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Abstract

Actin proteins polymerize into many different filamentous structures within
individual cells. These actin structures coexist, each playing a significant role in the
function of cells. The biophysical basis of this competition however remains an area in
need of further investigation. In fission yeast actin patches (nucleated by the Arp2/3
protein complex) and actin cables (polymerized by formin proteins) coexist and regulate
endocytosis and cell tip growth, respectively. The available quantitative data and the
existence of only two distinct actin structures offer the possibility of using fission yeast as
model system to develop quantitative mathematical models to study the interdependence
of actin cytoskeleton structures in cells. Recent experimental studies have shown that actin
patches and actin cables compete for the same pool of monomeric actin under the regulation
of many proteins such as profilin, fimbrin, cofilin, and tropomyosin. To quantify this
competition, we developed a mathematical model using a set of differential equations. The
model incorporates the most important regulatory factors revealed by prior experiments
while using a minimal set of parameter values. In the model actin can be distributed in
three pools: patches, cables and cytoplasm. The Arp2/3 complex contributes to patch
nucleation and is consumed in patches. Fimbrin and cofilin incorporate in patches and
cables and regulate patch and cable lifetime. Profilin binds to actin monomers in the
cytoplasm and regulates the elongation rate of actin filaments in cables.

The model captured the main qualitative and quantitative trends in several prior
experimental studies, such as the observed increase in ectopic actin filament bundles upon
treatment with the drug CK-666 that disassembles actin patches. It can also capture the

change in actin patches and actin cables upon underexpression/overexpression of actin, in



combination with CK-666, as well as the increase in actin patch number in cofilin and
formin mutants. The model can also describe the change in patch number in experiments
of profilin overexpression. The model provides predictions that can be tested in future
experiments and illustrates the degree of complexity of mutual dependencies among actin
cytoskeletal structures.

The development of actin structures of different structure and morphology depends
on many proteins that regulate the dynamics of actin filaments, such as their length, lifetime
and binding interactions. In particular, several actin filament side-binding proteins can
sever, stabilize or bundle actin filaments. In this study we focused on three of these
proteins, namely tropomyosin, cofilin and fimbrin, which are found in many actin
cytoskeletal structures. Recent in vitro studies have shown that their actin side-binding
dynamics are affected in the presence of each other. In order to study the kinetics and
organization of these competing binders along actin filaments, we use stochastic
simulations. In the model the actin filament is represented as two independent lattices,
representing the two protofilaments of the actin filament double helix. For simplicity, we
neglected the mutual dependence between the bound proteins of one protofilament to the
other. In accordance with prior in vitro experiments, in our model the binding of a protein
to one or more (for the case of tropomyosin) lattice units excludes the binding of proteins
of different or same type to these lattice units. Taking into account their actin binding
cooperativity properties, we parametrized the model by fitting prior experimental data and
using parameters from previous models. The model reveals the range of concentrations
where one protein dominates against the other from the start of the simulation until

equilibrium but also areas of concentrations where there is a shift of the dominating protein



between early times and equilibrium We find concentration ranges where initially
tropomyosin occupies a large portion of the lattice but then either cofilin or fimbrin
dominate the equilibrium state. In these cases, we find that while initially cofilin or fimbrin
bind in smaller numbers than tropomyosin, they create boundaries that don’t allow for long
stable tropomyosin chains, so in time tropomyosin is being removed by the lattice.
Simulations of actin polymerization that includes tropomyosin, cofilin and fimbrin showed
that fimbrin inhibits the elongation of tropomyosin chains on early times, allowing the

binding of cofilin on sites where the actin filament hasn’t released Pi.



Chapter 1

Introduction to Actin Cytoskeleton in Fission Yeast

1.1 Introduction to Actin Patches and Actin Cables

Actin is one of the most abundant proteins in eukaryotic cells. Actin protein
transitions between monomeric and filamentous forms. In cooperation with other proteins
that bind to, or nucleate actin filaments, it creates large structures that play an important
role in fundamental processes of the cell, such as endocytosis, cell motility and cell division
[1-6]. These actin structures exhibit different architectures, such as bundles, dendritic, and
contractile structures, which coexist within the same cell. A large number of mathematical
and computational modeling based on the biophysical properties of actin filaments,
motivated by a larger number of experiments in vitro and cellular systems, has illustrated
the plasticity and self-organization properties of the actin cytoskeleton into these various
network structures [7-9]. However, how the cell has the ability coordinate the balance
among these structures, which use the similar building blocks, as well as remodel them in
response to perturbations, remains an important open question for cell biology and
biophysics.

Fission yeast, which has three clearly distinct actin cytoskeletal structures, namely
actin patches, actin cables, and contractile rings, has been used as a model organism to
study the cellular abundance, coordination, and competition among actin structures [10].
The actin patches coexist with actin cables during interphase growth while the contractile
ring also forms during mitosis, coexisting with actin patches and actin cables near the ring.

These three yeast actin structures have different architectures because their growth is



initiated by distinct actin filament nucleators, namely protein or protein complexes that
catalyze the formation of a stable nucleus of actin filament, a process that is otherwise very
slow under cellular conditions [4]. Actin patches consist of dense branched short filaments
(~ 50nm) nucleated by the Arp2/3 complex, which binds on the sides of actin filaments,
nucleating filament branches. During interphase, they assemble and localize mainly at the
tips of the cell to promote endocytosis [11, 12]. Actin cables consist of bundled actin
filaments and they are several um in length. The cables are nucleated and polymerized by
formin proteins that have the ability to nucleate actin filaments and modify their rate of
elongation (i.e. polymerization) by remaining attached as dimers to the polymerizing
barbed end of an actin filament. In fission yeast, formin For3 associated to cells tips and
elongates cables towards the center of the cell [13, 14]. One of the biological role of actin

cables is to serve as tracks for transfer of vesicles towards the growing cell tips [15].

Figure 1.1 Actin patches (bright dots) and actin cables (long lines) in fission yeast cells.
Image from [16].
1.1.1 Structure and important Proteins Involved in the Assembly of Actin Patches
and Actin Cables
Actin patches are dendritic-like filamentous network structures involving many

proteins in their formation. They mediate endocytosis and have a lifetime of ~20 seconds



each [17, 18]. In fluorescence microscopy, patches appear as dots localized mainly in the
two tips of the cell (see Figure 1). In a wild type fission yeast cell ~50% of the total actin
in the cell is incorporated in patches [19, 20]. Their assembly starts by adaptor proteins
binding to clathrin, which is attached in the inner surface of the cell membrane [19, 21,
22]. Proteins that activate the Arp2/3 complex are added to this clathrin-adaptor
structure[19, 23]. These proteins enable the Arp2/3 complex to bind to the sides of actin
filaments, creating an actin filament side branch, with the help of ATP-actin monomer[24,
25]. Actin monomers from the cytoplasm can bind and start polymerizing at the barbed end
of the newly created filament. In this way, this process leads to the creation of branched
structures. Capping proteins that bind to the barbed ends block monomer addition and limit
branch growth. Cofilin (Adf1 in fission yeast) binds on the sides of actin filaments causing
them to break [26, 27]. Fimbrin proteins bind to sides of actin filaments and cross-link
them [28]. While the above proteins are believed to be the main regulators of actin patches,
many other regulatory proteins are involved [19].

Actin cables consist of actin filaments bundled together with a thickness of ~10
actin filaments in each cable [29]. They help transfer material to the cell tips for cell growth.
In a typical cell we estimate ~15% of the total actin to be incorporated in these structures
[14, 30]. In fission yeast their formation starts by the formin protein For3 [31]. For3 binds
on the cortex of the cell promoting polymerization of actin filaments, which then, are
bundled by crosslinking proteins [14]. A crucial factor in their polymerization process is
the concentration of profilin protein in the cell. Profilin binds to actin monomers, creating
profilin-actin dimers which are estimated to be captured by formins at a ~5 times higher

rate than actin monomers [32]. The disassembly of actin cables occurs through the



detachment of For3 from the membrane and cofilin binding on the sides of the actin

filaments causing filament severing [31].
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Figure 1.2 Structure of actin patches (top) and actin cables (bottom) and important
proteins involved in their formation. Modified image from [33].
1.1.2 Prior Models for Actin Patches and Cables

While there is no theoretical model that account for the competition between actin
patches and actin cables, the formation and the dynamics of actin and its regulators in
patches and cables have been studied separately. In reference [17], a model at the level of
ordinary differential equations was presented for the formation and disassembly of patches,
involving many important components of patches. One of the main conclusions in this
paper was that severing is the main mechanism for disassembly of actin patches. Figure
1.3 (left panel) shows evolution of patch component numbers versus time when

depolymerization is considered to be independent of severing. As shown in the graph, there
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is a big difference compared to experiments in the time of accumulation of proteins to actin
patches, in particular actin and capping protein disassociate very slowly. Figure 1.3 (right
panel) shows that without severing, the value for depolymerization of actin from the ends
of the filaments had to be extremely increased in order to match the experimental data.
Thus, severing by cofilin, which occurs with higher rate after ATP hydrolysis in the actin
filaments, was proposed as the underlying mechanism of patch disassembly. Other studies
focus on other aspects of patches like the force patches can exert for membrane

invagination [34].
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Figure 1.3 Model for actin patch assembly and disassembly from [17]. Graphs show that
without severing the model either does not match experiment (left) or else requires a too
large rate of actin filament depolymerization (right).

