S(1 — po)} in

presence of external force F. Using the expression for py from Eq. 6.1 we get

(er—ﬁPd +S){Up — Wo+ S(1 — e—/%Fd)}
(Up+S)

V(F)=d — S(1 — e PF) (6.3)
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In the limit of S < 1, above equation becomes V(F) ~ d(Uy — Wp)e PF. Thus, for S < 1,

the velocity drops exponentially with force which gives rise to a convex shape. On the other

hand, in the limit of small F the right hand side of Eq. 6.3 becomes d(Uy — Wp) <1 — L% Off’é F )

and for S > 1 we have V =~ d(Uy — W), which is independent of F. Thus for large S

the velocity remains almost constant for small force and decreases for large force, which
indicates a concave curve.

For type B, since filaments cannot push the barrier, velocity has the form V (F) = d{Se=FF —
S(1 — po)}, which after putting the value of py becomes,

d{(Uy — Wp) — Up(1 — e PFd)}

V(F) = T

(6.4)

V(F) __ Uge PF—w,
Vo — Uo—Wo

Thus, the shape of the force-velocity curve does not depend on S in this case. The analytical

and if we scale the velocity by Vj, then we have, which is independent of S.

calculations for V(F) agree well with the numerics in Fig. 6.3.
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Figure 6.3: F — V curves for different values of S for rigid barrier. (a) Type A: We plot the velocity
of the barrier as a function of the scaled force F/F;. We note that the force-velocity curve
changes its nature with S. For § << 1, the curve is convex which changes to concave for
S >> 1. (b) Type B: We plot the scaled velocity V/Vj as a function of F. In this case, unlike
type A, the shape of the force velocity curve is independent of S. Simulation parameters
are as in Table 2.1.

6.2.3 Stall force as a function of S for single filament

The analytical expression for F; for type A can be obtained by simply putting the left hand

side of Eq. 6.3 zero and solving for F. This gives a quadratic equation

UpSx?* — Uy (Uy — Wo +28)x +SWp =0
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where x = ¢~PF4. This allows only one physical solution for x and we get

1 Uy — Wy + 28 4UOW082 >:|
Fo=——In|(2—22T22 ) (11— .
g [( 28 > ( \/ U2(Uy — Wy + 25)2 (6:5)

In Fig. 6.4 we verify this against numerical data. As seen in this plot, the stall force decreases

with § and saturates to a non-zero value for large S. For type B model, on the other hand,
the stall force is independent of S, as seen from putting the left hand side of Eq. 6.4 zero and

finding Fs = %Z n%. The expression for F; in this case also matches well with the numerics

0
(Fig. 6.4).
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Figure 6.4: F; as a function of S for rigid barrier. For type A, F; decreases as the barrier dynamics
becomes faster. For very large S, F; is found to saturate to a value 1.87 which is close to

the analytical prediction of F;(S — c0) = —ﬁ In <1 —4/1- %)) ~ 1.873. For type B, F;

remains constant over a wide range of S. Simulation parameters are as in Table 2.1.

6.2.4 Results for multiple filaments

So far in this section, we have discussed the difference between type A and B dynamics
for the case of a single filament in the system. Here, we present our results for multiple
filaments. Interestingly, in some cases we find opposite behavior compared to the single
filament case. In Fig. 6.5 we show force-velocity curves for different S values for type A and
B dynamics. While for type A model, force-velocity variation depends on S, the shape of
the curve remains concave-like for a wide range of S that we have examined. On the other
hand, the data for type B model [in Fig. 6.5(b)] show that F — V characteristic changes from
convex to concave as S value increases. This behavior is opposite to what we had observed

for the single filament case (see the data in Fig. 6.3), where type A model showed convex to
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concave transition as S is varied and type B model showed no dependence of F — V shape

on S. We explain this result below.
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Figure 6.5: Force velocity curves for multiple filaments with rigid barrier. (a) Type A: The force ve-
locity curve is concave for any value of S. (b) type B: Force velocity curve is convex for
small S while it changes to concave for large S. Our analytical predictions are shown by
continuous lines and they match well for small S. We use N = 20 here. Other simulation
parameters are as in Table 2.1.

