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Abstract

The activity of cofilin has been identified as a critical determinant of the metastatic potential
of carcinoma cells in vivo [15, 23]. The burst cofilin-mediated barbed end production following
stimulation of a cancer cell with EGF is not yet completely understood [7, 24]. This motivates
the use of mathematical models to test experimental hypotheses and propose areas for future

experimental consideration.

In this thesis, I outline the initial temporal models of the cofilin activity pathway in metas-
tasizing mammary tumour cells developed by myself and my supervisor Leah Edelstein-Keshet.
This work results from a collaboration with experimentalist Dr. John Condeelis (Albert Ein-
stein College of Medicine of Yeshiva University). The project is hierarchical, building from a
reduced model of cofilin-barbed end interaction (Chapter 2), to include distinct cofilin forms
(Chapter 3) and compartmental considerations (Chapter 4). In each model, we investigate es-
sential mechanisms of the cofilin pathway required to reproduce the barbed end peak observed
in experiment. The models presented in Chapters 2-4 represent the initial step in the modeling
analysis of the cofilin activity pathway. The work serves to validate current hypotheses about
the cofilin activity pathway and identify important interactions and considerations for future

experimental and theoretical development.
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Chapter 1

Introduction

1.1 Cell Motility

Directed cell motility is a fundamental process in many biological and pathological contexts. In
human physiology, cell movement encompasses such critical processes as cellular differentiation
during embryogenesis, chemotaxis of immune cells, fibroblast migration during wound healing,
and invasion and metastatic behaviour of tumour cells. Each of these processes demands the

ability of a cell to detect and respond to external signals quickly and with relative precision.

Playing such a critical role in the maintainence of biological and physiological well-being,
cell motility has been stationed at the forefront of both experimental and theoretical study for
many years. However, much of this work has been focused on the motility of biological systems,
chemotaxis of amoeboid Dictyostelium cells and fish keratocytes. These cell types, and their
mechanism of movement are inherently different than the human physiological counterparts of

which a surprisingly small number of systems have been studied extensively.

Most surprisingly, theoretical modeling of the migration and invasion of cancer, our popula-
tion’s leading cause of death, has seen little attention until recently. Consequently, the cellular
mechanisms causing and driving the progression of this dangerous disease are very poorly un-
derstood. Modern advancements in fluorescence microscopy imaging and parallel work in the
analysis of genetic networks which determine metastatic potential of tumour cells have shone
light onto the cellular pathways important for metastatic behaviour. These recent experimental
discoveries demand theoretical analysis to expand on previous cell motility theories in light of
the experimentally predicted similarities and distinct differences of cancer cell migration. Such

understanding will be critical to determine the important cellular targets to prevent invasive
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migration of cancerous cells.

General cell movement occurs by fine coordination of several distinct and important steps.
Cells initiate protrusion at the front in response to an external stimulus. They attach to avail-
able substrate at the site of protrusion before contracting at the back and releasing their trailing
edge. This process is repeated as the cell moves in the direction of protrusion toward an external
stimulus. It is a fundamental sequence of events consistent across the wide range of motile cells.
In each case, the initial step in the motility cycle requires the sensing of chemotactic signals
by receptors on the surface of the cell. The activation is relayed to the interior of the cell,
kicking off a complex signaling pathway. Activity culminates in polymerization of new actin at
the front of the cell, generating a protrusive force to extend the membrane in the direction of
motion. In this manner, the activity of the signaling pathway determines the directionality of

cell movement by designating the location of the initial protrusion.

The goal of this thesis is to examine one such signaling pathway, the cofilin activity cycle,
which has been recently identified as a key component of the metastatic phenotype of mammary
tumour cells [15, 29, 32]. This work is the result of a collaboration with Dr. John Condeelis, an
experimental cell biologist, professor and co-chair of the Department of Anatomy and Structural
Biology at the Albert Einstein College of Medicine of Yeshiva University. His research lab has
produced much of the recent experimental literature of breast cancer study in vivo, and supports

the important role of the cofilin activity cycle.

The inherent complexity of cancer cell study in wvivo limits the extent of experimental un-
derstanding. Discussions with John Condeelis identified the importance of deciphering an early
peak of barbed end density produced by the stimulated activity cycle and critical to the directed
migration of cancer cells. The current experimental shortcomings motivate our initial modeling
efforts. We focus initially on reproducing the barbed end peak by examining the underlying
cofilin interactions in a simplified, temporal framework. We hope to gain insight into the im-
portant interactions within the cofilin activity cycle, however, determining model parameters is
a major challenge toward accurate representation of the system. This thesis outlines the impor-

tant initial step in the analysis of the primary regulators of cancer cell metastasis. The work
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described here helps to simplify the complex spatiotemporal system and provide a foundation
for later models. In the next section, I will motivate our recent modeling efforts by describing

some experimental work from the Condeelis Lab.

1.2 Review of Actin Dynamics

Actin exists in the cell in two very closely linked forms. As long, thin filaments, actin comprises
the primary component of the cell’s cytoskeleton. The filaments are crosslinked into a network
of structural scaffolding determining cell shape and maintaining mechanical properties, internal

force and resistance within the cell.

The cytoskeleton and each individual filament are dynamic structures constantly polymeriz-
ing and depolymerizing via addition or loss of the monomer form of the protein, G-actin. G-actin
diffuses freely in the cell and associates to the nucleotide ATP in the cytosol which hydrolyzes
over time to ADP. Actin filaments are polar structures with distinctly higher monomer addition
rates and an affinity to ATP-bound G-actin at their barbed ends, and increased rate of monomer
dissociation of ADP-bound G-actin at the pointed ends. In this manner, polymerizing actin fil-
aments will exhibit a newly formed cap of ATP-actin at the free "barbed end” with a tail of
older ADP-bound monomers trailing to the disassembling ”pointed end”. An extensive analysis
of the dynamics of the actin forms and associated actin binding proteins has been studied in

Mogilner and Edelstein-Keshet (2002) [21].

The dynamics of the actin cytoskeleton are controlled by a complex network of signalling
pathways in the cell. The activity of these networks can be spatially separated, allowing a cell
to polarize in response to an external signal. Signalling molecules such as phosphoinositides
and Rho proteins can influence the activity of local actin binding proteins (ABPs) which up or
downregulate actin polymerization in a local region of the cell. Some ABPs, which upregulation
actin, do so by creating additional polymerizing barbed ends. The enhanced polymerization

generates force against the membrane and causes the cell to protrude at the site of activity.

The cell has three general mechanisms to create new free barbed ends: (1) uncapping of

inhibited barbed ends by release of capping protein or release of bound gelsolin [18, 30], (2) nu-

3
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cleation of new filaments by the Arp2/3 complex [26], or (3) severing of existing older filaments

by cofilin [7].

The activity of these proteins is tightly regulated in a cell to maintain dynamic stability
of the actin cytoskeleton. The regulation of each protein can occur via pathways which are
strongly interconnected, or by independent mechanisms, depending on the cell type studied and
on the system of chemoattractant sensing within the cell. Here we study the regulation of just
one such protein, the control of cofilin activity in the rat MTLn3 mammary adenocarcinoma

cell line, an experimental model for the study of breast cancer cells.

1.2.1 Role of Cofilin

As cancer develops in the body, carcinoma cells undergo many stages of mutations. Early cell
mutations increase proliferation at the cancer site, creating tumours. As the disease progresses,
later mutations promote the abnormal migration of these normally non-motile cells, which can
metastasize, or invade blood vessels causing the disease to spread to other tissues. The activity
status of cofilin has been shown to be distinctly different between strictly proliferating non-
motile tumour cells and those which exhibit metastatic potential [24, 32]. Furthermore, recent
work in vivo has identified that local cofilin activity is necessary for directional sensing and

determines direction of cell motility [15, 23].

Cofilin binding to actin filaments occurs via its Ser-3 binding site. Under certain cellular
conditions, the filament-bound cofilin can instill sufficient force on the filament to create a break.
Cofilin associates to older segments of actin filaments where monomers are ADP-associated. This
means that unlike binding and nucleation activity of the Arp2/3 complex, filament severing by
cofilin is not restricted to the newly assembled filament cap, and does not require filaments to
be actively polymerizing at all. Cofilin can bind and sever a capped mother filament, creating a
new barbed end site for polymerizing of the daughter filament. This introduces the possibility
of synergistic interactions between cofilin and Arp2/3 activity whereby the recently severed and

polymerizing filament tips produced by cofilin are available for Arp2/3 nucleation [13].

Cofilin has been shown in vitro to bind filaments cooperatively [1, 3, 11]. This behaviour
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is yet to be proven in living cells. However, cooperative effects are expected to occur due to
the increased torsional flexibility of actin filaments upon cofilin binding [27]. It is strongly hy-
pothesized by experimentalists that between 5 and 7 bound cofilin molecules are required in
vivo to generate sufficient force to create a break (informal discussions with J. Condeelis and J.
van Rheenen). This is supported by studies that examine structural force dynamics of cofilin

binding [1, 27].

Inactivation of cofilin occurs by inhibition of the Ser-3 site, preventing binding to actin fila-
ments and any consequent severing activity [22]. Cellular cofilin binds both G-actin monomers,
and phosphate molecules at the same Ser-3 site with high affinity [28, 31]. Furthermore, cofilin is
known to bind PIP5 at the membrane of a cell. Structural studies have shown the PIPs-binding
site to overlap with the filament binding Ser-3 site [16]. In this manner, cellular cofilin can be
inactivated, that is, its filament-severing activity is inhibited, by monomer-binding, phosphory-
lation, and PIPs-binding at the membrane. These inactive forms of cofilin are relatively stable
in a resting cell. In general, reactivation of cofilin requires a recycling process involving cellular
complexes to strip monomers (SSH or CIN), facilitate dephosphorylation (LIM kinase) or cleave
PIP, (PLC-v).

Gradient sensing and chemotaxis of tumour cells is hypothesized to occur via a local exci-
tation, global inhibition (LEGI) model [23, 25, 34]. Local activation of cofilin activity has been
shown to occur by a PLC-mediated release of PIPs-bound cofilin at the membrane of the cell
[33], and is not spatially or temporally correlated to dephosphorylation [31]. Upon stimulation
with chemoattractant, epidermal growth factor, or EGF, LIM kinase activity increases globally
in the cell, increasing the phosphorylation and deactivation of cofilin [31]. Such a LEGI model
facilitates a tight control of protrusion sites and allows the cell to accomplish precise directional

sensing.

The cofilin activity pathway of metastasizing tumour cells is well motivated and explained in
the recent review by van Rheenen et. al (2009) [32]. We use the qualitative structure described
in Figure 1.1 together with data from recent experimental work (outlined in the Section 1.3) to

quantify cellular interactions and underlying mechanisms of the observed burst of barbed end
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density. These initial simple models provide a framework on which to extend further work in

the field.
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Figure 1.1: Cofilin molecules cycle through three compartments in the cell; the cytosol, the actin,
and the PM compartments. Cofilin at the membrane (PM compartment) initially translocates
to the F-actin compartment upon EGF mediated PIP; reduction. Cofilin binds and severs actin
filaments resulting in filaments with free barbed ends, and cofilinG-actin complex. The cofilinG-
actin complex cannot bind actin or PM, and therefore diffuses to the cytosol compartment. In the
cytosol compartment, cofilin is phosphorylated by LIM-kinase (LIMK), resulting in the release
of cofilin from the cofilinG-actin complex. Upon cofilin dephosphorylation by SSH, cofilin can
reenter the membrane (PM) or F-actin compartment, starting a new cycle. The cycling of cofilin
through the three compartments increases free barbed ends, resulting in newly polymerized actin
filaments. The Arp2/3 complex prefers to bind to these newly formed actin filaments, which
amplifies the cofilin-induced actin polymerization, resulting in protrusion formation [32, 33].
Reprinted with permission from J van Rheenen: EGF-induced PIPs hydrolysis releases and
activates cofilin locally in carcinoma cells. Journal of Cell Biology 179(6):1247-59 (2007).
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1.3 Review of Experimental Data

Recent work has identified and quantified the impact of cofilin activity in the rat MTLn3 car-
cinoma cell line. This cell type has been chosen for study due to the PLC-dependency of
cofilin-induced barbed end formation, protrusion and chemotaxis [23], and the correlation of

cofilin activity with the metastatic potential of the cell [34].