Another study [30] addressed the polymerization-depolymerization cycle of cables
with actin filaments formed by formin For3 using a 3D lattice model accounting for
diffusion of actin in the cytoplasm and actin cable retrograde flow. In this study the

detachment of the formins from the actin cables was assumed to be dependent on the

polymerization of actin , based on experiments by [14], which was shown to be important



in regulating actin cables thickness. Other studies used Brownian dynamics simulations to

model the spatial organization of actin cables in fission and budding yeast[35].
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Figure 1.4 Components of the actin cable model in [30].1) Formin For3 (blue) binds on
the tip of the cell. 2) Formin recruits actin monomers (red) and accelerates polymerization.
3) Actin filaments undergo retrograde flow by growing from the cell tip towards the center
of the cell. 4) Formin detaches from the tip and follows the flow of the actin filaments. 5)
For3 and actin disassociates from the cables. 6) For3 and actin diffuse in the cytoplasm
from which they can be recycled.



Chapter 2
Model of Competition between Actin Patches and Actin Cables

in Fission Yeast

2.1 Motivation and Background

Recent experiments provided data that illustrate the mutual dependence among the
three different actin structures in fission yeast. The role of actin concentration and actin
filament nucleators was investigated by Burke et al. [36]. These authors showed that
inactivation of Arp2/3 complex by drug CK-666 favored the formation of actin -cable-like
structures while genetic deletion of formins For3 and/or Cdc12 increased the number of
actin patches. When the total actin concentration in the cell was about 5 times higher
compared to wild type (WT) cells, this increased the number of actin patches by more than
two times (the change in actin cables was harder to detect). Lowering actin concentration
by about five times compared to WT decreased the number of actin patches by 66% and
lead to a smaller relative decrease of cable-like structures intensity. Interestingly, in the
above studies the intensity per actin patch was not significantly modified compared to WT.
In the actin over-expression experiments, cells didn’t form contractile rings while in the
actin underexpression experiments the percentage of cells with rings was doubled.

Other experimental studies further showed the importance of profilin, cofilin and
fimbrin in the global regulation of the fission yeast actin system. Suarez et al. [37] showed
that changes in the cellular concentration of profilin (which binds monomeric actin and
regulates formin-mediated polymerization) influences the number of actin patches, a result

which, combined with in vitro data, suggested that profilin favors formin structures as
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compared to those constructed by the Arp2/3 complex. Profilin overexpression reduced the
fraction of cells with contractile rings and rescued the absence of contractile rings in cells
simultaneously overexpressing actin to the WT level [37].

Studies have shown that cofilin is strongly associated with actin cytoskeleton. The
presence or absence of cofilin plays a crucial regulatory role in the turnover of the actin
cytoskeletal structures [38]. Cofilin has the ability of binding both actin filaments and
monomeric actin , and is responsible for severing actin filaments in coordination with other
proteins like Aipl. Cofilin localizes both in actin patches and cables and it has been shown
to affect the patch lifetime [39].

Fimbrin is another protein that is closely related with actin cytoskeletal structures.
Fimbrin crosslinks actin filaments and is associated both with patches and cables.
Experiments by Skau et al [18] has shown that deletion of fimbrin in fission yeast cells
increased significantly the lifetime of patches and indicated an increase in the accumulation
of tropomyosin in patches.

Altogether, these observations support the idea that the different types of actin
structures in the cell compete for the same pool of monomeric actin , which is regulated by
proteins such as profilin.

The above results imply that understanding the abundance of each actin network in
the cell requires consideration of actin dynamics occurring at the whole cell level. These
data are demanding of quantitative models that include the most important regulators of
the actin system at the whole cell level. Since cellular perturbations influence multiple
aspects of the whole actin cytoskeletal system, such quantitative models are important to

help interpret the results of experiments, indicate the underlying assumptions, test the
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consistency of proposed mechanisms, distinguish direct from indirect effects, support
intuitive explanations, and provide insights and testable predictions. Prior modeling studies
only considered the dynamics of actin patch and actin cable individually.

While at this point it’s not possible to develop a predictive model of the whole actin
system at the level of individual molecules (both due to missing experimental data and the
early stages of theoretical analysis), here we performed the first step in this direction by
developing a mathematical model at the level of mass-action equations. This model
considers those major components that have been shown to have an altering effect in the
competition between actin structures in fission yeast. The components that we keep track
of are actin , Arp2/3 complex, formins, profilin, cofilin, and fimbrin. These can belong to
the cytoplasm, actin cables or actin patches (Figure 2.1). We provide equations that
describe actin patch and actin cable formation and disassembly, the accumulation of
proteins to these two structures, as well as the binding of profilin and cofilin to free actin
in the cytoplasm. The system satisfies mass balance and is described by differential

equations which account for the partitioning among the different pools (Figure 2.1).
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Profilin O.E

Profilin O.E + Actin O.E

Actin U.E

Wild type

0.1 0.2
Total Profilin in the cell Fimbrin per patch (uM)

Figure 2.1 (A) Schematic showing the exchange of components between different pools.
(B) Assumed elongation rate of filaments formed by formins as a function of the
concentration of cytoplasmic actin and total profilin on the system. (C) Assumed
disassembly rate of patches as a function of the amount of cofilin and fimbrin per patch.
The dots illustrate the predicted steady state of the indicated wild type and mutant cells.

2.2 Mathematical Model and Methods

Actin patches: actin patches are dendritic like filamentous network structures
involving many proteins in their formation. While many proteins participate in patches,
(many responsible for the activation of the Arp2/3 complex that nucleates actin filament
branches), here we attempt a reduced description focused on the important players: actin ,

Arp2/3 complex, cofilin and fimbrin. In this model we assume that actin patches assembly
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is dependent only on the concentration of Arp2/3 complex and the concentration of
monomeric actin and profilin-actin complex. In experiments where the total concentration
of actin was varied, the actin intensity per patch remained approximately the same, even
though the number of actin patches changed [36]. So in our model we consider the number
of actin molecules per patch to be constant and just keep track of the number of patches.
Further, experiments with overexpression of actin [36] and deletion of fimbrin [ 18] showed
that the lifetime of patches increased and even failed to internalize. We hypothesize that
actin patches lacking fimbrin (by deletion or dilution over many patches) were not rigid
enough in order to push the endocytic vesicle towards the inside of the cell where they can
disassemble, away from the region of Arp2/3 complex nucleation. Based on that, the patch
disassembly rate here is considered to have a dependence on the amount of fimbrin per
patch. Further experiments have shown that mutation of cofilin has an impact on the
lifetime of patches [39] and according to theoretical studies, severing of filaments is needed
for disassembly of patches [17]. According to the above assumptions an equation for the

number P of actin patches is:

dP(t) Fimp COfp

PO = (kf G(t) + H((G + Prg) — Fp) Arp(t) — ki (222, 2) p(p), (1)

where G and Prg are free actin and profilin-actin in the cytoplasm, Arp is free Arp2/3

complex in cytoplasm, FimP and CofP is total number of fimbrin and cofilin in actin

patches. The functional form of kp (Fi—;n", %) is shown in Fig. 2.1C and described below.
Parameter Fp is the number of actin per patch and the step function H is introduced such

that patches are nucleated only when there is enough actin and profiling-actin in the
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cytoplasm. The rate constants in this and following equations were determined by various
estimates as described below.