In order to explain the above results analytically, we need to first calculate the contact
probability po as done for the single filament case. For multiple filament case with type A
interaction, when a bound filament polymerizes, it will change p; and thus have its corre-
sponding loss or gain terms in the time evolution equation for p;. For type B, on the other
hand, a bound filament can not polymerize. Thus, unlike single filament case, in this case,
type A and B will have different time evolution equations for p;. The value of pj also turns
out to be different for type A and B in this case. The time-evolution equations for p; for type

A interaction can be written as,

d

% = {Uo+S(1—po)" p1 — {(N = 1)Uopoe P + Wy + Se P} py, (6.6)
dp; . _ -

d—’z = {(N —=1)Uppoe PFd L Wy + Se ﬁFd}Pi—1+{Uo+3(1—P0)N 1}Pi+1

— {(N = 1)Uppoe PF + Wy + Se PF + Uy + S(1 — po)N"'}pi;  fori > 1. (6.7)

Solving the Egs. 6.6 and 6.7 in steady state, we obtain the recursion relation

by — ((N — 1)Uppoe PF? + Wy + SeFHd

Up+ S(1—po)N-1T > po; i=12,.. (6.8)

Using the normalization relation, ) p; = 1 we get

{(N = 1)Uppo + S}e PF + Wy

Uy + S(1— po)N-1 +(po—1)=0 (6.9)
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where py is the contact probability. We can solve the above equation numerically and obtain

po as a function of S and F. We compare this result with simulation in Fig.

reasonable agreement.
For type B interaction, the time evolution equation will have the form,

d N +

;to = {Uo+S(1—po)N"}p1 — {Wo + Se P} po,

d i — — -

EZ‘ = {Se ﬁFd—}—Wo}pi_] +{Uy+S(1 PO)N 1}Pi—i—l

— {SePH L Wo + Uy + S(1— po)V M} py;

In the same way, we obtain the recursion relation

-

Using the normalization relation, )} p; = 1 we get

Se~PFd 1 Wo
Uy + S(l — po)Nfl

i
) Po, i= 1,2,...

Se—Prd Wy
Uy + S(1— po)N-1

+ (po —

fori > 1.

6.6(a) and find

(6.10)

(6.11)

(6.12)

(6.13)

where py is the contact probability. Solving the equation numerically we can obtain pg for

any general value of S and F [see Fig. 6.6(b)].
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Figure 6.6: Contact probability (pg) as a function of F for rigid barrier with multiple filaments. (a)
Type A: For small F, pg remains close to zero while for large F, it increases with F and

saturates to 1/2. (b) Type B: Unlike type A, at F = 0, the value of

po increases as S

decreases. For high value of S, py starts from small value and then increase with F which
finally saturates to 1/2. Points are simulation results and lines are analytical predictions.

We use N = 20 here. Other simulation parameters are as in Table 2.1.

For type A dynamics, the expression for the barrier velocity can be written as

V(F) = d[NpoUpe P+ S{e P — (1 - po)™}]
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The terms in Eq. 6.14 have similar explanations as given in Sec. 6.2.2. The last term cor-
responds to the situation when no filament is bound to the barrier, which is required for
downward movement of the barrier. After substituting for po, we compare the resulting ex-
pression for V(F) against simulations in Fig. 6.5(a). We find that for S < 1 the agreement is
reasonably good but for S >> 1, there is deviation between the two results. In our analytical
calculation, we have used the assumption that the filaments are independent. This is not
strictly true, since the barrier induces an effective coupling between the filaments and for
large S the effect of this coupling can not be neglected any more. This is the reason of the
mismatch between analytical and simulation results for large S.