Experimental work utilizing recent developments in multiphoton fluorescence imaging and
MTLn3 cell properties has demonstrated the critical role of the cofilin pathway in invasive tu-
mour cells in vivo. The cycle initiates via an increase in activity of PLC-v in the membrane of
the cell upon EGF stimulation [24]. This induces a rapid and significant reduction of PIP; into

diacylglycerol (DAG) and inositoltrisphosphate (IP3) in the membrane.

Cofilin has been shown to be in rapid equilibrium with PIPs in a strong and stable con-
figuration at the membrane of a cell. This relatively high fraction of cellular cofilin is reduced
significantly upon EGF stimulation. The experimental time profiles of these phenomena are
shown in Figure 1.2. We use these to fit PLC and PIP; dynamics of our models described in

Chapters 3 and 4 of this thesis.

IJ>

Standardized p(Y)-PLCyl1 levels

|| 10%

3 min

0 30 60 %0 120 150 180
Time (s)

Figure 1.2: Left: Dynamics of PLC from Figure 2 A of Mouneimne (2004) [24]. Right: Dy-
namics of PIP;y from Figure 1 A of van Rheennen (2007) [33]. Reprinted with permission from
G Mouneimne: Phospholipase C and cofilin are required for carcinoma cell directionality in re-
sponse to EGF stimulation. Journal of Cell Biology 166(5):697-708 (2004), and J van Rheenen:
EGF-induced PIP, hydrolysis releases and activates cofilin locally in carcinoma cells. Journal
of Cell Biology 179(6):1247-59 (2007).
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Until recent developments in microscopy, cofilin dynamics were studied in vitro where cellu-
lar interactions and pathway dynamics may be significantly different. Consequently, though the
dynamics we study here are strongly supported by experimental studies [32], the collection of
quantified temporal data of cofilin in its various cellular forms is less complete. We are cautious
of using the extensive in vitro library of work to validate our model. Much of the study of
filament binding dynamics, especially the extensive analysis of cofilin binding and severing actin

filaments has been under in vitro conditions [1, 4, 11, 17].

Instead, we focus on the filament binding data described in van Rheenen (2007) where cofilin
is released from the membrane upon EGF stimulation, and binds rapidly to membrane-associated
filaments (< 200nm from the membrane) [33]. We work under the assumption motivated by
data in van Rheenen (2007), whereby filament-bound cofilin increases less than two-fold following

stimulation with EGF. This is shown in Figure 1.3.

—
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Figure 1.3: Relative increase in filament-bound cofilin at Os and 60s following stimulation with
EGF, from Figure 5 A of van Rheennen (2007) [33]. Reprinted with permission from J van
Rheenen EGF-induced PIP, hydrolysis releases and activates cofilin locally in carcinoma cells.
Journal of Cell Biology 179(6):1247-59 (2007).

As described in previous sections, this relatively small fold increase in cofilin activity (in the
form of bound cofilin) induces an amplification of barbed end production in the cell. Within
60s following stimulation with EGF, the relative number of free polymerizing barbed ends in
the cell increases to a magnitude up to a 12-fold greater than the barbed end density at rest
[24]. This increase is highly dependent on experimental conditions such as temperature, and pH

changes induced by the activity of other signaling networks in the cell, The increase in barbed



1.3. Review of Experimental Data

end density is stated as an average of 2.7 and 3.2 fold increases in other studies [15, 19]. Within
a simple modeling framework, we attempt to reproduce these quantified barbed end amplifica-
tions. An example of maximal barbed end amplification, for optimal cellular conditions is shown

in Figure 1.4, from Mouneimne (2004) [24].

The early peak of barbed end density at 60s following stimulation with EGF has been shown
to be a product of PLC-mediated cofilin activity in the cell. The later peak, at 180s after stim-
ulation, is dependent on the Arp2/3 pathway regulated by PI3 kinase (PI3K) in both amoeboid
D. discoideum and carcinoma cells [8]. Figure 1.5 exhibits this phenomenon by quantifying
barbed ends, under two conditions: control vs PLC-inhibited. The early peak of barbed ends
is cofilin dependent and is sufficient to determine direction of cell motility in carcinoma cells.
This motivates the focus our attention on the analysis of the cofilin pathway and resulting peak

of barbed end density 60s following stimulation with EGF [15].

@)
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0
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Figure 1.4: Relative increase in barbed end density by quantifying ATP-actin fluorescence in-
crease at the leading edge of the cell, from Figure 1 C of Mouneimne (2004) [24]. Reprinted
with permission from G Mouneimne: Phospholipase C and cofilin are required for carcinoma cell
directionality in response to EGF stimulation. Journal of Cell Biology 166(5):697-708 (2004).

The experimental data outlined here, together with the hypothesized cofilin interactions in
the pathway outlined in the recent review from van Rheenen et. al (2009) forms the foundation
of our model development [32]. The following chapters describe the initial analysis of the path-
way dynamics. In each case, we use the relevant data shown in the figures here to fit parameters,

and both motivate and validate model assumptions.
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Figure 1.5: Relative increase in barbed ends at the cell edge under control and PLC-inhibited
conditions from Figure 3 B of Mouneimne (2004) [24]. Reprinted with permission from G
Mouneimne: Spatial and temporal control of cofilin activity is required for directional sensing
during chemotaxis. Current Biology 16(22):2193-205 (2006).

In the following chapters, I will describe our efforts to quantify the effect of the cofilin activity
cycle on the actin cytoskeleton at the leading edge. The models are hierarchical, expanding from
a simple reduced cofilin-barbed end model, to a complex model framework describing interactions
between distinct cofilin forms and transitions between cellular compartments. Chapter 2 first
describes a reduced model which examines the interaction between the density of a single cofilin
form, termed active cofilin for its filament severing ability, and production of barbed ends.
Chapter 3 introduces a closed temporal model of cofilin transitioning between various forms
in a well-mixed cell, and the consequent impact on cytoskeletal dynamics. Finally, Chapter 4
expands the cofilin cycle model to include some spatial considerations by dividing the cell into
edge and interior compartments, while still maintaining temporal dynamics in the equations. I
will also outline the different levels of complexity in the number of cofilin interactions we have
examined in each model. Finally, in Chapter 5, I will discuss the conclusions made from this

work, and the proposed areas for both experimental and theoretical future study.
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Chapter 2

Reduced Cofilin Barbed End
Model

2.1 Motivation

Cofilin is known to sever filaments under specific cell conditions. The severing events create
an increase in free barbed ends which can polymerize and create protrusive forces. It has been
shown that cofilin activity is directly linked to spatial localization of directed movement of the
cell [15]. In this chapter, I outline our examination of the relationship between cofilin activity
and free barbed ends with a simplified model. Using the information outlined in Section 1.3, we
attempt to reproduce the signal amplification using a variety of modeling techniques to capture

the biological properties of the cofilin activity cycle.

2.2 Barbed End Model

Under the most general and simplest considerations, free, polymerizing barbed ends are produced
by a variety of actin-binding proteins, including cofilin, in the cell. The rate of barbed end
production is tightly regulated in a resting cell, such that the base production rate Pp ¢s: can
be considered constant. Growing barbed ends are lost due to binding of capping proteins at a
rate proportional to barbed end density. We consider a constant capping rate, k.qp based on a
near constant lifetime of barbed ends in the cell, keqp &~ 157! [26]. We define barbed end density
in the cell as B(t), expressed in units of number per ym?. Barbed end dynamics in a resting

cell are described by the proposed equation

dB

E = PB,rest - kcapB- (21)

11



2.3. Cofilin Barbed End Model Details

This allows a simple identification of the resting steady state level of barbed ends, since if B = 0,
then

B o PB,rest
rest — .

kcap
Without an applied stimulus, the system approaches this resting state asymptotically, from any

initial level of barbed ends B(0).

Suppose that upon stimulation, production of barbed ends increases from Pg rcst to P stim -
Through the same analysis, the steady state barbed end level under stimulated conditions will

be
PB,stim

Bstim =

)
kcap

where Pp stim > Pp rest- Here we ignore any transition period between the two states of pro-
duction, considering a stepwise increase in production rate from rest to stimulated conditions.
This models an instantaneous increase in activity of actin-binding proteins in the cell. The
stimulated steady state is also asymptotically stable, and barbed end levels will approach By,
as long as the production rate remains at Ppg stim. If the stimulus is removed and barbed end

production returns to the level Pp ,.s, the barbed end density decreases back to Byes:.

The magnitude of increase in barbed end production and barbed end level is dependent on

the ratio between resting and stimulated states since the condition

Bstim < PB,stim

2.2
Brest o PB,rest ( )

must be satisfied for all time. Thus, the ratio of production rates, Pp siim/PB rest, determines
the maximum amplification of barbed ends. Barbed end density will reach maximum amplifi-

cation only if the stimulus is applied for sufficient time.

2.3 Cofilin Barbed End Model Details

Shown in Figure 1.2 in Section 1.3, EGF stimulation of MTLn3 cells can induce up to a 10-15
fold increase in barbed end density within 60s following stimulation. This has been shown to be

dependent on the cofilin pathway and independent of the activity status of other ABPs in the
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2.3. Cofilin Barbed End Model Details

cell [13]. We define the cofilin concentration that is active in severing filaments as C(t) usually
expressed in units of M. We propose the following general formulation for a mini model of

cofilin and barbed ends

e

E = f(CaB)a
dB
E - g(C7B)7

where B(t) is the density of barbed ends (usually in number per ym?).

2.3.1 Cofilin Model Assumptions

e The early and late peaks of barbed end levels, at 60s and 180s following stimulus with
EGF are dependent on cofilin and Arp2/3 respectively [13, 24]. The respective pathways

are independent of one another, as shown in the data reprinted here in Figure 1.5 [13].

e Barbed ends are produced by the activity of actin-binding proteins in the cell at rest.
There is no apparent feedback between barbed ends and their own rate of production (as
discussed previously). The increase in barbed end production under stimulated conditions
is assumed to be strictly due to increased activity of cofilin. Our simple barbed end
equation (Equation 2.1) applies here with a cofilin-dependent barbed end production rate,

PB,stim = PB,Stim(C)'

e The observed 10-15 fold increase at 60s demands amplification upstream of the barbed

end dynamics. We assume here that this stems from the activity of cofilin.

e Severing events occur at low frequency in resting cells as several (between 5-7) bound
cofilin molecules are required to sever an actin filament. Cofilin has been shown in wvitro
to exhibit cooperative binding and severing properties [1, 11]. Following a severing event,
cofilin molecules are left in an inactive, monomer-bound form which must be recycled on

a longer time scale before being reactivated [31, 33].

In this simplified model, the cofilin concentration C(¢t) (in M) is in a form bound to the
actin filaments, available to cut provided required conditions are met. We address distinct cofilin

forms, active and inactive, in Chapters 3 and 4.
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2.3. Cofilin Barbed End Model Details

We identify that cofilin can be activated at some time dependent rate in the cell, Ax(t),
which we assume to be dependent on some external factor. Cofilin is deactivated at a rate
kor¢C proportional to its concentration. We assume that cofilin also loses its activated status
after a severing event at a rate dependent on its concentration Fi.,(C), as in Figure 1.1 from
van Rheenen (2009), cofilin is released from the daughter filament in an inactive, monomer-
bound form. We use a barbed end equation of a form similar to Equation 2.1. We introduce the
production of barbed ends by cofilin severing at a rate proportional to the rate of cofilin loss

aFsey (C).