In a typical fission yeast cell there is ~60uM (~10° subunits) of actin and ~3uM
(~5 10*subunits) of Arp2/3 complexes so the values for total actin G, and total Arp2/3
complex Arp (o in the cell are respectively 60uM and 2.5uM [20]. Here and below, the
conversion between numbers of molecules per cell and concentrations use the conversion
factor of [20] that accounts for the excluded volume of organelles. In fission yeast cell we
expect an actin patch to have an amount of 0.42uM (~7000 subunits) of actin and 0.018uM
(~300 subunits) of Arp2/3 complexes [19]. In order for ~35% of total actin in the cell to
be incorporated into actin patches [20], and considering the amount per patch from [19],
we assume that in the steady state of the wild type cell there are 50 patches which falls
between ~35 patches reported in [36] and ~70 patches reported in [40].

In the wild type steady state, patches have a lifetime of ~20 seconds [18, 36], thus

we assume the disappearance rate of patches in the wild type steady state to be 0.05 s~1.

In order to find an expression for the disappearance rate of patches, kp (Fi:lp , C(;fp), first

we use data from [18, 36] showing that when actin is overexpressed by ~5 times or fimbrin
is deleted, the lifetime of patches is doubled while actin underexpression by ~5 times
doesn’t affect patch lifetime. In experiments with temperature sensitive cofilin mutant
cells, patches have a much longer lifetime (~30 mins) in the restrictive temperature [39]
compared to wild type cells (~20 seconds), indicating that cofilin is necessary for patch
internalization. We thus assume the following phenomenological expression that matches

the limit of fimbrin deletion and sets the rate to zero in the absence of cofilin:
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. Cof
kp (Flmp COfP) = <1 — 2<1(1—)> (1- g~(100 TP)) This expression is plotted in

P’ P M)m
0.03

Figure 2.1C.

Actin cables: actin cables consist of actin filaments bundled together with a thickness of
~10 actin filaments per cable [29]. In this study, we considered the amount of actin
incorporated in cables and not the actual structure of the cables. Thus, we consider
individual actin filaments elongated by active formin For3 at the cell tips, the number of
which is dynamic. Every formin elongates a filament with the same rate and this rate has a
dependence on the cytoplasmic free actin , profilin-actin and total profilin Pr, in the cell,
J* (G, Prg, Pryor). Regarding the disassembly rate of filaments formed by formins, we

assume that it occurs with a rate that depends on the number of cofilin per actin filament,

k¢ (Co—cfc) , where Cof( is total cofilin bound to cables and C is number of polymerizing

. . _ (Cof
actin filaments in cables. We assumed k¢ ( % <

_ —(100%) . .
=1-e ¢ /. Here, since the precise

dependence of disassembly rate on cofilin concentration in cells is unknown, we assumed
it has a similar functional dependence on the disappearance rate of patches, even though
these two expressions represent different effects (turnover of whole actin patches that
requires internalization versus depolymerization of individual filaments in cables).
Denoting Fc the number of actin polymerized by a single formin in cables, the equation

describing the incorporation of actin in For3-formed filaments is:

COfC

dF _
T = J#(G, Prg, Prioe) — kg (55 Fe (D), 2)

where
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Priot (Prtot)o.ss

J*(G, Prg, Prigy) = k (G(t) + Prg(t)) (e ©5vM + 1 uM ™! Pryg e 1suM

) (3)
This phenomenological expression of the elongation of filaments in cables as a function of
the concentrations of actin , profilin-actin complex and total profilin in the cytoplasm is
showing in Figure 2.1A [41, 42]. By placing the values of the concentrations G, Prg and
Pri,: We estimated previously in this section in equation (3) a value of the rate constant k
= 0.0007 1/s is required to satisfy the steady state. This value gives a polymerization rate
of ~100 sub/s at steady state, consistent with [14].

The number of polymerizing For3 formin dimers at cell tips, Foryp,, obeys

dFortjp (t)
dt

Foryg
= Kory, For(t) = J* (G, Prg, Prig) (—o2) (@)

where For(t) is formin dimers in cytoplasm and ptip, which represents the average amount
of actin processed by the formin before it gets detached from the tip and has a value of 0.12
uM corresponding to 2000 monomers polymerized per formin The rate formins get
detached from the tip of the cell and stop polymerizing filaments is proportional to their
elongation rate, as described by prior experiments and modeling [14, 30]. By placing the
values of the concentrations Foryp, For(t), the filament polymerization rate by formins
J* (G, Prg, Pryot) and processivity prip, we found a value kf;ortip: 0.0035 1/s is required to
satisfy the steady state.

The estimated amount of incorporated actin in cables is ~15% of total actin in the
cell. Assuming that each filament elongated by formin in WT cells is ~4 um and knowing
that an actin monomer is ~2.7 nm [43], we estimate that every formin-formed filament has

about 1500 (0.09 uM) actin monomers. To account for 9 uM (~15% of total actin ) of actin
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in cable filaments, there must be 100 formins elongating filaments at the tips of the cell.
Based on the above each actin filament on the cables accumulates 0.09 uM of actin in the

WT state.

Active formins in the cytoplasm: Formins can form spontaneous actin filament nuclei
and elongate filaments in the cytoplasm [44], an effect that is potentially important under
actin overexpression conditions. We assume the number of polymerizing formins in the

cytoplasm, For.y, increase by recruitment of either two free actins or one actin and one

1
uMZ? s

profilin-actin with kf, = 7107° [45]:

dForcy(t) or.
Olty = = Kiore,, For(t) (G2(t) + Prg(1) G(t) — J* (G, Prg, Preoy) ( :Zyit) (5)

We consider the unbinding of formins from filaments in the cytoplasm to be of the same
form as the equation of formin inactivation in the tips of the cell in Equation (4), with
parameter peyt representing the average amount of actin processed by the cytoplasmic
formin before it gets detached from the tip. Because the value of pcyt is unknown and there
IS no evidence suggesting otherwise we choose for pcy: to have the same value as ptip. The
equation describing the rate that actin is accumulated by active formins in the cytoplasm is

the same as for formins at the tips of the cell, Equation (2).

Spontaneously nucleated filaments: In order to account for the number of spontaneously
nucleated filaments we consider the formation of actin nuclei. We consider that actin

filaments, with number Ng,, can occur with the formation of a nucleus formed by three

Sp’

actin monomers or two actin monomers and a profilin-actin on the barbed end [42, 46]:
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dNgp (1)

S = ki, * (G°(0) + Prg(0) * G* (1)) — keap * Nsp (D) (6)

We consider the nucleation rate to be the same for an actin trimer nucleus as for a profilin-

actin complex and an actin dimer nucleus too. The rate of nucleation has a value of kﬁsp =

107°

TS [42] and spontaneously nucleated filaments to cap with a capping rate of K¢y,

= 0.2 1/s [17], a typical value for capping rate in cells [40]. We assume these filaments

grow primarily by addition of actin and profilin-actin at their barbed ends with rate constant

k;fsp= 0.006 é corresponding to a polymerization rate constant of 10 ﬁ [47, 48]:

dFsp (1) _

20 = ki, * (G(O) + Pro() — ki, (Co) * Fyp (1) (7)

Fsp

where Fg, is actin per spontaneous nucleated filament. Here, the disappearance rate of these

filaments is of the same form as the cofilin-induced disassembly of cable filaments in

Equation (2), with Cofgg, being the cofilin bound to spontaneous nucleated filaments and

k., (0 = kg ().

Fimbrin: fimbrin proteins bind on the sides of actin filaments and cross-links them [28].
Based on images where fimbrin was tagged with fluorescent protein [19] we assume that
most of fimbrin in the wild type steady state is incorporated in patches ( Fimp), while there
is also a part of it incorporated in cables (Fimg,,) and some of it in the cytoplasm (Fim).
According to this assumption, we have the following equation for fimbrin incorporated in

patches:

dFimp(t)

dt = k;imp Fim(t) P(t) FPfree(t) - kl;imp FimP(t) , (8)
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where Fpee(t) is the amount of free binding sites per patch:

Fpiree(t) = Fp — (Fimp(t) + Cofp(t))/P(1).

For fimbrin in formin-formed filaments, Fimg,, we have:

dFimper(t . _ .
lmd—Ft() = k;impor Flm(t) Fc(t) (Fortip (t) + Forcyto(t)) FForfree(t) - kFiml:or FlmFor(t): (9)
where Fgoreree (t) is the amount of free binding sites per filament formed by active formins:

Fefree () = Fe — (Fimgg (1) + COfFor(t))/(Fortip(t) + Forcyto(t)) .