Note that in Eq. 6.14 the first term dominates in the limit of small S and unlike in the
single filament case, when py >~ (1 — Wy/Up) ~ 1/2 in that limit, the contact probability for
the multiple filament case increases with F (see Eq. 6.9). Thus even for small S when barrier
dynamics can be almost ignored, the force-velocity curve is not a simple exponential (or
convex). In fact few simple algebraic steps from Eqgs. 6.14 and 6.9 show that V(F) stays almost
constant for small F and decreases rapidly as F increases. In other words, the force-velocity
curve is concave. In other words, the difference in the behavior of the contact probability is
responsible for the difference with the single filament case.

For type B, since there is no bound filament polymerization, and only the last two terms
in Eq. 6.14 survive. We compare the analytical results with numerics which show good
agreement for small S. The contact probability pg in this case shows a weaker dependence
on F and for a wide range of F, it remains close to 1/2 (see Fig. 6.6). Then the last term is a
constant and V(F) becomes almost exponential and hence convex. As § increases, po shows
stronger F-dependence, and the F-dependence of the last term cannot be ignored any more.
The curve thus deviates from exponential and actually becomes concave.

The stall force F; for multiple filament case also show different behavior for type A and
B. For type A model, F; decreases with S while for type B, it remains constant (see Fig.
6.7). Similar behavior was observed for the single filament case. From the expression of
V(F), we can calculate F; analytically. For large F, where stalling happens, py is close to
(1—Wy/Up) ~ 1/2 for all values of S (see Eq. 6.9). Equating V (F;) to zero gives, for type A

case

e g () (14 M0 619

which explicitly depends upon S.

For type B, the expression for F; turns out to be,

F = é\; In ( uo) (6.16)
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which is independent of S. We plot F; as a function of S for both the cases and compare our
analytical results with numerics. Our analytical expression show good agreement. We also
note that the saturation value of F; for type A is close to that for type B as S >> 1. Thus,
similar to the single filament case, in this case also, for S >> 1, both the models show the

same behaviour.
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Figure 6.7: F; as a function of S for multiple filaments with rigid barrier. We note that for type A, Fs
decreases with S while for type B, F; remains constant with S. Lines are analytical predi-
cations that matches well with the numerical data. We use N = 20 here. Other simulation
parameters are as in Table 2.1.

From Egs. 6.15 and 6.16 we also see that the scaling of stall force on the number of filaments
is different for type A and B models. While for type B, stall force scales linearly with N, for
type A there is an additional logarithmic correction. Note that for a rigid barrier, there is
no shape fluctuation and the entire barrier moves as a whole. This means for type A model,
whenever a bound filament polymerizes, pushing the barrier up, all other bound filaments
immediately becomes free. Thus an effective interaction is induced among the filaments. For
type B model however, there is no bound filament polymerization and this effect is not there.
In this case the stall force increases proportionately as N is increased. An absence of linear
scaling between F; and N has also been reported in earlier studies [19, 29] and was explained
by using effects like ATP hydrolysis of actin monomers. Here, we have shown similar effects
but from a different origin. We plot F;/N as a function of N for different values of S and
compare with our analytical expressions in Fig. 6.8. The main plot is for type A while the
inset is for type B. We note that for type A, the curve for larger S is always below the
curve for smaller S, which is consistent with our earlier observation (Fig. 6.7) that stall force
decreases with S. For type B, on the other hand, all the curves fall on top of each other,
because in this case, F; is independent of S. We also note that, in the limit S >> 1, curves

for type A and B become similar.
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Figure 6.8: F;/ N as a function of N for rigid barrier. Main plot is for type A and the inset is for type
B. For type A, The variation of F; with N deviates from linearity and also depends on S.
For § >> 1, the deviation is smaller. For type B, F;/N remains constant with N and the
variation is independent of S. Our analytical predictions matches well with the numerics.
Simulation parameters are as in Table 2.1.