We propose the following system to represent interactions between cofilin activity and barbed

ends in the cell

% = AC'_koffc_Fsev(C)y
B
%t Py 4 aFun(C) — keyB. (2.3)

Here Ac = Ac(t) is the stimulus dependent activation rate of severing cofilin, kors is a de-
activation rate constant, Fy.,(C) is the cofilin-dependent severing rate which removes active
cofilin from the system and increases barbed end density, « is a conversion factor between units
of cofilin and barbed end density, and converts loss of cofilin activity into barbed end density

produced (calculations shown in the Appendix).
We recognize that cofilin can be reactivated via a recycling process of inactivated cofilin, but

we neglect this effect in this model as we consider this contribution to cofilin activity to be low

within the relatively short time frame of the early barbed end peak [31, 33].
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2.4. Linear Filament Severing

2.4 Linear Filament Severing

We propose a constant, basal level of cofilin activity in a resting cell, Ac yest. We first examine
a simple linear severing rate such that new barbed ends are produced at a rate proportional to

the concentration of active cofilin

dc
_— = A — —
dt C kof,fc ksevca
B
CiTt = Pp+ akyerC — keapB. (2.4)

where kg, is the severing constant. Based on this severing rate and Equations 2.4, the basal

level of cofilin activity in a resting cell is
AC rest
Crest = —————. 2.5
rest k'off I ksev ( )

Cofilin activity increases upon stimulation with EGF [33]. We model this phenomenon by

introducing temporal EGF dependence to the activation rate

Ac stim - EGF  when stimulated by EGF,
Ac(t) = (2.6)

Ac rest otherwise,

where Ac stim - EGF > Ac rest- While the EGF stimulus is switched on, the concentration of

active cofilin approaches the stimulated steady state value

AC stim
Copim = ——stim
stim koff + ksev

2.4.1 Analysis of Reduced Linear Model

Similar to the barbed end relationship described previously, under these assumptions the max-

imum increase in cofilin activity is dependent on the relative increase in activation rates

C(t) < Cstim _ AC,stim
Crest - Crest AC,rest
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2.4. Linear Filament Severing

Equations 2.4 imply a resting barbed end production rate
PB,rest =P+ a- kg Crest,

where Pg > 0 is the production of barbed ends by actin-binding proteins in the cell. The overall

barbed end production increases upon stimulation to
PB,stim = PB + - kse'ucstimu

From Equations 2.4, the resting barbed end density is defined as

P, kgeuC,
Broat — B+ QRgey rest’ (27)

kcap

and stimulated steady state
PB + o ksevcstim

Bstim = A
cap

Thus, the relative increase in barbed ends is bounded by the relationship

B(t) < Bstim Pp+a- ksevcstim

Brest - Brest B PB +a- ksevcrest .

In order to capture the 10-15 fold increase in barbed ends shown in Figure 1.4,

However, from Figure 2 of van Rheenen (2007), shown in Figure 1.3 in Chapter 1, the cofilin
activity, recognized as the concentration of cofilin that is filament-bound and ready to sever,
increases only by 2-fold during the first 60s after EGF stimulation [33]. This restricts the

magnification of barbed ends to be less than a 2-fold increase, since

B(t) < Pp+2-«a- kse'ucrest
Brest - PB +a- ksevcrest

<2.

This analytic analysis suggests a limitation of the linear model. We predict that the model will
fail to generate barbed end increases of of greater than two-fold for the applied two-fold increase

in cofilin concentration. These predictions can be tested by model simulations.
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2.4. Linear Filament Severing

2.4.2 Model Scaling and Parameter Analysis

We scale the reduced linear model, Equations 2.4, by their rest steady states, shown in Equations
2.5 and 2.7. After some algebra and simplifications, we obtain simplified equations in nondi-
mensional variables, C(t) = Cyest - ¢(t) and B(t) = Byest - b(t), to obtain simplified equations in

nondimensional variables

dc -

- = o sev Ac —

o (Kogf + kseo)[Ac — (]

db

T = Akl 1] = kel — 1] (2.8)

where kot f, ksen are as described previously (in s71), Ao = A stim/Ac,rest is the scaled cofilin

stimulation rate, and the scaling parameter A is

aCrest
Brest

A:

These simplifications reduce the number of parameters required for simulations. We test a
range of scaled stimulation rates to obtain cofilin fold increase of 1.2-2.0 upon stimulation, as
suggested in van Rheenen (2007) (shown in Figure 1.3 of this thesis). We approximate the cofilin
off-rate, kof s, to generate these cofilin profiles. We use a low severing rate parameter (kse,) as
motivated by discussions with J. Condeelis and similar to the predicted value in vitro [1, 11].
The parameter A is calculated from work shown in the Appendix and approximations from the

literature [19, 26]. These values are summarized in Table 2.1

2.4.3 Simulation of Reduced Linear Model

Using the parameters outlined in Table 2.1, results of linear model simulations are shown in
Figures 2.1 and 2.2. The barbed end dynamics follow the cofilin concentrations, but exhibit an

increase of less than two-fold. This is governed by the low increase in the linear severing rate.

2.4.4 Time-Dependent Stimulation

A more accurate representation of the EGF-induced increase in cofilin activity can be obtained

by applying a stimulation rate which is linearly time dependent. This introduces a more gradual
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2.4. Linear Filament Severing

Parameter | Description Value Source

kors cofilin-filament unbinding | 1.5571 estimated in model

kseo cofilin severing rate 0.011s~! | Andrianantoandro 2006 [1]

Agtim scaled cofilin stimulation | 0.1-5.0 van Rheenen 2007 [33]

Eeap barbed end capping rate | 1s~! Pollard 2000 [26]

A scaling parameter 1000 Pollard 2000, Lorenz 2004 [19, 26]

Table 2.1: Parameter estimates for reduced Cofilin compartmental model with a linear severing
rate function.

150 .
®)
1
05 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
20 40 60 80 100 120 140 160 180 200
150
>
3
& 100} .
=}
50
0 20 40 140 160 180 200
2
151 1
o0
1
05 L L L L L L L L L
0 20 40 60 80 100 120 140 160 180 200

time

Figure 2.1: Results of simulations of Equations 2.8 with parameters as outlined in Table 2.1: time
profiles of cofilin concentration relative to rest concentration (top curve), rate of actin filament
severing (middle curve), and barbed end dynamics normalised by resting levels (bottom curve),
with linear severing rate function. The stimulus is a step function Aq(t) given by Equation 2.6,
shown for increasing levels of stimulation A, = 0.1,1.0,2.0,3.0,4.0,5.0s1.

increase in cofilin activity as observed in in vitro studies of cofilin binding to actin [1, 11]. The

activation rate Ac (in s~!) has the form

Ac stim(t —tper) - EGF  while EGF is on

Ac(t) = (2.9)

Ac rest otherwise

where Ac stim > Ac rest and tpar represents the time of EGF stimulation.

The results of simulations, shown in Figures 2.3 and 2.4 are similar to previous step-function
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2.4. Linear Filament Severing

Barbed ends

Figure 2.2: Phase space dynamics of cofilin activity and barbed end peak density (Equations 2.8
with parameters from Table 2.1), and linear severing rate function. Increases to the magnitude
of stimulation, Ag, = 0.1,1.0,2.0,3.0,4.0,5.0s~!, induce increases in magnitudes of cofilin
concentration and barbed ends (loops in phase space).

stimulus, exhibiting very little amplification of barbed end density. The reduced model with
linear severing rate is unable to generate the 10-12 fold barbed end amplification observed in

experiment.

L L L
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Figure 2.3: Results of simulations of Equations 2.8 with parameters as outlined in Table 2.1:
Time profiles of cofilin (top curve), filament severing rate (middle curve) and barbed end dy-
namics (bottom curve), with linear severing rate function. The stimulus is applied as a linear
function of time, see Equation 2.9, and scaled stimulation rate flsn—m = 0.001-0.008.
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2.4. Linear Filament Severing

Barbed ends

Figure 2.4: Phase space dynamics of cofilin activity and barbed end peak density (from Equa-
tions 2.8), with linear severing rate function and linear stimulus function with scaled stimulation
Agtim = 0.001-0.008s 1.

20



2.5. Nonlinear Filament Severing

2.5 Nonlinear Filament Severing

Based on the limitations of the cofilin model with linear severing rate, we propose a nonlinear
severing rate as predicted by experimental work [1]. It has been identified that more than one
bound cofilin molecule may be required to apply the torsional force necessary to create a break
in an actin filament [27]. The kinetics of a such a severing event can be described by the simple
schematic

nC + F — B+ nC;,

where n is the number of molecules required to create a break, usually 5-7. The notation C;
represents an inactive form of cofilin, a product of a severing event, the dynamics of which will

not be considered here.

These kinetics suggest the existence of a cooperative effect within the severing function, and
motivate a nonlinear severing function. For example, consider a resting cofilin activity concen-
tration where the equilibrium ready to sever state is 4 molecules per filament. Severing events
would occur rarely at rest. An increase in the density of bound molecules upon stimulation to

a state of 6 molecules per filament causes a substantial increase in severing frequency.

Typical biochemical assumptions motivate saturable kinetics in the form of a Hill function.
We believe cofilin dynamics to be far from the region of saturation in vivo, and here use a
severing rate proportional to C™. Our examination of saturable kinetics is described briefly in

Section 2.5.2, and provides supporting evidence for our assumptions.

We propose a nonlinear severing rate function where severing is low at rest conditions and
increases when cofilin is elevated above rest concentrations. These conditions suggest an appro-

priate severing function for the cofilin-barbed end model in Equation 2.3 of the form

Fsev(C) = ksevc'r‘est ( ¢ ) 5 (210)
Or‘est

where n ~5-7 and kg, is a small constant. We assume the severing rate at rest, Fiey(Crest) =

kgerCrest t0 be low.
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2.5. Nonlinear Filament Severing

Under these considerations, the cofilin-barbed end model takes the form

dC c \"

— = A¢-— o — hsevlres -~ ’

dt © F ffO F ¢ K <Crest>

dB c \"

— = P ksevCrest | =—— | — kcapB.. 2.11
dt B ta C ! (Crest) P ( )

At rest, barbed end production rate proposed earlier is of similar form
PB,rest =P+ a- kg Crest,

where if kg, << 157!, cofilin severing events are insignificant compared to the barbed end

production by other actin binding proteins.

Notice that under such a model, even slight increases in cofilin activity above resting levels
will be amplified so that here the stimulated severing rate is higher than the linear rate function
for given resting severing rate kse,. Solving for the resting steady state of active cofilin, we find

the same relationship for rest state cofilin activity

AC,rest

Cres =7 7
‘ koff + ksev

and at rest the barbed end density is

B _ Pp + - kseyCrest
rest — .

kcap
Similar to the procedure in the previous section, scaling Equations 2.11 by the resting con-
centrations of cofilin and barbed ends, so that C' = Ci.eqs; - ¢ and B = By.eg - b, simplifying and

rearranging terms, obtains the system

dc bt A
% = koff[AC - C] + Esew [AC' - Cn]’
% = Akseo [Cn - 1] - kcap[b - 1]' (2.12)

where Ag = Ac JAc rest and steady states of these equations are now ¢ =1 and b= 1.

22



2.5. Nonlinear Filament Severing

Expressed in this form, we notice the impact of the nonlinear severing rate. If the severing
rate constant kse, is low, as expected from experimental work [33], cofilin severing activity is
low at rest conditions in the cell. Upon stimulation, Ac > 1, and cofilin activity increases above
rest levels. This increases severing of filaments significantly and barbed end density is ampli-
fied. While the cofilin stimulus is turned on, the system is unstable and activity will increase
exponentially, thereby causing exponential increase in barbed end density. This continues until

the stimulus is removed and severing activity reduces back to basal resting level.

2.5.1 Simulation of Reduced Nonlinear Model

Simulations of Equations 2.4 are shown in Figures 2.5 and 2.6, with an applied nonlinear sev-
ering rate, linear stimulus as in Section 2.4.4, and with parameter values described in Table
2.2, can capture the 10-15 fold barbed end amplification. The amplification can be achieved
with biologically reasonable parameter values and for increases in cofilin activity in the range of
1.5-2.0 fold increase. The results are robust to model parameters k.55 and kg,,. The impact of
the nonlinear assumption is exemplified in the profile of the function aFy., (C). The magnitude
of the severing rate, approximately one at rest conditions, increases several orders of magnitude

with elevated cofilin activity. This generates the observed amplification of barbed end density.

This model represents a system far from saturation where filament-binding of cofilin is unlim-
ited. The results can be viewed in the cofilin-barbed end phase plane Figure 2.6, where barbed
end amplification is demonstrated with respect to cofilin activity. Notice increases in barbed
end production are slight for cofilin activity just above resting levels. However, nonlinear effects

take over as cofilin activity is increased up to the two-fold amplification .