For fimbrin bound to spontaneously nucleated filaments, Fimg,, we have:

dFimgp ()

at = k;imSp Fim(t) Fsp(t) Nsp(t) Fspfree(t) - kEimsp Fimg, (© (10)

Where Fgpfrec(t) is the amount of free binding sites per spontaneously nucleated filament:

Fspfree(t) = Fsp - (Fimsp(t) + COfsp(t))/Nsp(t) (11)

In order to find the above rate constants of fimbrin association and disassociation with actin
patches and actin cables we estimate that in the wild type steady state there is 60% of total
fimbrin incorporated in patches, 20% in cables and 20% in the cytoplasm. According to
measurements from [20] we expect that in a fission yeast wild type cell there is ~ 5uM
(105 subunits) of total fimbrin in the cell. These estimations combined with the number of
patches are also in good agreement with the estimate that there is ~900 (~0.054uM) of

fimbrin per patch in [19]. Fimbrin’s association with patches and formin formed filaments
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should last less than the lifetime of these structures, so we choose the dissociation rates to
be of the order of some seconds: kg, = KFimg,= 0.1 s~1. By applying the steady state
condition, we find the association rate constants kf!imp and kf!impor. We assume that the
binding rate constant of fimbrin to spontaneously nucleated filaments has the same value
as for the formin formed filaments ki, = kfim . By placing the values of the
concentrations Fim(t), Fpgeee(t), Fimp(t), the number of patches P(t), and the dissociation rate
krim, We found a value kg,,,= 0.035 pM~'s™! is required to satisfy the steady state.

Similarly, we find ki, =0.02 uM~1s™1,

Profilin: In this model, profilin has a double role. It binds actin monomers forming actin -
profilin complexes which increase the elongation rate of filaments nucleated by formins
but also deprives the amount of actin monomers activating Arp2/3 complex [37] through

equation (1). The equation describing binding of profilin monomers to actin monomers is:

dPrg(t -
16O = e Pr(9) G(Y) — Ky Pro(®) (12)

In this work, in accordance with [37] we assume a total of 16 uM of profilin in the

cytoplasm of the cell.

Cofilin: Cells expressing fluorescent cofilin had ~200uM concentration in the cytoplasm
and ~6000 units per patch. This was under conditions where the cytoplasmic concentration
of fluorescent cofilin was ~10 times more than cofilin in WT cells [21]. Therefore, we
choose the value of the concentration of the cytoplasmic cofilin in the model to be 20uM.

Knowing that cofilin was overexpressed in cofilin fluorescent cells we estimate the number
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of cofilin per patch to be less than 6000 cofilin units and we choose the value of 3000 units
per patch or 0.18 uM. To our knowledge there are no measurements of the amount of cofilin
in actin cables. Thus, we estimate this value according to the ratio of actin in patches and
cables and we use the same ratio for active formins in the cytoplasm and spontaneously
nucleated filaments. Thus the value of cofilin in the cables is 4.2 uM or 0.042 uM (~700
units) per filament elongated by formin. The incorporation of cofilin in patches, formin

formed filaments and spontaneously nucleated filaments is described by the equations

below:
2RO = et o, COF(D) P(D) Fprree () — Kgop, Cofp(8) (13)
200 K tpr CORE) Fepree(t) (Forp(8) + Foreyo (t)) — Keogyy, Cofeor(® (1)
% = ko, COF(E) Fyp(t) Nep (1) Fptree(t) — Ko, , Cofsp (1) (15)

Cofilin does not bind only on filamentous actin but also monomeric actin [49]. To our
knowledge cofilin-actin dimers cannot be incorporated into actin patches or actin cables.
Thus there is an amount of monomeric actin reserved from patches and cables. To describe

the binding of cofilin to monomeric actin, Cofg , we use the equation below:

dCofg(t)
dt

= ko6 Cof(t) G(t) — Kgosq Cofg (D) (16)

Conservation of mass
As our system is closed, in order to conserve the quantities, we introduce the equations

below:
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Gior = G(t) + Fp P(t) + F¢(t) (Forgp (1) + Forgyyo(t)) + Prg(t) + Cofg (1) (17)

Arpyor = Arpp P(t) + Arp(t) (18)
Fimyoy = Fimp(t) + Fimg,,(t) + Fimg, (t) + Fim(t) (19)
Priot = Pr(t) + Prg(t) (20)
Cofior = Cof(t) + Cofg(t) + Cofp(t) + Cofpe (1) + Cofgp (1) (21)
Foryot = Foripactive (t) + Forcyto ® + Fory, ® (22)

In order to find the amount of cytoplasmic actin , profilin-actin , cofilin-actin , active
cytoplasmic formins, spontaneously nucleated filaments, inactive formins, free profilin and
free cofilin in the wild type steady state we solve the system of equations
3,5,6,7,11,15,16,21 and use the known affinities of profilin and cofilin for monomeric actin
, Kap= 0.1 uM and Kacotc= 0.08 uM. [49]. To calculate the steady states of the system for
the simulating conditions in Figure 2.2, Figure 2.3, Figure 2.4 and Figure2.5, we wrote a
java code implementing Euler’s method for the above equations and used a time step of dt
=0.001. In all the runs, the wild type steady state was unique and the same as the long time

steady state solution of the differential equations over time.

Component Value

PWT (patches in W.T) 50 units actin patches paragraph
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For¢ (formins elongating filaments) 100 units actin cables paragraph

Fimy'™ (fimbrin in patches) 3uM fimbrin paragraph

Fim‘CNT (fimbrin in cables) 1uM fimbrin paragraph

Fim"“T (cytoplasmic fimbrin) 1uM fimbrin paragraph

Fim.; (total fimbrin in W.T) 5uM [12]

Arp,, (arp2/3 per patch) 0.018 uM [11]

Arpo: (total arp2/3) 3 uM [12]

Fp (actin per patch) 0.42 uM [11]

F‘CNT (actin on filament in W.T) 0.09 um actin cables paragraph

Prio¢ (total Profilin in W.T) 16 uM [21]

PrXVT (Cofilin bound to monomeric actin) | 9.2 puM profilin paragraph

Go¢ (total actin in W.T) 60 uM [12]

GWT(cytoplasmic actin) 0.4 uM conservation of mass paragraph
Cof VT (cofilin in patches) 4 uM cofilin paragraph

Cofé’vT (cofilin in cables) 2 uM cofilin paragraph

Cof VT (cofilin bound to monomeric actin ) | 1.2 uM cofilin paragraph

CofWT (cytoplasmic cofilin) 22 uM cofilin paragraph

Cofio (total cofilin) 37 uM conservation of mass paragraph

2.3 Simulations and Comparison to Experiments
Variation of total actin in the system
In a system like the above it is possible to have multiple steady states and we

checked for this possibility. This check was performed for all the cases of Figure 2.3,
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Figure 2.4 and Figure 2.5. In order to do this check we used the Matlab numerical solver
vpasolve, which can pick random initial conditions from a range of values specified by the
user. Over a range of different initial conditions for patches, cables, profilin-actin and
cofilin-actin(the rest of the components are dependent) without exceeding the total amount
of actin, profilin and cofilin the system creates a volume of ~2.5 10° initial conditions.
Running vpasolve for 5 10° times which gives a resolution of 5 units in the volume of
possible initial conditions, we found that the system rests at the same steady state. Knowing
that there is only one steady state the next step was to alter the value of total actin and look
at the resulting behavior of the system (Figure 2.2). In cases where we decrease the value
of total actin by five times (from now on actin U.E.), patches incorporate more actin than
cables, while in cases where the total actin is increased by five times (from now on actin
O.E.), cables are accumulating most of the actin . The change of abundance of actin in these
two structures has to do with the limited number of Arp2/3 complexes in the system. With
a certain number of Arp2/3 complexes needed for every patch to get assembled, after some
point there is not enough amount of Arp2/3 complex and the production of more patches
stops. Thus, in actin O.E condition, cables are left alone without a competitor for
monomeric actin and they consume the majority of free cytoplasmic actin.