63 KPZ BARRIER MODEL

In Chapter 2, we had studied KPZ-barrier with type A interaction. In this section, we will
study the comparison between type A and B interactions for the same model. In the earlier
case (Chapter 2), we allow the filaments to push the barrier locally (pushing against a valley)
as well as globally, while the independent fluctuations are restricted to be local movements
(hill-valley flipping) only. For type B interaction, the bound filament polymerization is absent
and since the independent fluctuations are only local, it will give rise to large differences in
the description of these two models. Thus, in order to ensure the other differences remains
minimal, in the present case, we ignore any global movement of the barrier for type A
interaction. Thus, for type A interaction, the dynamics shown in Fig. 2.1(a), 2.1(c) and 2.1(d)
are allowed while for type B interaction, only the dynamics 2.1(c) and 2.1(d) are allowed.
The simulation technique is same as described in Chapter 2. We only discuss the results
for single filament here. For multiple filaments also, we note the same qualitative behaviour
(data not shown).

We find that the barrier velocity is systematically higher for type A compared to type B
model, as expected. However, in this case the main qualitative difference between the two
models is observed only in the dependence of stall force F; on S. In Fig. 6.9 we show that for
type A stall force decreases with S and for type B it stays constant. This is consistent with
the data shown in Fig. 6.4 for rigid barrier. For KPZ barrier, many other quantities like Vj,
force-velocity curve, while quantitatively different for type A and B models, show similar

qualitative behavior. The reason can be explained in the following way. Although bound
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filament polymerization is allowed for type A model, this process happens only when there
is a valley present at the binding site. The probability for such an occurrence is low. Most
of the time the binding site sits on a local hill and when in contact with a filament, that
hill cannot even flip to a valley. Thus even though type A model allows bound filament
polymerization, most of the time this polymerization does not take place and the mechanism

then becomes effectively similar to type B.
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Figure 6.9: F; as a function of S/L. We note that for type A, the stall force decreases with S/L. For
type B, the stall force remains constant with & /L over a wide range of S/ L. For very large
S/ L, E for both the cases saturates to the same value. Here we use L = 64, N = 1. Other
simulation parameters are as in Table 2.1.

64 ELASTIC BARRIER MODEL

In this section, we discuss the difference between type A and B dynamics for an elastic barrier
model which is studied in chapter 3 (Gradient Model). The dynamics and the simulation
techniques are same as described in chapter 3. For type A interactions, all the movements
shown in Fig. 3.1 are allowed while for type B interaction, the dynamics shown in Fig. 3.1(c)
is not allowed. We only present the results for single filament here and note that for multiple

filaments also, the qualitative nature of the results remain same.

6.4.1 Variation of Vo with S/L

For yu = 0, there is no energy cost for creating local protrusions or height gradient on the
membrane. Apart from the binding sites, all (L — 1) membrane sites undergo equilibrium
thermal fluctuations in this case and the time-averaged local velocity of the membrane is
zero at all these sites. Only the binding site feels the presence of the growing filament: for

type A interaction, the filament pushes at the binding site and gives it a non-zero velocity
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while for type B interaction, the filament blocks downward movement of the binding site
and thus imparts a velocity to the membrane. Following similar steps as done in the rigid

barrier case, it is easy to show that for type A model, Vy = d(Uy — Wp)/L, which does not

depend on S, and for type B model V) = %%, which has an explicit dependence on S.

/D
This behaviour is same as the rigid barrier case with S replaced by S/L in this case. In Fig.

6.10 we show the comparison with simulation data.
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Figure 6.10: Velocity at 4 = 0 as a function of S/L for elastic barrier. For type A, we note that the
velocity for ;1 = 0 remains constant with S/L. The value is Vy = d(Uy — Wp) /L. For type
B, unlike type A, velocity increases with S/L and saturates to a value d(Uy — Wy)/L,
same as the velocity for type A. We use L = 64 for both the cases. Other simulation
parameters are as in Table 2.1.