23



2.5. Nonlinear Filament Severing

Parameter | Description Value Source

kogs cofilin unbinding 1.5571 Pollard 2000 [26]

ksew cofilin severing parameter | 0.011s~! Andrianantoandro 2006 [1]

Astim scaled cofilin stimulation | 1-8-10~6 van Rheenen 2007 [33]

n cooperativity parameter 7 assumed in model

Ecap barbed end capping rate | 1s~! Pollard 2000 [26]

o unit conversion factor 600pM ~tum=3 | Mogilner, LEK 2002 [21]

A scaling factor 1000 Pollard 2000, Lorenz 2004 [19, 26]

Table 2.2: Parameter estimates for reduced cofilin model with nonlinear, unsaturated severing

rate function
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Figure 2.5: Results of simulations of Equations 2.12: Time profiles of cofilin concentration
(top), scaled severing rate (middle), and barbed end density relative to basal levels(bottom) for
nonlinear, unsaturated severing rate described in Section 2.5 with kge, = 0.011s7!, Ae = 1-
8-1076 and other parameter values as outlined in Table 2.2
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Barbed ends

Figure 2.6: Phase plane dynamics of cofilin activity and barbed end density (from Equations
2.12) normalized by resting concentrations in the cell, with nonlinear, unsaturated severing rate
with kgep = 0.011s71, Ao = 1-8 - 1075 and other parameter values as outlined in Table 2.2
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2.5.2 Nonlinear Filament Severing with Saturation

We considered the possibility of saturation in the dependence of actin filament severing on
cofilin concentration. Saturable kinetics can be incorporated into the filament severing rate by
introducing a Hill function of the form
CTL
Fsev(c) = "Ymaxksevcrestma (2'13)
where n = 7 is the nonlinear factor or Hill coefficient, K is a saturation coefficient in units pM,

and Ve 18 @ nondimensional parameter to scale the resting severing rate kge,Crest 0f Section

2.5 to the saturated or maximum severing rate VmazkseoCrest-

The reduced model can be scaled and simplified in terms of the saturable severing rate,
following a similar procedure to that described in the previous section. Forgoing the algebraic
details, we emphasize that under this severing rate assumption, barbed end amplification loses
its robustness to parameters. Barbed end amplification in the 10-15 fold range is obtained
strictly within a small window of the 7,42 kser parameter space. This range is shown in the left
panel of Figure 2.7 where relatively high parameter settings are required (compared to experi-

mental predictions [1, 11]).

The source of this model limitation is due to an increase in the severing rate at rest, and
reduction of stimulated severing in certain parameter regions. This prevents increases of several
orders of magnitude required to generate substantial amplification of barbed end density. The
filament severing rate for rest concentration of cofilin is shown in the right panel of Figure 2.7

for the same range of parameter space.

The results of this applied severing rate, together with the experimental studies of filament
binding concentrations and severing rates in vitro suggest that the increases in cofilin activity
observed in living cells may be far from the potential regions of saturation. These conclusions
suggest that the nonlinear severing rate described in Section 2.5 is a plausible severing function

for future model expansions.
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Resting Severing Rate o Fsev

Max Barbed ends

0.005 0.01 0.015 0.02 0.025 0.03 0.005 0.01 Oliﬂ 5 0.02 0.025 0.03

Figure 2.7: Results of simulation of barbed end model using saturated filament severing rate
described in Section 2.5.2. Left: Maximum barbed end peak in parameter space of saturation
coefficients K and combined severing rate constant vi,qzkserv- NOTE: x-axis labeled kg, should
be labeled Va0 ksev Right: Magnitude of scaled severing rate at rest conditions in the cell.
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Chapter 3

Well-mixed Temporal Cofilin
Model

3.1 Introduction

It has been shown that stimulation of an MTLn3 cell with EGF produces two large transient
peaks of actin filament barbed end density. According to John Condeelis, and as outlined in
several publications from his group [13, 24, 31, 32], the early transient peak at 60s after EGF
stimulation is due to an increase in cofilin activity caused by a PLC-mediated release of PIP5-
bound inactive cofilin at the membrane of the cell (shown in Figure 1.5 in Section 1.3). The
cofilin released upon stimulation is in an active form, ready to sever actin. It immediately

translocates to bind to uninhibited membrane-associated actin filaments [33].

In this chapter, we expand the reduced cofilin activity model of Chapter 2 to analyse the
dynamics of cofilin in its various cellular forms. We introduce cellular interactions and tran-
sitions between cofilin forms, some active in filament severing, others inactive, to quantify the
mechanisms responsible for the observed cofilin-dependent protrusion. We follow the conclu-
sions of the work in van Rheenen et. al (2007), and use recent supporting data to reproduce
the observed peak of barbed ends. We apply the results of the reduced model of Chapter 2 to

identify the filament-severing rate necessary to generate sufficient signal amplification.

We work with a closed model of the cofilin cycle, whereby cofilin exists in one of several
proposed forms. We include slow recycling steps of the inactive cofilin forms via actin monomer-
stripping and phosphorylation-dephosphorylation processes. These processes are facilitated by

complexes including phosphatases such as SSH or CIN, and on LIM kinase (LIMK), but we will
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3.1. Introduction

consider constant complex activity here. We use temporal data of cofilin interactions to validate
model assumptions where available. Following Figure 1.1 from van Rheenen (2007), we propose

a temporal model of the cofilin cycle as outlined in Figure 3.1.

Cofilin Pool | Description Resting Level | Source

Oy PIP>-bound cofilin 0.10 - Cior van Rheenen 2007 [33]
Ca active cofilin 0.01 - Cior approximated in model
Cr F-actin-bound cofilin 0.02 - Ciot van Rheenen 2007 [33]
Cuy G-actin-monomer-bound | 0.67 - Ciot conservation assumption
Cp phosphorylated cofilin 0.20 - Cyor Song 2006 [31]

Chot total cellular cofilin 10uM Pollard 2000 [26]

Table 3.1: Definitions of the forms of cofilin modeled in this chapter with rest steady state
concentrations

{13 +[pag |

membrane

7

Q‘@

Figure 3.1: Schematic of proposed well-mixed temporal model of cofilin pathway: EGF stim-
ulation activates PLC, causing the membrane lipid PIP, to be hydrolyzed. This releases the
cofilin from the membranous PIP3-bound pool (Cs) to an active form (pool Cy), from which it
can attach to actin filaments (pool C'r). Once the filament is severed, cofilin comes off, carrying
an actin monomer (pool Cjs) with it. It is phosphorylated by LIM kinase into the form Cp,
and then stripped of its monomer, so that it could reattach to PIP5. Here we have also assumed
that the active cofilin can exchange with the filament bound form or be phosphorylated.
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3.1.1 Assumptions

Expanding on the assumptions of the reduced cofilin barbed end model of Chapter 2, we work

with the following conditions.

e We consider here only temporal dynamics, and are thereby approximating the cell as a
well-mixed system where cofilin concentrations are averaged across the cell, and molecules
move freely between the cytosolic and peripheral compartments of the cell. In this model,

we neglect spatial considerations.

e Cofilin is conserved in the system, so that cellular cofilin exists in one of the forms proposed
here and their sum is constant, equal to the total concentration of cofilin in the cell. That

is, for all time ¢, our system satisfies the equation

Co(t) + Ca(t) + Cr(t) + Cp(t) + Cp(t) = Chot. (3.1)

It is convenient to relate all cofilin pools to the fraction of total cofilin in the cell. Ex-
perimental data is expressed relative to average cofilin concentration Cj,, rather than in
absolute concentrations. Scaling respective cofilin forms with respect to Cyo, such that

¢i(t) = Cior - Ci(t) obtains the dimensionless conservation equation

Co(t) + calt) +cp(t) + em(t) + cp(t) = 1, (3-2)

for all time t¢.

At this point we neglect compartmental volume considerations, all cofilin forms are as-
sumed to be well-mixed within the domain. This conservation equation will be examined
and modified in further models. However, here we use this simple equation to gain rough

insight into model behaviour.

e We assume that actin filaments are abundant and at constant density within the domain.
We consider an actin binding rate dependent only on available cofilin, and combine the rate

constant as (ko F'). We assume filament severing to be independent of filament density.

e Stimulated production of barbed ends is assumed to be cofilin dependent. We assume, as
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3.2. Model Development

before, that barbed ends do not feed back on their own production. We use the equations

proposed in Section 2.5 to govern barbed end dynamics.

3.2 Model Development

The model considered here is closely based on Figure 3.1. We identify the cofilin concentration
active in filament-severing, C, of the reduced model, as the concentration of filament bound
cofilin C'r, in this model framework. In this section, I motivate and describe the equations of

component of the system. Readers can skip to Section 3.3 for a summary of model equations.

Under the simplest assumptions, for a resting cell, we consider basal rates of activation, I,
and basal deactivation rates proportional to concentrations, —dgG. A typical substance with

concentration G(t) would satisfy the equation

dG
& L —daG.
a o~ daG

To such equations, we add various linear and nonlinear terms to account for interconversion
and stimulation effects. Unless otherwise stated, component concentrations are measured in
micro-molar values, (M), where 1M = 6-10'"molecL~!. We also consider a closed system of

cofilin, so that the sum of cofilin in all forms is a constant, as in Equation 3.1.

1. Dynamics of PLC Activity: We start analysis by quantifying phospholipase-C (PLC)
activity and PtdIns(4,5)P2 (PIPs) dynamics, as the experimental time profiles of these reg-
ulators are well-documented, shown in Figure 1.2. Furthermore, PLC activity represents
the kicking-off point for our simulations, initiating the cascade of downstream transient
states. We assume a basal level of production and decay of PLC activity in a resting cell.
We introduce an enhanced production rate of active PL.C, which is dependent on presence
of an EGF stimulus. Once the EGF signal is turned off, the active PLC concentration
settles down to its resting state, and consequently each cofilin pool returns to resting state

on their respective time scales.
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3.2. Model Development

The proposed equation for PLC dynamics is

dPLC
T Istimprc(t)  +1Iprc —dpLcPLC, (3.3)
t ————
stimulated activation basal rates

where Iprc is a constant base level of PLC activation in the cell and dpr¢ is a deactivation
rate. The term I pro(t) represents the enhanced PLC activation rate due to stimulation

by external factors, here, EGF. We propose a stimulation term of the form

ILstim - EGF  when stimulated by EGF,
Lstimpro(t) = ;
0 otherwise.
where stimulation by EGF is represented by a Heaviside (step) function EGF(t) =

H(t — ton) — H(t — toys). In the absence of external stimulation, Isymprc = 0, and

PLC activity is at its resting level

I
PLC,o. = ﬁ.

We normalize equation 3.3 in terms of this resting value, PLC(t) = PLC)s: - plc(t), where

ple(t) is a dimensionless variable. Equation 3.3 becomes

dple ~
% =dprc(Istimprc(t) + 1 — ple), (3.4)
where
¥ Is m t
IstimPLC(t) = %LC()
PLC

is a ratio of elevated activation rate to basal activation. These parameters can be fit well

using data from Mouneimne (2004) [24], outlined in Section 3.4.1.

. Dynamics of PIP;: Similarly, we assume that a basal membrane concentration of the
phosphoinositide PIP, exists in a resting cell. PIP5 is known to bind and inactivate cofilin
molecules at the membrane. Furthermore, the release of this pool of PIPs-bound cofilin

upon stimulation of the cell is proposed as the source of enhanced cofilin activity [33].
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3.2. Model Development

We assume PIP;, to be in equilibrium under rest conditions of the cell, and that resting
rates of production and decay are low [33]. Upon EGF stimulation, increased PLC activity
catalyzes increased hydrolysis of PIPy at the membrane [24, 33]. We represent this phe-
nomenon by introducing a PLC-mediated hydrolysis rate dpyq, in effect when PLC activity
is elevated above rest levels. At this point, we consider only the effect of PLC-mediated
enhanced PIPy hydrolysis. We currently neglect other dynamics of the phosphoinositide

pathway for simplicity.

We propose the following equation of PIPy dynamics

dPy

d
e I < hyd > (PLC — PLCyest)Ps . (3.5)
t N———

PLCrest

PLC—mediated hydrolysis

basal rates
At rest, Equation 3.5 leads to

P _Ipa
2,rest — d .
P2

Normalizing P, in Equation 3.5 by its resting steady state level, Pao(t) = P yest - p2(t),

where po(t) is dimensionless, obtains the scaled equation

d ~
% = dp2(1 — p2 — dnya(plc — 1)p2), (3.6)
where
- dhyd
dhya = —2
M iy

Similar to INStim pLC, the parameter Jhyd is a dimensionless ratio of stimulated and resting
rates, in this case (PLC-mediated hydrolysis of PIPy)/(basal decay rates). The estimation
of PIP5 parameters (Section 3.4.1) relies on the rough PIPy temporal data shown in Figure

1.2 (from van Rheenen (2007) [33]).

. Dynamics of cofilin bound to PIP; at the membrane: Experimental work has ver-
ified that a population of cofilin molecules is bound to PIP; at the membrane of a resting
cell [14, 33]. We assume that cofilin binds to PIPs in a 1:1 binding ratio, and is thus

released from the membrane upon EGF stimulation at the same rate as PIP5 hydrolysis.
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3.2. Model Development

We assume that membrane-bound cofilin, C5, is formed by dephosphorylation of inactive
phospho-cofilin, Cp. For now, we assume Cy recovers at a constant dephosphorylation

rate and binds to PIPy at the membrane with mass-action kinetics.