The change in the abundance of patches in the model is in good qualitatively
agreement with the number of patches reported in experiments of the same actin conditions
as the ones simulating in this work [36] (Fig. 2.2C). Accumulation of actin in cables on the
other hand seems to have a different behavior in simulations and experiments from [36].
The measured fluorescence coming from cables in experiments is about the same in all

three actin conditions while in our simulations the amount of actin accumulated in cables
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is significantly different. One possible origin of the difference between experimental
quantifications and simulations is the lack of bundling of actin filaments in cables. This
may occur as a result of lack of enough fimbrin and other crosslinking proteins to connect
the filaments elongated by formins into bundles. These proteins may accumulate in the
numerous patches and thus actin filaments polymerized by formins may not have a
sufficient number of crosslinkers. Thus, they may not have enough intensity to be observed
as single filaments by fluorescence microscopy. Indeed, if under actin O.E conditions the
accumulated actin in cables is the same as in the WT then this would imply a huge leftover
of cytoplasmic actin that cannot be explained by the experimental images in [36]. Another
possibility is that the numerous patches under actin overexpression conditions obscure

detection of actin cables.
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Figure 2.2 A) Values of all the components of the model in steady state in the three actin
conditions (actin U.E , actin W.T and actin O.E). In this and following figures, all
parameters are in units of M, except the three indicated curves for formins elongating
filaments in cytoplasm, at cell tips and spontaneously nucleated filaments that are shown
in absolute numbers (using the same number scale). B) Percentage of the total actin of
every component incorporating actin . C) Comparison of normalized number of patches
(blue) and experimental data (red) from [36], in the three actin conditions.
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Simulating inhibition of Arp2/3 complex

To further study the behavior of this system we set the number of activated Arp2/3
complexes to zero, mimicking the response of WT, O.E and U.E cells to treatment by large
doses of drug CK-666 in [36] (Fig. 2.3). This stops the assembly process of patches, leaving
cables, formins elongating filaments in the cytoplasm and cytoplasmic filaments as the
only structures incorporating actin. In this condition formins take advantage of the absence
of patches and we see a growth of the actin accumulated by them. In figure 2.3 A we see
that according to different actin conditions the components that benefit the most from the
depletion of patches are different. In the actin U.E condition the component that benefits
the most is cables as the actin being releasd from patches is not enough to see a rise for
filaments from cytoplasmic formins and formins at the tips capture actin faster than profilin
and cofilin at these conditions. In actin W.T state while both cables and cytoplasmic
formins accumulate actin , cofilin and profilin capture the most. In actin O.E cytoplasmic
formins is the only component that benefits from the big amount of actin released from
patches. This is happening because there is no reserve of cofilin or profilin to bind on the
released actin and cables are in a state where formins at the tips have reached almost an
equilibrium in terms of polymerization and detachment. The accumulation of actin by
cytoplasmic formins comes doesn’t come from a higher polymerization rate but because

there are more cytoplasmic formins elongating filaments.
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Figure 2.3 A) Values of all the components of the model where inhibition of the activation
of Arp2/3 complex is simulated in all three actin conditions. The two black curves for
formins elongating filaments in cytoplasm and at cell tips that are shown in absolute
numbers. B) Comparison to experimental data (black) from [36], where activation of the
Arp2/3 complex was inhibited by different concentrations of CK-666, and data from
simulations. Simulations correspond to the highest dose of CK-666 in experiments. C)
Increase of actin incorporated in cables after simulating inhibition of Arp2/3 complex for
each actin condition (green). Ratio between the final and initial fluorescence state from the
experimental data in panel B (black).
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Deletion of formin For3

Next, in order to further explore the implications of the competition between patches and
cables, we simulated inhibition of the formation of cables by setting the value of formins
elongating filaments to zero (Fig. 2.4). This mimics the effect of formin deletion. Assuming
all other parameters remain unchanged, we observe a growth in the number of patches by
~ 15% compared to the actin in the WT condition. The low increase in the number of
patches aligns with what we would expect as the amount of actin being released from cables
is small compared to the amount of actin that patches incorporate before the simulated
deletion of formins. For the same reason, we see a low increase of ~10% in the number of
patches after removing formins in the actin U.E condition. In actin O.E condition there is
a lot of actin being released from cables and we would expect actin from patches to
incorporate most of it as cofilin and profilin are not enough to create complexes with much
of the monomeric actin . However, the increase of the number of patches is negligible and
a large pool of cytoplasmic actin is being created due to the limitation introduced by the

available amount of Arp2/3 complex.
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Figure 2.4 A) Values of all the components of the model where deletion of For3 is
simulated in all three actin conditions. B) Growth of the number of patches before (blue)
and after (red) deletion of For3 formin. C) Comparison between experimental data from
ref. [36] and simulations, of growth of patches before (blue) and after (red) deletion of For3
formin, for actin WT condition.
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Overexpression of profilin

The concentration of profilin is important for the elongation of cables and thus it is a
regulator of the balance between cables and patches. To study the dependence of the system
on profilin we increased by ~20 times the initial Pri value (Fig. 2.5). The results for the
actin incorporated in patches seem to agree with the trend of experimental observations of
profilin overexpression from [37]. There are no experimental observations of cables for
this particular condition to our knowledge. However, our results are in agreement with the
expected behavior of low formin-mediated polymerization rate when the amount of profilin

is many times more than the amount of actin (Fig. 2.1B).
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Figure 2.5 A) Graph showing the values of all the components of the model in simulations
of overexpression of profilin by 20 times in actin W.T and actin O.E conditions. B) Number
of patches for each of the conditions in panel A. C) Comparison of the change in the number
of patches between simulations (blue) and experiments (red) from [36] under the same
conditions.
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Chapter 3

Introduction to Three Actin Filament Side-Binding Proteins

As it was discussed in the previous chapter, actin can polymerize into filaments and
many different proteins can bind on the sides of the actin filaments. These proteins have
the ability to regulate properties of actin filaments such as lifetime and length or can attach
one filament to another creating bundles. In this study we look at three actin filament side
binding proteins (tropomyosin, cofilin and fimbrin) which can be found among many
different kinds of cells and their effects are important for the proper function of the
cytoskeletal structures in these cells. This is motivated by recent experiments suggesting
that competition for actin filament side binding between these three proteins is important

for regulation of actin dynamics in cells [50].

3.1 Brief introduction to Tropomyosin, Cofilin and Fimbrin

Tropomyosin is closely related to actin cytoskeletal structures with many isoforms
that can be found in both muscle and non-muscle cells. In muscle cells tropomyosin plays
an important role in muscle contraction [51]. In non-muscle cells the notion is that
tropomyosin stabilizes actin filaments by excluding cofilin, which severs actin
filaments[52]. Tropomyosin forms dimers with helical shape [53] and different isoforms
can span several actin monomers in terms of length. The typical binding affinity of
tropomyosin for actin filaments is very low with Kq of ~ 1000 uM [54]. Although
tropomyosin has a low binding affinity for actin filaments it can bind in a cooperative

manner which increases the binding affinity by 100 to 1000 times depending on the isoform
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and salt condition [54, 55]. Thus, cooperativity allows tropomyosin to cover large areas of
actin filaments very fast once a stable nucleus of tropomyosin has formed.

Cofilin is another protein that is closely associated with actin cytoskeletal structures

and belongs to a family of actin binding proteins which are known to sever actin filaments
[56].
Cofilin has the ability of binding both actin monomers and actin filaments but with a higher
affinity for actin filaments. Cofilin has an affinity of ~ 10 uM for actin filaments and can
bind cooperatively on the actin filament sides [57]. When cofilin binds on the side of an
actin filament it accelerates the release of phosphate for several actin monomers away from
the binding site [49] and in this way cofilin enhances the turnover of the actin filament
from ADP-Pi to ADP states [56].

Fimbrin belongs to the family of actin bundling proteins which are conserved
among different cells and cytoskeletal structures [58]. Fimbrin binds on the sides of actin
filaments with an affinity of ~0.65 uM [59] and is important in basic functions of cells like

endocytosis where its absence has been shown to affect the lifetime of actin patches [18].