6.4.2 pu — V curves for different values of S/L

In Fig. 6.11 we plot u — V curve for different values of S/L. The y — V data for type A
interaction were also presented in Chapter 3. For both type A and B dynamics, the curve
shows a peak for S/L = 1 and becomes monotonic concave curve for S/L > 1. However,
as §/L becomes smaller than unity, the curve becomes convex for type A and for type B
the curve continues to show a peak and the peak position does not depend on S/L in this
regime. So the main qualitative difference in this case is obtained for small values of S/L
when the membrane dynamics is much slower than the filament dynamics. Since for very
large S, the difference between type A and B ceases to exist, we find concave y — V curves
for both models in this limit.

In order to explain this difference, we measure the relative contribution of Vj;,; and Vy,
towards the average membrane velocity. In Fig. 6.12 we plot (L_Vf% ata fixed y < p* asa
function of S/L. When this ratio is close to 1, that means both binding site and bulk sites

have comparable contribution, but if the ratio is much larger than 1, bulk site contribution
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Figure 6.11: u — V curve for different values of S/ L for elastic barrier. We have scaled V by maximum
velocity Vj;ax to compare them in the same scale. (a) Type A: For S/L ~ 1, the y — V curve
is non-monotonic with a peak at y = u*. As S/L increases, the peak shifts towards to
smaller value of i and finally the curve becomes concave for S/L >> 1. For S/L << 1,
the curve is convex. (b) Type B: In this case, unlike the previous case, we do not have any
convex curve even for §/L << 1. For all the above plots, we have used L = 64. Note that
for S/L >> 1, both the cases show a concave y — V curve. Other simulation parameters
are as in Table 2.1.

can be ignored. Our data show that for type A model, the ratio increases as §/L decreases,
meaning for small §/L binding site velocity dominates. Since, Vj;,,4 falls monotonically with
# (Chapter 3), the average velocity also falls monotonically. For type B, on the other hand,
the ratio remains close to 1 even when §/L << 1 and due to non-monotonic variation of

Vipuik with u the y — V curve remains peaked in this case.
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Figure 6.12: Variation of (L_Vf% with §/L for elastic barrier. For type A, we note that as S/L

decreases, the value of (LY{”% increases which means that the contribution of binding
site to the total velocity increases in comparison to the bulk sites. Thus, the nature of
i — V curve changes to convex for S/L << 1. Here we use p = 0.87pN which is less

than p*. For type B, as S/L decreases, the value of % does not vary much. Thus,

even for S/L << 1, the terms Vj;,y and Vj, ¢ remain comparable and the p — V curve
remains non-monotonic. Here we use y = 0.26pN. For both the models, we use L = 64.
Other simulation parameters are as in Table 2.1.
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6.4.3 Variation of y* with S/L

In chapter 3, we have seen that y* decreases with S/L for type A interaction, but for type
B, the variation of y* as a function of §/L is different. We note that for type B, the peak
position in the elasticity-velocity curve remains fixed over a wide range of S/L < 1 (see
Fig. 6.13). In Sec. 3.3.3, we have calculated analytically the variation of u* with S/L for type
A (see Eq. 3.6). The same behavior can also be explained by the force balance at the tip of
filament. Note that for the rigid barrier case discussed in Sec. 6.2.3, the balance between
polymerization force and externally applied force is reached at the point of stalling and we
can therefore use the expression for F; calculated in Sec. 6.2.3 for the polymerization force
generated by the filaments, even in the case of an elastic barrier. The only modification in
this case is for type A model, where there is an explicit S dependence of F; (see Eq. 6.5),
one must replace S by S/ L because unlike a rigid barrier, the whole elastic barrier does not
move as a single unit and height fluctuations take place at each of L sites on the barrier. This

gives for type A

1 Uy — Wp + 28 AU Wo($)?
= ZnK L><1—¢1— L )] (6.17)
T 2 28 E(Uy — Wo +23)2
and for type B
s L (Y
y _2/sd1”(w0>' (6.18)

Our data in Fig. 6.13 shows good agreement with this calculation. This plot shows that for
type A, as S/L is increased, p* decreases and for type B it remains constant. The data for
type A appeared earlier in Chapter 3. Note that although the y — V' curve becomes monotonic
for type A model in the limit of small §/L, one still has a finite u*.