The equation for membrane-bound cofilin is

dCQ ( kpg ) dh d
=2 = PCp —  desCo  — 2L ) (PLC — PLCest)Cs .
dt P2,rest S—— PLCTest e
basal unbinding
phospho—cofilin binds PIP2 Loss via PIP2 hydrolysis

(3.7)
The first term represents a simplified PIPs binding rate of phosphorylated cofilin that is

stripped of its phosphate group.

Here we approximate the re-binding of cofilin to the membrane, neglecting the distinct
processes of cofilin dephosphorylation and PIPs binding. The recycling process rebuilds
membrane-associated cofilin slowly as shown in the time profiles of phosphorylated cofilin
in Fig 2 of Song (2006) [31], and the PIP5 recovery in Figure 1.2 of this theisis (from van
Rheenen (2007) [33]).

Normalizing the cofilin variables by the average concentration of cofilin in the cell C;(t) =
Ciot - ¢i(t), and substituting the normalized PLC and PIP, variables, plc and ps, the

fraction of cellular cofilin that is bound to PIPg is described by

ng

p kpopac, — doace — dpya(ple — 1)cs. (3.8)

. Dynamics of active cofilin: We assume that the cofilin released from PIP; is in a free,
unligated state. We consider this uninhibited state to be active, C4, as it is ready to
bind actin filaments. We assume that active cofilin is released at the membrane from the
PIPs-bound (C5) pool. Active cofilin can be phosphorylated (to Cp) by LIM-Kinase, and
consequently deactivated. We also assume active cofilin to be in equilibrium with actin
filaments in a resting cell, with on and off rates proportional to concentrations in respec-

tive pools.
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3.2. Model Development

The resulting equation for active cofilin is

d d
ACa Oyt korfCp — (konF)Ca —  kyCa 4 =22 ) (PLC = PLCyest)Ca,
dt Ny PLCyest

of f—on actin filaments  phosphorylation

(3.9)
where (konF'), and kyss are the filament binding and unbinding rate constants, k, is the
rate constant of phosphorylation by LIMK, d¢s is the decay of PIPs-bound cofilin, and
dhyq is the rate constant of PLC-mediated PIP; hydrolysis described previously, all in

units s~ L.

Scaling by the average concentration of cellular cofilin, so C4(t) = Cior - ca(t), results in

the equation for the active cofilin fraction, in dimensionless form

dc

d—: =dcacs + kopscp — (konF')ca — kpca + dpya(ple — 1)ca. (3.10)
. Dynamics of filament-bound cofilin: Cofilin that is bound to F-actin makes up the
pool Cr. We assume that severing of filaments occurs in a resting cell at a basal rate
proportional to the rest concentration of filament-bound cofilin, with rate constant kg, .

We assume loss of filament-bound cofilin is proportional to the concentration of bound

cofilin.

We use a nonlinear unsaturated severing rate function Fi.,(CF), as described in Section

2.5

C n
Fsev(CF) = kse'uCF,rest (C,F> P
Frest

where n = 7, and kgep, << 1571

so that barbed end production by cofilin severing is low
at rest conditions. We assume that following a severing event, the bound cofilin molecules
are released from the filament in an actin-monomer-bound inactive form which must be

recycled before rebinding to filaments.
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3.2. Model Development

The dynamics of the filament-bound cofilin compartment are described, at this stage by

dCr

O n
dt = (kOYLF)CA - koffCF - ksech,'r‘est ( r ) . (3.11)

CF,rest

nonlinear filament severing

Under these assumptions, the term kge,, Crrest is the only source of inactive monomer-
bound cofilin. The model expansion outlined in Chapter 4 investigates the possibility of
active cofilin binding to G-actin monomers in the cytosol as another potential source of

monomer-bound cofilin.

Normalizing Cr in Equation 3.11 by the average cofilin concentration in the cell, so

Crp(t) = Cio - cf (1), leads to

dCf - Cf "
dr (konF)Ca koffcf ksev®r (¢F> s (3.12)
where
o CF,rest o
d)F - Ctot = Cf rest-

. Dynamics of G-actin monomer-bound cofilin: After an actin filament severing event,
cofilin is left bound to an actin monomer, termed C);, as described in van Rheenen (2007)
[33]. Cofilin in this form is inactive, unable to bind and sever actin again until it is re-
cycled to the membrane. This requires an actin monomer-stripping and phosphorylation-
dephosphorylation process. We use the approximation that monomer-bound cofilin tran-
sitions into the phosphorylated pool at a rate proportional to C; concentration, with a

rate constant equal to the phosphorylation rate of active cofilin, k.

The proposed equation is

dc C "

—M = ksevCF,rest —r - kpCZVI 5 (313)
dt CF,rest N——
phosphorylation
source
with normalized form

dep, cr\"
5y = ksev - -k m- .14
dt or (¢F) P (3.14)
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3.2. Model Development

Here we neglect the monomer-stripping step of the recovery process for simplicity. Thus,
we work under the assumption that the monomer is stripped and cofilin is phosphorylated
in one step, whereby phosphorylation is the rate-determining step of the process. We

examine the implications of this assumption in Chapter 4.

. Dynamics of phosphorylated cofilin: Cofilin is inactivated in the cytosol by phospho-
rylation via LIM-Kinase. Cofilin in this C'p pool is inhibited from binding both PIPs,
and actin filaments. Phosphorylation of two different cofilin pools, active cofilin (C'4) and
monomer-bound cofilin (Cj) are considered, assuming with the same rate k,. Phosphory-
lated cofilin rebinds PIP; at the membrane via a dephosphorylation process which requires
a stripping proteinase SSH or CIN [31, 32]. We assume here a (slow) dephosphorylation
rate proportional to concentration of phospho-cofilin and mass action binding kinetics pro-

portional to concentrations of phosphorylated cofilin and PIPs.

The proposed equation governing dynamics of the phosphorylated cofilin pool is

dC k
bt S kpCA + ]prM — ( r2 > P,Cp, (315)
dt 2,rest
with scaled form
d
% = kp(ca + m) — kpapacy. (3.16)

. Dynamics of Barbed Ends: Following the reduced model outlined in Chapter 2 and
Section 2.5, we propose a barbed end equation where barbed end production in a stimu-
lated cell is dependent on filament-bound cofilin C'r. Barbed end dynamics are governed

by the equation

dB

C "
= PB - kcapB + aksech rest ( r > y (317)
dt \—/_/ ’

CF,rest

basal source—sink
cofilin—induced rate

where the rates P and ks, Cr rest represent barbed end production in a resting cell, kcqyp
is the capping rate constant, n is the nonlinear severing factor and « is the estimated con-
version factor between cofilin used and barbed ends created, and converts between units

of cofilin concentration (uM) and barbed end density (number per ym?).
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3.2. Model Development

Here we apply an assumption that the basal severing rate by filament-bound cofilin is neg-
ligible with respect to the production rate Pp, so that akse, Cr rest << Pp. Consequently,

the resting barbed end concentration

PB + aksevCF,rest
Brest =

)
kcap

is approximated by

Pp

Brest ~ k
cap

We normalize the barbed end density by the approximate rest steady state and scale cofilin

concentration by the average cofilin concentration in the cell to obtain

db - Cf "
E — Aksev(bF ((ZSF> kcap(b 1), (318)

where ¢F = ¢y rest, and the conversion parameter « is combined with scaling factors in

the parameter

Ctot

A=« ,
Brest

as in Chapter 2. The approximation step described here must be verified with cofilin
parameters and information from the literature, that is, whether the filament-severing
rate is much lower than other basal rates of barbed end production, akse,Cr rest < Pp.
The model simulation results using a non-approximated barbed end equation are outlined

in Chapter 4.
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3.3. Full Normalized Model

3.3 Full Normalized Model

The assumptions and simplifications described in Section 3.2 allow us to propose a simple model
framework for a closed, temporal model of the cofilin activity cycle. The collected equations for

the full model are displayed in the Appendix.

The equations of the scaled model are:

dple ~
% = dprc(Istimprc(t) +1 —ple), (3.19)
d -
% = dpg(l — Py — dhyd(plc - 1)p2), (3.20)
dC2
I = kpopacy, — dcace — dhyd<plc - 1)02, (3.21)
deg,
o = deoca + kopscy — (konF)cq — kpcq + dpya(ple — 1)ca, (3.22)
dCf cr n
Y konF a ko - ksev - s 2
G = ConF)e, = kugges ~ bunor (1) (3.23)
dep, cs "
me ] — .24
dt ksev¢F (¢F) kpcm, (3 )
de,
i kpca + kpem — kpapacy, (3.25)
db Cf "
— = keap(1 = b) + Akgevtpr [ =) . 2
7 p(l—=0)+ OF (w) (3.26)

The dynamics of PLC and PIP5, Equations 3.19 and 3.20 are decoupled from the rest of
the system. The cofilin equations, 3.21-3.25 represent the closed cofilin activity cycle and are
strongly coupled by interconversion terms. The solution of the barbed end equation, 3.26 is a
system readout which is dependent on the profile of filament bound cofilin, ¢y (¢), the solution

of Equation 3.23 (recall that ¢p = ¢ rest)-

In the absence of a stimulus, the system has a basal steady state where PLC and PIP5 are
at their respective basal levels plc = 1 and p, = 1. Similarly, barbed end density is at its resting
steady state, b = 1. The equations of cofilin concentrations, 3.21-3.25, are expressed as fractions

of the average concentration of the cell, the respective steady state are given in Table 3.1.

If a stimulus is introduced, such that fstimp,;c(t) = ~m~m > 0, a stimulated steady state

exists where PLC activity is enhanced above resting levels, plc > 1. The elevated activity of
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3.4. Model Parameter Analysis

PLC induces a transient response in the cofilin cycle, which is known experimentally to increase
filament-severing, and create a burst of barbed end density. To quantify this transient response

with the above model, we require parameter estimates obtained from the experimental literature.

3.4 Model Parameter Analysis

The equations of the model represent a downstream cascade of effects initialized by PLC and
PIP5; dynamics at the cell membrane. The cofilin cycle returns to resting steady state on a
slow time scale following EGF stimulation. This simplifies model analysis, as dynamics of PLC
activity and PIPy can be fit to data independently of cofilin considerations. Cofilin transition
rates can be examined based on PLC and PIP, results, model assumptions and available data

about respective cofilin fractions.

3.4.1 PLC and PIP,; Parameters

We first study the most upstream entity, PLC activity. In the right panel Figure 3.2, we repro-
duce the PLC activity profile subject to EGF stimulation shown in the left panel of the same
figure (from Mouneimne et al (2004) [24]).

The model equation 3.4 can produce a good representation of experimental results, as shown
in Figure 3.2. To obtain accurate time scale and relative proportions of stimulated and basal
levels, we assign parameter values dprc = 0.018s57! and use scaled stimulation rates in the
range Tstim = 1.3-1.6, such that during stimulation, the scaled stimulated production of PLC
activity is Istimprc(t) = 1.3-1.6. In view of the reasonable agreement, we use the values

dprc = 0.018s7Y, I im = 1.5.

The simple combined model consisting of Equations 3.19 and 3.20 facilitates the analysis of
the decay rate of PIP,, dps, and the nondimensional PL.C-mediated PIP5 hydrolysis rate, Jhyd.
In combination, these determine the PIPy reduction due to hydrolysis as well as the recovery

time back to basal levels.

From van Rheenen et al (2007), PIPs decreases to a minimum of 40-60% of its basal level
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3.4. Model Parameter Analysis

upon EGF stimulation [33]. Figure 1 A in that paper, shown here in the left panel of Figure 3.3,
shows PIP, levels recover half of the lost concentration on a time scale of approximately 360s.
This suggests a decay rate dps ~ In(2)/(360) ~ 0.0018s~ . Comparison between the simulations
in the right panel of Figure 3.3 with the PIPy data in Figure 1.2, suggests a reasonable value
of Jhyd in the range of 10-20. This means that the PLC-dependent hydrolysis of PIPy is 10-20
times greater than resting background decay rate of PIPs due to other processes. For model

simulations, we adopt the parameter settings

dpa = 0.001857",  djya = 20.

W
n
N

Standardized p(Y)-PLCyl1 levels

o 30 60 90 120 150 180 0 50 100 150 200 250 300
. time
Time (s)

Figure 3.2: Left: Dynamics of PLC from Figure 2 A of Mouneimne (2004) [24]. Reprinted with
permission from G Mouneimne: Spatial and temporal control of cofilin activity is required for
directional sensing during chemotaxis. Current Biology 16(22):2193-205 (2006).