3.2 Prior theoretical and experimental studies

Many experimental and theoretical works have studied the thermodynamics and
kinetics of tropomyosin binding to actin filaments. Wegner [54] was able to observe the
saturation of actin filaments by tropomyosin at different free concentrations at at various
magnesium concentrations. Using the McGhee-Von Hippel equation of nearest-neighbor
cooperative binding [60], tropomyosin binds loosely on isolated sites but it has high

cooperativity (Figure 3.1).
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Figure 3.1 Graph from ref. [54] showing the saturation of filaments at free tropomyosin
concentrations for different concentrations of magnesium (triangle — 0.5 mM; square — 1
mM; circle — 1.5 mM; diamond — 2 mM; inverted triangle — 2.5 mM).
In a more recent experimental study using TIRF microscopy [55], the authors were able to
observe tropomyosin nuclei being formed and elongating on actin filaments. According to

images like the one below (Figure 3.2), the binding rate constant to an isolated site and the

cooperativity value of tropomyosin were estimated.

Distance

8 seconds

Figure 3.2 Fluorescent tropomyosin binding on actin filament from [55]. White circles
represent nuclei of tropomyosin elongating. Black circles represent nuclei of tropomyosin
that shrink and disappear.
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Experimental studies with human cofilin and skeletal muscle actin [57] revealed the
dissociation constant and cooperativity value range by fitting data of occupancy of cofilin

in actin filaments against the free concentration of cofilin (Figure 3.3).
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Figure 3.3 Experimental data from equilibrium binding curves in black dots, reproduced
from [57]. Black lines represent curves from McGhee-von Hippel equation for fixed single
cofilin dissociation constant and different values of cooperativity parameter.

Fitting of a kinetic model to experimental data of cofilin binding to actin in [61]
has indicated two states of bound cofilin to actin filaments. In order to match experimental
curves of binding and unbinding of cofilin from actin filaments the authors had to introduce
to their model an isomerization state according to which bound cofilin could not unbind
while being in this state.

By fitting binding and unbind curves to experimental data of fimbrin [18], it was
shown that fimbrin doesn’t bind cooperatively on actin filaments (Figure 3.4). Thus its

binding can be described by the dissociation constant and unbinding rate constant

determined from the data in [18].
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Figure 3.4 Solution of fluorescent fimbrin was washed over single actin filaments (black)
and from single filaments (red), from [50].
Recently, an experimental study in vitro [50] revealed aspects of the binding of
tropomyosin, cofilin and fimbrin on actin filaments in the presence of each other. For
specific concentrations of cofilin and tropomyosin the authors showed that there is

competition between tropomyosin and cofilin for actin binding sites as these proteins do

not localize on the same parts of the filament (Figure 3.5).
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1.5 uM Actin-488, 5 uM Adf1-TMR
2.5 pM Cdc8-Cy5
Actin

<

Cdc8 Adf1

Figure 3.5 In vitro experiments with actin (green), tropomyosin (purple) and cofilin
(blue). Tropomyosin and cofilin occupy different areas of the actin filaments. In the
kymograph we can see that as time passes, tropomyosin is losing the occupied areas at
the pointed end of the actin filament (polymerizing at the barbed end) and these areas
being overtaken by cofilin.
In these experiments tropomyosin occupied the majority of actin filaments in early times
but it was removed by cofilin in later times (Figure 3.5).

From the same study, in experiments where fimbrin was added in the presence of

tropomyosin and cofilin, fimbrin inhibited the early binding of tropomyosin to actin

filaments (Figure 3.6).
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1.5 UM Actin-0G, 2.5 uM Cdc8-Cy5, 5

\

00 nM Fim1-TMR, 5 uM Adf1-405

Figure 3.6 In vitro experiments with actin (green), tropomyosin (purple), fimbrin (red)
and cofilin (blue). As the system is progressing in time, fimbrin occupies the majority of
the filamentous actin area. Cofilin is progressing in occupying more area but not as fast
as fimbrin. Tropomyosin seems to reach a constant net filamentous area occupancy.
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Chapter 4

Methods for Simulating Competitive and Cooperative Binding

While theoretical methods have been developed to predict analytical results for the
equilibrium binding of proteins to polymers, the kinetics are much harder to describe with
analytical methiods. In order to simulate the competitive binding of different protein
species along the actin filament we used the Gillespie algorithm [62]. This method allows
to simulate the time evolution of the system using a few number of reactants. In order to
make sure that the algorithm | implemented correctly describes the particular system in this
study, | compared the data produced by the code to the equilibrium curves produced by

analytical methods.

4.1 Comparison of code to McGhee-von Hippel equation equilibrium curves

The McGhee-von Hippel equation [60] can predict the saturation of a one
dimensional homogeneous lattice by co-operative or non-co-operative binding of ligands
of different lengths according to free equilibrium concentration of the ligand. To test the
code against the known McGhee-von Hippel equation, which depends on two parameters
(the association constant of single ligand and cooperativity parameter o), | started by using
a simple test ligand having one lattice unit length and no cooperativity (Figure 4.1 A). Then
| used a test ligand with one lattice unit length but this time it with nearest-neighbor
cooperativity (Figure 4.1 B). Last | tested the code against a ligand which has length of 5
lattice units and also binds cooperatively (Figure 4.1 C). The data points from the

simulations match the deterministic curves.
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Figure 4.1 A) Ligand with length of one lattice unit without cooperativity. Comparison of
simulation (red) to McGhee-von Hippel equation. B) Ligand with one lattice unit length
and cooperativity. C) Ligand with a length of 5 lattice units and cooperativity. The noise
of simulations originates from the fact that the lattice is not infinite. In all cases the lattice
length has been chosen such that it is much longer (100 times) than a single ligand. So in
cases A and B the lattice is 100 lattice units long and in C case the lattice is 500 units long.
4.2 Comparison of code to Chen’s Method for a pair of test proteins

Chen developed a transfer matrix method [63] that allows to calculate the
equilibrium state of different species of ligands bound to a polymer. The ligands can have
length more than one lattice unit and also can have cooperative binding. According to this

method one expresses the state of the system in the form of a matrix. Calculating the secular

equation and derivating with respect to the ligand species free concentration we can find




the equilibrium occupancy of the lattice for this particular species. The drawback of this
method, and the reason why | had to use a stochastic method for the simulations, is that the
secular equation can be a polynomial of high degree which cannot be solved algebraically
[64]. While we were not able to use it to calculate equilibrium occupancy states for the
system we want to study (secular equation is a polynomial with greater than 4" order), we
used this method to test the validity of the simulations for a pair of test proteins.

| choose the binding affinity for both test proteins to have value Ko = 2 uM™* and
the cooperativity value of proteinl w1 = 2 and protein2 w2 = 3. These cooperativity factors
describe the increase in binding affinity next to a neighbor of the same kind as compared
to a free lattice. For this test case we assume there is no cooperativity between the two
proteins other than the fact that one excludes the other. Both test proteins have a length of
1 lattice unit. For the stochastic simulations we used the Gillespie algorithm [62]. The
lattice where the two protein species can occupy is 100 units long, which compared to the
one unit size of the test proteins should be enough to give a good correspondence to Chen’s
method. We let the system run for 5000 seconds for each pair of concentrations and we
average over 3 times. The agreement between the stochastic simulations and the analytical

method was good (Fig. 4.2)
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Figure 4.2 Heatmaps showing the lattice occupancy for the two test proteins and the free
lattice, using Chen’s method [63] and simulations using the Gillespie algorithm method
(see main text). The x and y axis refer to free concentrations of Protein 1 and Protein 2.
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Chapter 5

Simulations of Competitive Side-Binding to Actin Filaments

5.1.1 Actin filament

The actin filament is composed of two protofilaments in a helical shape. In order to
model the binding of the three proteins (tropomyosin, cofilin and fimbrin) on actin
filaments, each protofilament is treated as a lattice. Each unit of the lattice represents a
binding site of the protofilament and, for simplicity we assume the two lattices are
independent of each other (thus we neglect inter-protofilament cooperativity proposed for
tropomyosin [50]). Binding to the sides of actin filaments depends on the bound nucleotide
composition. To account for the varying nucleotide composition along the filament in
simulations with actin filament polymerization, we assume that ATP hydrolysis occurs fast
after polymerization and allow each lattice unit to have two states, one with bound ADP-
Pi and one bound to ADP. We use a rate of Pi release for bare actin , Kpi release = 0.0019 1/s
[49, 65]. We assume small Pi concentration in the bulk so once the lattice unit is in the

ADP state, it cannot revert back to ADP-Pi-actin .
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Figure 5.1 Modified image from [66] on the left showing an actin filament. Image on the
right shows the implementation of the actin filament in the model. Green color stands for
ADP-Pi state and yellow stands for the ADP state.
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5.1.2 Tropomyosin