In this section, we have studied the comparison between type A and B interactions using
the gradient model for the barrier, which is studied in Chapter 3. In Chapter 4, where we
have studied the Gaussian model, the elastic energy of the barrier is proportional to square of
the local height gradient [26, 70]. In this case, we find only quantitative difference between
type A and B dynamics (data not shown here), and qualitative behavior remains mostly

similar.

6.5 CONCLUSION

In summary, we have studied the force generation by a set of parallel actin filaments growing

against a barrier by considering two models for the filament-barrier interaction. In type A
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Figure 6.13: Variation of u* with S/L for elastic barrier. For type A, u* decreases continuously with
S/ L. For type B, u* remains constant for a wide range of S/ L. Our analytical predictions
matches well with the numerical results. Simulation parameters are as in Table 2.1.

model, the filaments can push the barrier and grow, while in type B model, the filaments
can grow only when thermal fluctuations of the barrier position creates a space for growth.
It is clear from the definition of the two models that in identical conditions, the velocity of
the barrier in type A model cannot fall below that in type B model. We also find important
qualitative differences between the two model types. We demonstrate these differences for
three barrier dynamics: Rigid barrier, KPZ barrier and elastic barrier. In all three cases, we
find that the main differences between type A and B models are manifested in the way
various properties depend on the relative time-scale S between the filament and barrier
dynamics. In the limit of very large S, when the thermal fluctuations of barrier position
are much faster than filament (de)polymerization, we find type A and B models become
similar. In this case, since the contact probability po becomes negligible, the filaments grow
freely most of the time without pushing the barrier even for type A interaction. Thus, in this
limit, the two models yield same results. However, for small and moderate S values, we find
significant differences.

The competition between polymerization force of the filaments and the opposing force
exerted by the barrier shapes the underlying physics of the system. For a rigid barrier and
a KPZ barrier, this opposing force is described as an external force that tends to move the
barrier downward, while polymerization force coming from the filaments is pushing the
barrier upward. The point of balance between these two forces is achieved at stalling, when
the barrier velocity vanishes. For an elastic membrane, the competition between the two
forces plays out in a different way. In this case, the elastic force of the barrier tries to maintain
a flat shape of the membrane, while filament polymerization tends to create protrusions on
the membrane. The point of balance in this case is u*, when the binding site and bulk site

velocities become equal. We show that for all three barriers, the point of balance depends
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on S for type A model: The stall force F; (for rigid and KPZ barrier) and p* (for elastic
barrier) decreases with S and saturates to a constant value for large S. For type B models,
we find that F; and p* remains independent of S. In other words, when the bound filament
polymerization is not allowed, the polymerization force is insensitive to the time-scale of
thermal fluctuations, but when the bound filaments can actively push the barrier and grow,
the polymerization force decreases as the barrier dynamics becomes faster. On the contrary,
when there is no opposing force offered by the barrier, i.e. F = 0 or # = 0, the two models
show opposite behavior. For type A models, in this limit there is no difference between free
and bound filament polymerization rate, and the barrier velocity Vj in this case does not
depend on S for rigid and elastic barrier. However, for type B models, since bound filaments
cannot polymerize, polymerization process still has to wait when thermal fluctuations create
a space for growth and hence V} for type B models increases with S.

Our study shows that while modelling force generation of actin filaments, it is important
to consider what type of filament barrier interaction should be included in the model. The
seemingly minor details like whether bound filament polymerization is allowed or not, may
give rise to qualitatively different outcomes. Based on the results we have presented here, it is
also possible to perform experimental measurements to decide which type of model would
be suitable in a given situation. The relative time-scale between the barrier and filament
dynamics may be varied by controlling the free filament polymerization rate which depends
on the concentration of monomers in the medium. By directly measuring the variation of
quantities like stall force, or force-velocity curve as a function of this time-scale, it should be

possible to decide the suitability of a particular model type.
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