Right: Dynamics of PLC resulting from Eqn. 3.19, with dprc = 0.01857! and Tim = 1.3
(blue), Tatim = 1.4 (green), Tstim = 1.5, (red), and Tstim = 1.6 (cyan). We notice that the
model is robust in these parameter settings. Ttim determines maximum peak of PLC activity,
dprc = 0.018s7! gives a good fit to experimental results.
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|| 10%
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Figure 3.3: Dynamics of PIP5 resulting from equation 3.20 for various values of the parameters.
Right: Dynamics of PIPy from Figure 1 A of van Rheennen (2007) [33]. Reprinted with per-
mission from J van Rheenen EGF-induced PIP, hydrolysis releases and activates cofilin locally
in carcinoma cells. Journal of Cell Biology 179(6):1247-59 (2007).

Right: PIP; profiles for fixed dpy = O.~0185_1 and varying PLC-dependent hydrolysis strengths,
dnya = 2 (blue), dpyq = 4 (green), dpya = 10 (red), and dpyq = 20 (cyan). The parameter
dpy = 0.01857! was chosen to give our estimated best fit of PIP, recovery. We can compare
these curves to the experimental data by van Rheenen’s Figure 1A to select parameters for our
(rough) approximation of PIPy dynamics

0 50 100 150 200 250 300 0 50 100 150 200 250 300
time time

Figure 3.4: Model simulations of PIP; dynamics with dpy = 0.018s~!, and Left: Jhyd = 20 so
that PIP3 is almost completely reduced in the periphery, as per discussions with J. Condeelis,
and Right: djyq = 5, a fit to the van Rheenen data.
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3.4. Model Parameter Analysis

3.4.2 Cofilin Data Review

We can use the resting state concentrations, together with data from the literature to satisfy the
at rest steady state equations and solve for unknown model parameter values. In this section,
I first outline available time series information, then compare with the parameter constraints

imposed by the model.

We interpret Figure 6 A of van Rheenen (2007) as an exponential fit of cofilin residence time,
or decay, bound to either PIP; (recovery t.o = 3.7s) or actin filaments (recovery t.; = 26s) [33].
We recognize that under a linear model, these recovery times represent the half-life of the

respective cofilin binding, such that the decay rate of Cy is given by

~0.19s7 1 (3.27)

We can estimate the loss of filament-bound cofilin, which under our model occurs by the sum

of rates koyy and Kgep, both linear at rest

In(2)
tef

def = koff + ksev = ~0.027s~ 1. (3.28)

We expect severing events to be rare in a resting cell, as barbed end production is tightly
regulated and severing occurs primarily as stochastic fluctuations of the system. This implies
that the off-rate, ko7, of cofilin being released from actin filaments without causing a severing
event should be significantly higher that the severing parameter kg.,. This information is con-

sistent with our assumption ko ¢¢>x,., together with in vitro filament severing rates given in the

literature [1, 2] where

Esen 2 0.010-0.01257 1.

If we interpret Figure 6 B of van Rheenen (2007) as the fit of a linear combination of the Cs

and Cp exponential decay equations, then

y = Arexp(—deat) + Asexp(—dcst).
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3.4. Model Parameter Analysis

Using this method, the relative ratios of PIPs-bound cofilin and filament-bound cofilin can be
obtained for both a resting and stimulated cell. We obtain the at rest ratio from this figure,

implemented as initial conditions in our model,

Corest  0.85

CF,rest 0.15 .
This ratio decreases upon stimulation with EGF to

Costim _ 0.38

Crstim  0.62°

which is important for time profile fitting of our model simulations. Furthermore, Figure 2 in
van Rheenen (2007) shows an observed 2-fold increase of filament-bound cofilin Cr upon stim-

ulation with EGF.

Figure 2 of Song et al. (2006) [31], exhibits the time profile of phosphorylated cofilin before
and after stimulation of the cell with EGF. The resting level is identified as Cp yest = 0.18(£4) -
Clot, and stimulated level, which we take to be the maximum of the phosphorylated cofilin pool
is Cpmaz = 0.38(£6) - Cio. Further time profiles of phospho-cofilin can be used to fit model
simulations [31], but this is beyond the scope of this thesis. We use compare the experimental
data of a stimulated cell to model simulations, shown in Section 4.8, and discuss conclusions in

Chapter 5.

3.4.3 Cofilin Model Parameter Analysis

Here we outline the analysis of model assumptions and equations to combine with available

cofilin data from Section 3.4.2 to gain information about unknown model parameters.

The information given in Song et. al (2006), [31], implies the rest fraction of phosphorylated

cofilin in the cell to be

Cp,rest = 0.20.

Through analysis of Figure 6 of van Rheenen (2007) [33], the ratio of cofilin bound to F-actin
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3.4. Model Parameter Analysis

and PIP5 at the periphery of the cell is identified as

Cf rest 0.15
Corest  0.857

which gives ¢ yest & 5.8 - Cf rest. From personal communication with J. Condeelis, we estimate
the fraction of PIP,-bound cofilin at rest as ¢3 rest &~ 0.10. This supports resting level fractions

of filament-bound, and PIP5-bound cofilin to be approximately

Cfrest — 002,

C2rest = 0.10.

The conservation assumption Equation 3.2 also implies that, at rest, the normalized cofilin
pools sum up to 1

C2 rest + Ca,rest + Cf,rest + Cm,rest + Cp,rest = 1. (329)

Thus the sum of at rest steady state fractions of active and monomer-bound cofilin is approxi-

mately

Ca,rest + Cm,rest — 1- C2 rest — Cf,rest — Cp,rest

1-0.10-0.02 - 0.20

= 0.68. (3.30)

We first identify steady state relationships between resting cofilin pool levels. We set deriva-
tives of Equations 3.21-3.25 to zero, and use the assumption ke, << 1s~!. From equation 3.21,

parameters must satisfy the relationship

kP2 * P2 rest (3 31)

C2 rest = d * Cp,rest
C2

where ¢; rest is the scaled cofilin level and py yes; = 1 is scaled PIP, level in the resting cell.

Equation 3.31, together with the rest levels data of PIPs-bound and phosphorylated cofilin,
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3.4. Model Parameter Analysis

provides a relationship between the dephosphorylation rate of the model kps and the decay rate

of PIPy cofilin dcs. We have

C2 rest dey = 0.10 den

kpa =
D2,rest * Cp,rest 1-0.20

so that

kps = 0.5 deo.

Since PIPs-bound cofilin decays as PIP, decays at the membrane, we assume dco = dpo.

The PIP; decay rate constant, dps approximated in Section 3.4.1. We then set parameter values

deo = 0.002571, kps = 0.001s 1.

Furthermore, from equation 3.25

C t = 7kp
p,TeESL T
kpao

: (Ca,rest + Cm,rest)- (332)

From above, the rest fraction of phospho-cofilin is ¢p, yes+ = 0.20, and from Equation 3.30 ¢4 rest+

Cm.rest = 0.68. This gives the relation

0.68 @
0.20 kp ’
and
kpo = 3.40 - kp.

The phosphorylation rate can be approximated as

ky=12.94-10""s71.

The steady state equation of monomer-bound cofilin, Equation 3.24 can be simplified, since
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3.4. Model Parameter Analysis

0 = Crrest/Ciot = Cfrest. This identifies the relationship

k
Cm,rest = % *Cf rest- (3-33)
P

Notice that the ratio between monomer-bound and filament-bound cofilin at resting conditions

is determined here by the ratio between basal severing and phosphorylation rates. This implies

m,res kse’l}
Cmyrest _ Psev, (3.34)

Cf rest kp

We identify this parameter kge,, (for which there are estimates only from in vitro work and other
modeling efforts [1, 6]), as a free parameter to be tested by model simulations. It is identified
by the constraints of Equation 3.34 once the rest steady state level of monomer-bound cofilin,

Cm,rest 15 assigned.

From discussion with J. Condeelis, we work under the assumption that the fraction of active
cofilin is very small at any time ¢. Condeelis predicts this cofilin fraction to be near zero in a
resting cell, therefore, we estimate the rest level of active cofilin pool of cofilin as cq,rest = 0.01.
By conservation, Equation 3.30, this gives ¢y, rest = 0.67. This identifies the severing model

parameter, since to satisfy Equation 3.34, we have

SO

Eser = 0.0099s7 1.

In line with the conservation equation 3.30,

Cm,rest — 0677

Carest = 0.01.

The cofilin equations 3.22 and 3.23 introduce two actin-binding parameters, k, ¢ and simpli-

fied binding rate constant (k.. F). From Equation 3.28, and the linear decay of filament-bound
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3.4. Model Parameter Analysis

cofilin from Equation 3.23, we obtain the relationship between rate constants of loss of filament-

bound cofilin

kopf = dep — ksev = 0.027s~ 1 —0.0099s ", (3.35)

= 0.0171s* (3.36)

based on previous assumptions. Thus the model assumptions satisfy experimental predictions

that koff > kgeu-

We can gain further information about parameters by using the relationship between steady

states of Equations 3.10 and 3.12

1
Carest = 7 77 1 dcac res +ko Cf,rest| 3.37
et = T (ko) [doscarest + Kof g rest] (3.37)
and
konF'
Cfrest & 77— *Ca,rest- 3.38
firest N e ey O (3.38)

Setting the relations for ¢, rcs+ €qual to one another and simplifying obtains the relation

kpksev + kpkoff + (konF)ksev _ C2 rest

(konF)dC2 Cf,rest ’

which can be further simplified to be in terms previously identified parameter ratios

@ . C2 rest . Cm,rest _ ksev + koff (3 39)
k'p Cf rest Cf rest (konF)

From Equation 3.38, together with previous assumptions about resting concentrations and
resulting parameter estimates, we find that the filament association and dissociation parameters

must satisfy

ksev + koff _ Ca,rest

6.80-5.0 — 33.50 = = .
(konF) Cf,rest

Here we have defined cg rest = 0.01, so

(konF) =2 (ksev + koff)-
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Using experimental data from van Rheenen (2007) (Section 3.4.2), the filament binding rate is

estimated as

n(2)
26

(k(mF) =2 571 = 0.054871.

3.5 Summary of Model Equations and Parameters

We simulate the system of ODEs, Equations 3.19-3.26 using parameter values described in Sec-
tion 3.4.3 and summarized in Table 3.2 and 3.3. The system is initialized at the respective rest
steady states. The stimulus is introduced as an EGF step function turned on at t = 60s and off

at t = 120s, such that

Lyimprco(t) = Isim(Heaviside(t — 60) — Heaviside(t — 120)).

Cofilin Pool | Description Resting Level | Source

Cy PIP5-bound cofilin 0.10 - Cipt van Rheenen 2007 [33]
Ca active cofilin 0.01 - Ciot approximated in model
Cr F-actin-bound cofilin 0.02 - Cyor van Rheenen 2007 [33]
Cy G-actin-monomer-bound | 0.67 - Cy¢ conservation assumption
Cp phosphorylated cofilin 0.20 - Cyor Song 2006 [31]

Ciot total cellular cofilin 10uM Pollard 2000 [26]

Table 3.2: Definitions of the forms of cofilin modeled in this chapter with rest steady state
concentrations

Parameter | Description Value Source

Totim, scaled PLC activation rate | 1.5 Mouneimne 2004 [24]
dprc PLC decay rate 0.018s7* Mouneimne 2004 [24]
dpa PIP; resting hydrolysis 0.0025~1 van Rheenen 2007 [33]
dhyd PLC-PIP, hydrolysis rate | 0.01s~! van Rheenen 2007 [33]
dco PIPs-cofilin decay rate 0.0025~ T assumption

kogr Cofilin-F-actin off-rate 0.0171s7! van Rheenen 2007 [33]
konF Filament binding rate 0.054s~1 estimated by model
ksew Cofilin severing rate 0.0099s~! estimated by model
kp Cofilin phosphorylation 2.94-10"%s7 1 estimated by model
kpa Dephosphorylation 0.001s1 estimated by model
Eeap Barbed end capping rate 1s71 Dawes 2006 [9]

« unit conversion factor 600uM ~tum=3 | Mogilner, LEK 2002 [21]
A scaling factor 1000 Pollard 2000 [26]

Table 3.3: Parameter estimates for the well-mixed temporal model, Equations 3.19-3.26
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3.6 Simulations of Well-Mixed Model

The following figures exhibit an example of simulation results of the well-mixed temporal cofilin
system for proposed model assumptions and parameter estimates. We simulate two scenarios
proposed by experiments. First, we use a PLC-hydrolysis parameter of dp,q = 0.01s™! to pro-
duce a 60% reduction of PIP; levels, shown in the left panel of Figure 3.5. This represents
the overall reduction of PIPs as given in van Rheenen (2007). The model simulations results
are shown in Figures 3.6-3.8. Secondly, model simulation with dp,q = 0.04s™! produces almost
complete reduction of PIP5, shown in the right panel of Figure 3.5. Motivated by discussions
with J. Condeelis, this represents cellular activity in local regions near an EGF receptor. The

results of model simulations are given in Figures 3.9-3.11.