Tropomyosin can extent several monomers, depending on the isoform of
tropomyosin. In this model, tropomyosin is assumed to cover 5 lattice units which is
consistent with fission yeast tropomyosin that has a length of 4 to 5 actin monomers and
we assume that binds in the same way on actin filaments of different nucleotide types
(ATP,ADP-Pi,ADP). To calibrate a generic model for tropomyosin, the McGhee-von
Hippel model was used in Fig. 5.3 to fit equilibrium binding data of fission yeast
tropomyosin to skeletal muscle actin from [50] in order to get values for the binding
affinity Katropo and cooperativity o values for our reference tropomyosin, shown in Table
5.1. The table also lists our estimates for values for the rate constants of binding and
unbinding, combining data from [50, 55]. Knowing the values of Table 5.1, we can solve
the equations of the model in Figure 5.2 and find the values of all the parameters needed
for modeling the binding of tropomyosin to actin filaments. Here and below we assume the
symbols for the equilibrium dissociation constants are equal to the corresponding ratio of
dissociation and association rate constants. We assume there is no cooperativity among

different proteins other than through excluded volume.
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Figure 5.2 Schematic of binding and unbinding rate constants of tropomyosin on a
protofilament lattice when binding to an isolated site, site with one neighbor and site with
two neighbors. Here and below we ensure the rate constants ensure detailed balance is
satisfied in equilibrium.
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Figure 5.3 Fit of data of cdc8 tropomyosin binding to actin filaments from ref. [50], using
the McGhee-Von Hippel model.
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Table 5.1 The five parameters that are used to describe the binding and unbinding of
tropomyosin to the protofilament lattice. This table shows the independent parameters and
the rest of the parameters are found by satisfying detailed balance.

K;“’p" 1250 pM (fit of experimental data) Ref. [50] Figure 1B
w 1000 (fit of experimental data) Ref. [50] Figure 1B
Kéntropo 3 1/(uM s) Ref. [50] Figure 3D
Kdn tropo 0-08 1/s Ref. [50] Figure 4 — Supplement 1
k{rmpo 0.1 1/(uMs) Falls in the range between ref. [55] and the isolated

binding rate of cofilin.

5.1.3 Cofilin

Cofilin has size smaller than one actin monomer and in the model we consider
cofilin to occupy one protofilament lattice unit. In the model, following previous
experimental and theoretical studies, | consider cofilin to bind cooperatively in the lattice
[57, 61, 67]. In simulations with varying Pi composition along the filament, we assume
cofilin enhanced the release of Pi from the lattice unit it binds, but also the 3 nearest lattice
units on the left and right of the bound lattice unit [56] (Figure 5.4 B). The model also
accounts for isomerization [61], which is a state where a cofilin molecule cannot unbind.
A cofilin molecule can revert back to non-isomerization state and then it can unbind. The
parameters needed for the simulation of a “generic” cofilin binding to a lattice were taken

from [57, 61, 67] (Table 5.2).
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Figure 5.4 A) Binding rate constants of cofilin to the actin protofilament lattice, for an
isolated binding site, site with one neighbor and site with two neighbors. B) Binding of
cofilin is assumed to accelerate Pi release on the binding site and to 3 lattice units away
from it. C) Different binding rate constant of cofilin for the two states of lattice units.

Table 5.2 Parameters that are used to describe the binding and unbinding of cofilin to a
lattice. This table shows the independent parameters and the rest of the parameters are
found by satisfying detailed balance.

K§ef 10 uM Ref. [57] Figure 2
w 7.5 Ref. [57] Figure 2
KIso 1.2 uM Ref. [61]
kt ¢ Pireleased  0.06 1/(uMs) Ref.[67] and [61]
Keor 0.6 1/s Ref. [67] Table 1
ki, 0.13 1/(uMs)  Ref. [61]
Kizo 0.16 1/s Ref. [61]
K cof 0.16 1/(uMs)  Ref. [67]
Kan cof 0.02 1/s Ref. [50] Figure 6D
Kiof 0.006 1/(uM's)  Ref. [67] Table 1

49



In in vitro experiments from [50] ~20% of 5 uM of cofilin was labeled with Cy5 and ~1%
with TMR. It was estimated that adding 5 uM of cofilin saturated the actin filaments. This
1% of dyed cofilin with TMR allowed for observation of single cofilin unbinding. In order
to see if the set of parameters in table 5.2 can match the experimental data we simulated
these conditions. In the simulations we keep track of two kinds of cofilin (cofilinl and
cofilin2) to account for the two different dyes in the experiment. As in the simulations the
problem of observation of binding and unbinding does not exist we choose 95% to be
coflinl and 5% percent to be cofilin2. The simulation starts and after 100 seconds (to ensure
the lattice is occupied by cofilin) the program records the cofilin2 units that bind on the
lattice. For each bound cofilin2 there is a timer that stops when the cofilin2 unbinds from
the lattice and this time gets recorded. Comparing the recorded data from the simulation to

the experimental ones we can see that they are in good agreement(Figure 5.5).

Percent Survival

0 50 100 150
Time(sec)

Figure 5.5 Comparison of experimental curve (blue) from [50] where the unbinding times
of single cofilin molecules where observed and simulation (black points).
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5.1.4 Fimbrin

We assume fimbrin makes contact with one binding site of the actin filament, thus
in our model it is considered to occupy one protofilament lattice unit. According to
experiments from [59], yeast fimbrin doesn’t bind actin filaments cooperatively. Thus, we
used only two rate constants to describe the binding behavior of fimbrin to actin filaments.
We get these two parameters from the measured dissociation and association rate constants

of fimbrin to actin filaments [59].

Figure 5.6 Schematic of the binding of fimbrin on the lattice.

Table 5.3 Parameters that are used to describe the binding and unbinding of fimbrin to
both ADP- and ADP-Pi-actin lattice.

Kfim 0.65 uM Ref. [59]
K 0.045 1/s Ref. [59]

5.2 Simulations of competitive binding by tropomyosin, cofilin and fimbrin
5.2.1 Cofilin in the presence of tropomyosin

In order to investigate the dynamics of the competition between tropomyosin and
cofilin we performed simulations for a range of concentrations for both tropomyosin and
cofilin. Because cofilin binds ATP actin filaments with a much lower single site binding
rate than ADP filaments [67], we simulated the binding of tropomyosin and cofilin to both

ADP-Pi and ADP-actin lattices, assuming ADP-Pi-actin behaves the same as ATP-actin in

51



terms of cofilin binding. (Fig. 5.7). In the ADP-Pi-actin lattice (in Fig. 5-7 there is no Pi
release), tropomyosin dominates the lattice for concentrations that allow full occupancy by
tropomyosin (free tropomyosin larger than 1 uM). Cofilin initially binds very weakly in
areas of cofilin high concentrations (8-10 uM) and low tropomyosin concentrations (0.1-3
uM). Inequilibrium, the region in the concentration space where cofilin dominates binding
to actin is larger compared to the region where it dominates in early times. However in
both cases cofilin dominates actin binding in the area of concentration space where
tropomyosin is too dilute to saturate the filament. In simulations for binding to ADP-actin,
the behavior reverses: cofilin dominates most of the area of concentration space initially
and occupies an even larger area in equilibrium. We can observe that tropomyosin is
removed from regions of concentration space where it occupied a significant fraction of
the lattice initially. Also we can see that even in areas where cofilin occupies only ~50%
of the lattice, tropomyosin is still absent. Thus. according to the heatmaps of Fig. 5.6, the
state of the filament plays a regulatory role that generally favors tropomyosin for newly

polymerized actin and cofilin for aged polymerized actin .
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Figure 5.7 Heatmaps of simulated binding of tropomyosin in the presence of cofilin to
ADP-Pi- and ADP-actin lattices. Heatmaps after 3 seconds of simulation (initial) in the
upper row and 5000 seconds (equilibrium) at bottom. Zero concentrations of cofilin and
tropomyosin are not included in the heatmaps. The actin concentration is 1.5 uM. Zero
concentrations of tropomyosin and cofilin are not included in the heatmaps.
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After observing this shift on the occupancy between ADP and ADP-Pi lattice states
between cofilin and tropomyosin, we picked a point of concentrations where this shift
occurs (4 uM equilibrium free cofilin, 4 uM equilibrium free tropomyosin). Knowing that
these free protein concentrations occur for 7 uM of total cofilin and 4 uM of total
tropomyosin in the system when having 1.5 uM of actin, we simulated a polymerizing
filament where newly-added subunits are in ADP-Pi state and their state changes state
according to random Pi release and cofilin binding enhancement of Pi release. In the
simulated kymograph (Fig. 5.7), when the lattice is in the ADP-Pi state, tropomyosin
occupies most of the lattice. As time progresses some individual lattice units change to the
ADP state but also whole segments where cofilin has bound change to the ADP state. The
lattice units that have released Pi allow cofilin to bind more stably on the lattice; due to
cooperativity this creates stable nuclei of cofilin which start spreading along the filament.
As the cofilin nuclei elongate and spread, they create boundaries along which tropomyosin
chains shrink. In this way, as the time progresses, the available lattice space for
tropomyosin become less and less and finally tropomyosin is being totally removed from
the filament. Another observation is that at long times at which tropomyosin has already
been removed, cofilin doesn’t fully occupy the lattice: the gaps between individual cofilin

and clusters are not long enough for tropomyosin to create a stable nucleus.
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Figure 5.8 Kymograph showing simulation of an elongating filament (two independent
lattices) in the presence of initial concentration of 4 uM of tropomyosin and 7 uM of cofilin.
The actin concentration is 1.5 pM. The filament starts from 10 units and reaches a total
length of 150 units, elongating at 10 units per second. Zero concentrations of fimbrin and
cofilin are not included in the heatmaps. Tropomyosin shown in purple, cofilin in blue, free
sites in white, ADP-Pi-actin in green, and ADP-actin in yellow.

5.2.2 Competitive binding of cofilin and fimbrin

Cofilin and fimbrin coexist in many cytoskeletal structures, such as yeast actin
patches and actin cables discussed in earlier Chapters of this thesis. According to estimates
in Chapter 2, the concentration of free fimbrin is ~10 times lower than that of free cofilin
in fission yeast cells. Since fimbrin must be able to be present in these structures, we
examined the areas of concentration space for which fimbrin dominates over cofilin or the

opposite (Fig. 5.8). From the heatmaps in Fig. 5.8 we see that although cofilin can bind
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cooperatively on actin filaments, fimbrin has a very low equilibrium dissociation constant,

which allows for stable binding over a large region of concentration space.
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Figure 5.9 Heatmaps of binding of cofilin in the presence of fimbrin to ADP-actin .
Heatmaps after 3 seconds (initial) of simulation in the upper row and 5000 seconds
(equilibrium) at bottom. The concentrations of free proteins was calculated as in Fig. 5.7.
The actin concentration is 1.5 uM. Zero concentrations of fimbrin and cofilin are not

included in the heatmaps.

In order to see what would be a possible configuration of fimbrin and cofilin on

actin filaments in fission yeast, we simulated the binding of 5 uM of cofilin and 0.5 uM of

fimbrin (10 times lower than cofilin concentration) to a lattice that starts from 10 units and

reaches at 150 units with an elongation rate of 10 units per second. From the kymograph

in Figure 5.9, we can see that at the very early simulation times fimbrin binds sparsely on

56



the lattice. As the state of the lattice changes to ADP-actin , which allows for tighter binding
of cofilin, we see that cofilin covers continuous areas of the lattice that are being interrupted
by fimbrin. This configuration has been observed experimentally by [50] and could be of
importance in the turnover of actin as cofilin severs filaments in between gaps of cofilin

nuclei [68].

Figure 5.10 Kymograph simulating an elongating filament (two independent lattices) in
the presence of initial concentrations of 5 uM of cofilin and 0.5 uM of fimbrin. The lattice
starts from 10 units and reaches a total length of 150 units, elongating at 10 subunits per
second. The final actin concentration is 1.5 uM. Fimbrin shown in red, cofilin in blue, free
sites in white, ADP-Pi-actin in green, and ADP-actin in yellow.

5.2.3 Competitive binding of tropomyosin and fimbrin
Experiments by Skau et al. [18] showed that tropomyosin appears in patches in cells

lacking fimbrin, even though tropomyosin cannot be detected in actin patches of wild type
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Equilibrium Free Fimbrin(pM)

cells. This implied that fimbrin excluded tropomyosin very effectively from actin filaments
in patches. Indeed, in heatmaps of fimbrin and tropomyosin competitive binding (Fig. 5.10)
we see that fimbrin dominates the lattice initially and continues to do so in equilibrium, for
the largest part of the concentration space. Even at areas of concentration where
tropomyosin concentration is 10 times higher than that of fimbrin, tropomyosin occupies

only a very small fraction of the lattice when fimbrin is present above 1 uM.
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Figure 5.11 Heatmaps of binding of tropomyosin in the presence of fimbrin. Heatmaps
after 3 seconds (initial) of simulation in the upper row and 5000 seconds (equilibrium) at
bottom. The concentrations of free proteins was calculated as in Fig. 5.7. The actin
concentration is 1.5 pM. Zero concentrations of fimbrin and tropomyosin are not
included in the heatmaps.
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5.2.4 Competitive binding of tropomyosin, fimbrin and cofilin

Knowing that fimbrin generally inhibits the binding of tropomyosin (Fig. 5.11), we
tested the suggestion from [50] that fimbrin is working in favor of cofilin, so that cofilin
can bind earlier compared to the case when there is only cofilin and tropomyosin present
in the simulations. In order to test that, we used the same concentrations as in Fig. 5.8 and
5.10 (where in Fig. 5.8 most of the lattice was occupied by tropomyosin initially). In the
kymograph in Figure 5.12 we indeed see that fimbrin binds from early times of the
simulation in the lattice and remains there. This creates boundaries for tropomyosin, which
is thus unable to elongate from a few stable nuclei. As time progresses, more fimbrin and

cofilin bind on the lattice, which together remove tropomyosin about ~10 times faster than

cofilin alone in Fig. 5.8.

H||l||uH\|||||||HHH|||||\ (LTI

Figure 5.12 Kymograph simulating an elongating filament(two independent lattices) in the
presence of 5 uM of cofilin and 0.5 uM of fimbrin. The lattice starts from 10 units and
reaches a total length of 150 units, elongating at 10 units per second. The final actin
concentration is 1.5 pM. Tropomyosin shown in purple, fimbrin in red, cofilin in blue, free
sites in white, ADP-Pi-actin in green, and ADP-actin in yellow.
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Chapter 6

Conclusion

In this work | studied the dynamics of actin patches and actin cables in fission yeast
and the binding dynamics on actin filaments of proteins that regulate actin cytoskeletal
structures. First, in order to study the behavior of actin patches and actin cables when the
steady state of the cell is altered, | built a deterministic model of differential equations
taking in account the important factors defined by experiments and theoretical models. The
model was able to qualitatively match previous experiments from refs. [36, 37] and also
explain the mechanisms of the behavior of the system. The model was also able to provide
several predictions and show the competition for limited protenin reservoirs for actin
patches and cables.

Next, with the aim of studying the binding dynamics of tropomyosin, cofilin and
fimbrin on actin filaments, | created a stochastic model accounting for the properties of
these three species of actin binding proteins. Simulations of tropomyosin and cofilin
showed that there are areas of concentration space where the state of the filament plays an
important role in determining which of the two proteins dominates the filament binding
sites. Simulations of fimbrin and cofilin showed that cofilin creates continuous bound areas
which are separated by few fimbrin molecules. This pattern should promote the severing
of filaments by cofilin. Other simulations that included fimbrin and tropomyosin revealed
that fimbrin excludes tropomyosin from actin filaments even when the ratio of
concentrations is 1 to 10 in favor of tropomyosin. Finally, simulations including
tropomyosin, cofilin and fimbrin showed that fimbrin favors the early binding of cofilin by

inhibiting the elongation of tropomyosin chains.
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Future work in explaining the dynamics of cytoskeletal systems could involve
generalizing the model for actin patches and actin cables to other cell types that have
similar cytoskeletal structures and actin binding proteins as fission yeast. While further
modifications of the model would be needed, such studies could help further elucidate the
mechanisms governing the dynamics of cytoskeletal structures. To further study the effect
of binding dynamics between tropomyosin, cofilin and fimbrin to actin filaments, a 3D
model that accounts for diffusion and severing of filaments could be developed. Such a
model could show the different structures of actin filaments created according to the
presence of tropomyosin, cofilin and/or fimbrin, and according to the different

concentrations of the above three proteins.
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