The simulations of a 60% reduction in PIP, levels result in a similar reduction in the level of
PIP5-bound cofilin. The resulting barbed end density reaches a maximum increase of less than
5-fold over resting barbed end levels (Figure 3.8). This peak is enhanced by increasing the PIPs
reduction, since this induces a much larger release of PIPy-bound cofilin (Figure 3.10). This
generates a barbed end peak of approximately 8-9 fold increase over resting levels (Figure 3.11).
While these results reproduce the experimental increase in barbed ends, up to 10-12 fold, at
a respectable level, both scenarios fail to generate the 2-fold increase in filament-bound cofilin

shown in van Rheenen (2007).
In the next chapter, I outline our work to reformulate the well-mixed cell approximation.

By working within a model framework which better represents the physical properties of a cell,

we aim to analyze the assumptions made in this chapter and verify model results.
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Figure 3.5: Simulation profiles of PLC (green) and PIP; (magenta) with parameter settings
from Table 3.3 Left: Results for dp,q = 0.01s~!. Right: Results for dj,q = 0.04s7L.

0.8
EGF added  EGF removed C2
——CA
0.7F iyl
——CM
—cCP
0.6
05
©
8
2 0.4
g N
(@)
0.3}
0.2
0.1 —\
0 T 1 Il T T 1
0 50 100 150 200 250 300

time

Figure 3.6: Cofilin time profiles as fractions of average cofilin concentration, for parameter
settings outlined in Table 3.3.
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Figure 3.7: As in Figure 3.6, magnified to show a close up of low-level cofilin fraction profiles
for parameter settings outlined in Table 3.3.
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Figure 3.8: Rate of severing (top) and barbed end time profiles (bottom) produced by cofilin
activity dynamics and using parameter settings outlined in Table 3.3. Notice small barbed end
amplification of approximately 3-fold increase.
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Figure 3.9: Cofilin time profiles as fractions of average cofilin concentration, for parameter
settings outlined in Table 3.3 and dpyq = 0.04s™ .
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Figure 3.10: As in Figure 3.9, magnified to show a close up of low-level cofilin fraction profiles
for parameter settings outlined in Table 3.3 and dpyq = 0.04s7 .
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Figure 3.11: Rate of severing (top) and barbed end time profiles (bottom), shown as relative
density over resting barbed end concentration, for parameter settings outlined in Table 3.3 and
dnyd = 0.04s~!. Notice a barbed end amplification of over 8-fold with 60s of addition of EGF
stimulus.

o4



Chapter 4

Temporal Cofilin Compartmental

Model

4.1 Introduction

In this chapter, I outline our examination of a compartmental model, challenging the well-mixed
assumption of Chapter 3. We introduce two volume compartments, one to represent the small
region at the cell edge and another to represent the large cellular interior. Compartmental
considerations are supported by the desire to differentiate the cofilin forms identified to be
bound at the cell edge by fluorescence-tagged membrane experiments versus those that diffuse
freely in the cytosol [24, 33]. Cofilin bound to PIPs (C2) has been shown to be stationary and
membrane-associated [33]. Cofilin binding to F-actin is known experimentally to be confined
to the periphery of the cell by inhibition of tropomyosin binding to filaments in the interior
[12, 33]. These model revisions quantify relative local concentrations of cofilin in the periphery
and cytosolic compartments by identifying the different volumes of the edge and interior com-
partments, which may be up to 1 or 2 orders of magnitude larger. This requires revision of the

model equations to represent transition between compartments.

We also consider whether interactions previously neglected could be significant, so we include
the reactivation of cofilin via direct dephosphorylation of C'p, re-binding of active cofilin C4 back
onto PIP; at the membrane (into Cy pool), and a new equilibrium relationship between active
and monomer-bound cofilin. The revised definitions of cofilin pools in respective compartments
are outlined in Table 4.1 and interactions between cofilin forms shown in the schematic, Figure

4.1.
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4.1. Introduction

This model version serves as the final step in the analysis of the temporal dynamics of the

cofilin pathway before embarking on a spatio-temporal model. Here, we address all possible

interactions between the identified cofilin forms with the goal of identifying the critical interac-

tions to include in the spatial framework. A future one-dimensional (PDE) model should then

simulate the distribution of cofilin as distance from the cell edge. Thus, the edge and inte-

rior compartments examined in this chapter will determine the boundary conditions of a radial

model. This final temporal model also facilitates the verification of appropriate and necessary

model assumptions to simplify future work.

Cofilin Pool | Description Resting Level | Source

[ PIP5-bound cofilin 2.00 - Ciop discussion

c¥ active cofilin in edge 1074 Cho approximated in model
CI]:Q F-actin-bound cofilin 0.40 - Cyot van Rheenen 2007

C}f} G-actin-monomer-bound in edge 0.67 - Ciot conservation assumption
CcE phosphorylated cofilin in edge 0.20 - Ciot Song 2006

C’i active cofilin in interior 107% Clo approximated in model
C’fw G-actin-monomer-bound in interior | 0.67 - Cyot conservation assumption
cL phosphorylated cofilin in interior 0.20 - Ciot Song 2006

Ciot average cofilin concentration 10uM Pollard 2000

Table 4.1: Cofilin forms in the edge and interior compartments, with rest concentrations defined
relative to average cellular cofilin concentration.
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4.1. Introduction

‘——»
PLC [ P3 H PIP2 }
: A membrane

interior

Figure 4.1: Schematic of proposed temporal compartmental model of cofilin pathway: Dynamics
are separated into those at the edge of the cell, and interactions in the cytosol, or interior of
the cell. At the membrane, EGF stimulation activates PLC, causing the membrane lipid PIP5
to be hydrolyzed. This releases the cofilin from the membranous PIPy-bound pool (C¥) to an
active form (pool C%) at the edge of the cell, from which it can attach to actin filaments (pool
CE), or bind to G-actin (C%), phosporylated (to CE), or rebind to PIPs. Once the filament
is severed, cofilin comes off, carrying an actin monomer (pool CI}) with it. Filament dynamics
are assumed to occur near the membrane, in the edge compartment. Following a severing event,
the G-actin-cofilin is stripped of its monomer, and phosphorylated by LIM kinase into the form
Cp, so that it could reattach to PIP5. The freely diffusing forms of cofilin diffuse between the
edge and interior compartment, to C%y, C%,, CL.

o7



4.1. Introduction

4.1.1 General Assumptions

o We will consider here only temporal dynamics, and thereby approximate the cell as a well-
mixed system where cofilin molecules move freely between the cytosolic and peripheral

compartments of the cell.

e Cellular cofilin is divided into several forms in the edge compartment (within 200 nm of
the cell membrane) and in the interior compartment. Freely diffusing forms can transition
between the two compartments, whereas cofilin molecules bound to PIP5 at the membrane,
or bound to filaments at the edge of the cell are confined to the edge compartment.
We assume that the edge and interior compartments have fixed volumes, V¥ and V!

respectively.

e The total amount of cofilin is conserved in the cell. We use the notation CF and C/ to
denote concentrations in micromolar units (uM) of cofilin in various forms. The total

number of molecules of cofilin is given by the conservation statement

VE(CE+CE+CE+CE+CEY+VI-(CL+CL,+CL) = Vigt-Crot = (VEFV)-Chor, (4.1)

where V| VI are volumes of compartments, usually in pm?, C,, is the total average
cofilin concentration in the cell ( 10uM), and the cofilin forms, C;, are as defined in Table

4.1.

e Actin filament density is constant and abundant within the domain. We consider an
actin binding rate dependent only on available cofilin, and assume filament severing to be

independent of filament density for now.

e Barbed end dynamics are governed by equations proposed in earlier works and do not
feed back on their own production. We assume that active barbed ends observed at 60s

following stimulation with EGF are due to amplification of cofilin severing.
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4.2. Model Details

4.2 Model Detalils

Motivated by experimental conclusions, we define the edge compartment as the region within
200nm of the cell membrane, and the interior compartment as the remaining fraction of the
cell [33]. This implies a large difference in compartmental volumes, V! >> V¥ confirmed by
calculations outlined in the Appendix. Since some cofilin forms, Cy and C'r exist only at the edge
of the cell, whereas the other cofilin forms, C'4, C)s, and Cp are present at both the edge, and
in the interior of the cell, we must consider the effective local densities of each cofilin fraction in
the given compartment. We will denote relative local cofilin concentrations of respective forms
as CF in the edge compartment, and C/ in the interior. For example, monomer-bound cofilin

concentration in the edge compartment is described by

CE _ molar quantity of monomer-bound cofilin in edge

K2

volume of edge compartment

We ensure that balance equations are written in terms of conservation of mass or of num-
bers of molecules. When compartment volumes differ, as in the case we describe here, this
introduces some correction factors from dilution effects. To avoid confusion about relative local
concentrations, we outline several different notations here. These all convey the same message,
conservation of total cofilin, Equation 4.1. The quantity Vie - Cio; has units um?® - uM since
these are common units of measure.. Converting this quantity into number of molecules of cofilin
requires a conversion factor 7, described in the Appendix. The total number of cofilin molecules
in the cell is given by

#molecules = Vio; - Cyor - 7,

3

where 7 = 600 molecules pM ~'pum=3, since 1uM ~ 600 molecules per um?, details of this

calculation are outlined in the Appendix.

The available data that describes the resting cofilin concentrations in a cell is given as the
proportion of total cofilin in the cell. We take these to be proportions of the total molecular
content (as in fluorescence data). We use the average total cellular cofilin concentration of 10pM

[26]. This allows us to calculate the total molecular content in our model cell approximation,
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4.2. Model Details

after choosing a volume estimate.

We can nondimensionalize Equation 4.1 by dividing by Viot - Ctot, obtaining the relationship

VE [ CFE cE CE CcE CE Vi rcl ct CE
(2+A+F+M+ P) <A+M+ P)zl-

Vvtot Ctot Ctot Ctot C'tot C'tot V;fot Ctot Ctot Ctot

We define compartment volumes by total volume of the cell, and relative cofilin concentrations
scaled by average cofilin concentration Cy., defining

. VE VI C;

v = , U= y G = )
‘/tot ‘/tot Otot

This leads to the the nondimensional conservation equation

i (cg—l—cf—kcf—kcﬁ—kcf) +ol . (cé—&—cﬁl—!—c{)) =1. (4.2)

Finally, if we combine relative local concentrations with their respective volume fraction,

such that

the conservation equation can be expressed as
(@ +el+ef+eh+e)+ @ +e,+a) =1

Notice that the ¢; expression represents the fraction of total molecular cofilin in each respective

form.

These modifications in methodology and model development introduce several new aspects
to the model. First, available data gives estimates of resting cofilin fractions of respective forms
[24, 31, 33]. We take these to be proportional to the average cofilin concentration in the cell.
The fractions which exist in strictly the edge compartment must be scaled to obtain the relative
local concentrations of each cofilin form. For example, if C;, in units of uM, is the average
cellular concentration of cofilin in form 4, we can convert this to the relative local concentration

in the edge compartment using the relationship
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4.2. Model Details

%
E _ Vtot

-Cj.

Based on the exchange between compartments, we must now incorporate 3 additional ODEs
in the system to describe the dynamics of C4, C1, and C% in the interior. The rate of change

of each respective cofilin form in each compartment is described qualitatively by
d .
&[molecules of form 4 in compartment] = rate of exchange + source terms — loss terms.

Currently, we assume that exchange between compartments follows simple diffusion. Transi-
tions between compartments of each respective cofilin form occur at a rate proportional to the
concentration difference. We utilize known cofilin diffusion coefficient (D ~ 10um?s~1) [26] to
give the rate of molecular exchange and use a width parameter of the cell (w = 0.2um) [21].
These parameters scale the compartmental transition terms and match units in Equations 4.3

and 4.4 The rate of change of cofilin in given forms satisfies

d(VECF
% wD[C] — CF] + source terms — loss terms, (4.3)
d(vict

(T’) = —wD[Cf — CF] + source terms — loss terms. (4.4)

The considerations of compartmental volumes and transitions affect only the diffusing forms
that exchange between the edge and interior, not Cy or Cr. We assume a constant diffusion co-
efficient for all forms of cofilin, though the coefficient describing diffusion of C'j; may be slightly

lower due to the larger structural size of the complex.

We also take into account several interactions neglected in previous modelling efforts. These
include equilibrium binding of G-actin on/off active cofilin (Cy < Cy), rebinding of active
cofilin to PIP, at the membrane, and dephosphorylation of phospho-cofilin at locations other
than the membrane. These interactions are included in the full model schematic shown in Figure
4.1. The addition of these interactions in the absence of further experimental data will require
extensive simplifying model assumptions. However, we hope that the process will facilitate some

insight into the importance of each respective interaction effect.
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4.3. Model Equations

4.3 Model Equations

For the most part, equations will closely follow their forms in Equations 3.19-3.26. However, in
this version, we expand the model to incorporate a more complete collection of potential cellular

interactions.

We keep the same assumptions and equations for PLC and PIP,, since these system com-
ponents are not involved in the conservation equation. We proceed with the scaled equations

as experimental data is commonly given in a normalized form as fold increases over resting levels.

I outline here the revised model equations for PIP3-bound cofilin, C¥, and both edge and
interior forms of active cofilin, C’f and Cﬁw where new terms are expressed in red font. The
Equations 3.23-3.25 are revised in a similar manner to include new terms from Figure 4.1 and

exchange between compartments.

1. Dynamics of cofilin bound to PIP,; at the membrane: Since PIP; is a membrane-
associated lipid, cofilin bound to PIP; is assumed to exist only in the membrane compart-
ment. We quantify the cofilin bound to the membrane at any time ¢, as #molesC¥ =
VE . CF. The equation for membrane-bound cofilin dynamics is given by

d(VECE k k
W (fmVpvecp + (p22) pvrck - deavicf
dt P2,Test P27T65t

basal unbinding
phospho—cofilin binds PIP2 active cofilin binds PIP2

dhyd EAE
_ (PLCW) (PLC — PLC,os))VECE,  (4.5)

Loss when PIP2 hydrolyzed

where terms are as previously with the addition of PIP5-binding rates from phosphorylated
and active cofilin forms, kpp2 and kape, respectively. We then normalize the molecular
level of PIPs-bound cofilin by the total amount of cofilin in the cell to obtain fractions of
total cellular cofilin,

g pv_VF ) cl

Y el = .
1
Viot  Chot

(4.6)

Since fractioned edge compartment volume, v% = V¥ /V} ;. is assumed to be approximately

constant in time, and appears in all terms here, we can divide it from both sides of
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4.3. Model Equations

Equation 4.5. Using normalized PLC and PIPy variables, (PLC(t) = PLCyest - plc(t)),
the nondimensional concentration of PIPs-bound cofilin (Cy(t) = Cior - c2) is

E
dcs

Fra kpp2p205 + kapapacy — doock — dpya(ple — 1)cy . (4.7)

. Dynamics of active cofilin at the periphery: Cofilin liberated from the membrane
compartment is released into the edge compartment of the cell. We consider this cofilin

form to be active (pool C%), as it can bind to available and uninhibited actin filaments.

Active cofilin diffuses between the edge and interior compartments of the cell, at a rate
proportional to its concentration difference. Here we assume G-actin monomers with re-
spective on and off rates proportional to concentrations in respective pools. Expanding on
assumptions of previous models, here we consider the reactivation of cofilin by dephospho-
rylation (from Cp) or loss of the actin monomer (from Cjs). These considerations were
motivated by conversations with J. Condeelis, and work shown in Mogilner, Keshet (2002)
[21] respectively. The revised equation of active cofilin is
dVEC'E:D I _ ~E ENE ENE EnE ENE
= wD [Ch — CF] +dcaVFCF + kossVECE — (kon F)VECE — k,VECK

dif fusion

+ kapVECE 4 kmaVECE — kamVECE - (k"‘p?> RVECE
—_———

2,rest

dephosphorylation  of f—on—G—actin—monomer
active cofilin binds PIP2

_Ahya .
" <PLCrest) (PLC o PLCrest)V C12 ’ (48)

where dcs2, konF', and koyy, kp, and dpyq are defined as before (in s_l). The constants w
(um) and D (um?s~1') are the cell width and diffusion parameters described previously,
kom and k. are G-actin-monomer binding and un-binding rates, and kg, is the rate of

dephosphorylation via various cellular phosphatases (s71).

We scale the equation for active cofilin dynamics as in Equation 4.6 to obtain the equation
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4.3. Model Equations

for nondimensional active cofilin in the edge compartment

dCaE wD ., E E E E E E E
at ﬁ[ca —¢q |+ doacy +koppey — (konF)ey — kpey + kapey + kmacy,

_kamcf - kAp2p20aE + dhyd(plc - 1)C2E (49)

Note that the compartment volume consideration affects the scaled equation only by a

concentration, or ”dilution” effect in the exchange term.

. Dynamics of active cofilin in the interior: The cofilin released into the edge com-
partment can be contained there by to membrane or filament associated dynamics, but
can also transition into the interior compartment of the cell. We consider the large interior
compartment of the cell to be well-mixed, as characterized by fast diffusion rates in the

cytosol of the cell.

In the interior compartment, we assume cofilin cycles between different forms based on
equilibrium interactions between active, monomer-bound, and phospho-cofilin. We assume
transition rate constants to be equivalent to transition rates proposed at the edge of the
cell. Since the relative volumes of the interior to the edge compartments can differ by up
to two orders of magnitude, molecules that transition into the interior compartment are
diffused due to the increase in relative volume. Thus, concentrations of interior pools will
be relatively constant in the absence of a large release of cofilin molecules from on of the

edge pools (ie. such as the release of Cy following EGF stimulation).

The equation for active cofilin in the interior compartment is

d(VIC'x{x) _ D [CI CE] k VIOI + k_ VIOI +I€ VIcI k' VICJ
dt - —w AT YA — vp A dp P ma M — ram A
S — 1
source/loss due to dif fusion phos—dephosphorylation of f—on—monomer
(4.10)

where transition rates are as described previously. We scale Equation 4.10, as in Equation

4.6, to obtain the equation for nondimensional local concentration of active interior cofilin

dc} D
Ca Y el — Bl —kyel + k;dpczlj + kmacl, — kamcl. (4.11)

a = v

64



4.3. Model Equations

4. Dynamics of Barbed Ends:

We use the full (non-approximated) barbed end equation from Section 2.5 of Chapter
2 to a generate a more complete picture of barbed end dynamics. We work with the

non-approximated barbed end steady state equation

PB + aksevCF,rest

Brest =

)
kcap

and normalize Equation 3.17 , similar to the method of Section 2.5, such that B(t) =
Brest ' b(t)

db _ e\ g N
dt—Akse,U[< ¢F> 1] = keaplb — 1] (4.12)

where parameters A, kseo, and keqp are as described previously, and ¢ is the scaled rest-

ing steady state of filament-bound cofilin, ¢ = cf rest-

The analysis of model parameters in described briefly in Section 4.5, alternatively readers

can skip to the outline of parameters used in Tables 4.2 and 4.3.

65



4.4. Compartmental Model Summary

4.4 Compartmental Model Summary

With these simplifications, we can rewrite the model equations in their reduced and normalized

form

% = dprc(Isiimpro(t) + 1 — ple), (4.13)
% = dpa(1l — py — dpya(ple — 1)py), (4.14)
% = k/’Pp2p2CE + kapapact — descs — dpya(ple — 1)ca, (4.15)
d;f — %Z[cé - CaE] +dcaca + koppey — (kOnF)caE — k:pcaE + kdpcf + kmaCfi
—kamC? — kapapac? + dpya(plc — 1)ca,  (4.16)
de¥? o \"
5 = (kenF)ca = kogrer = kseo®r <¢F> : (4.17)
% = %[Cfn — ]+ ksevdr (;j;)n — kmpChy 4+ kpmch — kmach, +kamel  (4.18)
dcjif - %[ci’ — &)+ kpcg — kapCy + kmpCp, — kpmey — kppapacy), (4.19)
% - _%)[CII) = & = kpCa + kapey + kmaCp = KamCas (4.20)
% = _f/i?[cr[n e - kmpcfn + kpmc{, — kmacl + kamcl, (4.21)
ddcf) - 7?)/7?[01{' — &1+ kpcq — kapCy + kmpcp, — kpmcy, (4.22)
% = keap(1 = b) + Akoerbp (Z)n (4.23)

Notice that the reduced cofilin equations form a closed system when multiplied by the re-

spective volume fractions of each compartment, such that

g |dea | dey | dep  dcl N ﬁ

lat T ar Tdar T dt dt

+ol |24

dt dt ' dt

I
del  del, dcpl 0

4.5 Model Parameter Analysis

As outlined in Section 3.4.2, we have information referring to the concentrations of various cofilin

pools at rest.

We first make some assumptions necessary for model identification.
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4.5. Model Parameter Analysis

e We first consider the assumption that the freely diffusing cofilin forms are at equal con-
centrations in the edge and interior compartments at rest. This allows us to reduce the

compartment exchange term from the steady state equations.?

e We assume that transition rates between cofilin forms are equivalent in the respective com-
partments. Effectively, we assume that the cellular complexes required for each transition
are equally abundant and active in the edge and the interior of the cell. This assumption
may be accurate for some cofilin processes (such as LIM kinase-mediated phosphoryla-
tion) and very inaccurate for others (ie. monomer-binding). The transition rates will be

considered independently in a later model reduction.

4.5.1 Steady State Analysis

The steady state equations provide constraints on parameters. We set derivatives of Equations

4.15-4.22 to zero and examine rest state conditions. From Equation 4.15

1
E E E
Corest = @ ) [kP:DQCp,rest + kAPQCa,rest]' (424)
Under the assumption cﬁrest << 1 as described in Chapter 3, this gives the approximate
relationship
kp2 ~ CZE,rest
dC2 Cg,vrest7

indicating that the binding rate of phospho-cofilin to PIP5 at the membrane must be significantly
higher than the Cs decay rate in order to maintain the large local concentration of PIPs-bound

cofilin.

We assume here that free diffusing forms of cofilin have the same concentration in the edge
and interior compartments. The steady state equations of these forms account only for the
source and loss terms of the pool, so from Equation 4.16, the resting level of active cofilin in the

edge compartment is

E E
E dCQCZ,Test + koffcf,rest + kmacm;pest + kdpcpyrest

C prmnd
a.rest kApQ + konF + kam + kp

(4.25)

IThe no net flux simplification will have to be reviewed in later models. It is possible that rest conditions
could lead to opposed standing gradients at the cell edge such that the net flux between compartments is zero.
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4.5. Model Parameter Analysis

The steady state equation for filament-bound cofilin, from Equation 4.17, is much simpler, since

our model includes just one known source

E kOHF E

est = 4.26
Cfnest k ( )

* Ca rests

of f + ksev
which can be rearranged to obtain the relationship

E
Cf,rest o konF

caE,rest koff + ksev .

This implies that binding parameters must exceed the loss rates by some magnitude to maintain
the relatively high local concentration of filament-bound cofilin, (0}3 rest > cﬁ rest) 0 the edge

compartment at rest.

Based on Equation 4.18, we find

E E E
E o ksevcf,7-est + kamca,rest + kpmcm,rest
m,rest —
kmp + kma

c , (4.27)

where the severing term is expected to be low at rest.

Equation 4.19 implies the concentration of phosphorylated cofilin in the edge compartment

at rest satisfies

E E
E kpca,rest + kmpcm,rest

C =
p,rest kdp + kpm + k'p2

(4.28)

The equations of cofilin forms in the interior compartment each have two source terms and
two loss terms. Based on Equation 4.20, the relative concentration of active cofilin in the interior

is given by

I I
CI — kdpcp7rest + km@cm,rest (4 29)
a,TCSt kp + kam ° °
Similarly, from Equation 4.21, the interior monomer-bound cofilin at rest satisfies
I I
CI — kpmcp,rest + kamca,rest (4 30)
m,’!’ESt kmp + kma ° °
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4.5. Model Parameter Analysis

And finally, the concentration of phospho-cofilin in the interior, from Equation 4.22, must

satisfy

I I
CI _ cha,rest + kmpcm,rest
p,rest —
kdp + kpm

(4.31)

4.5.2 Model Parameter Estimation

Under the assumption of equal concentrations in the edge and interior compartments, we can
combine equations for respective forms of cofilin and reduce parameters. Equating the edge and
interior concentrations of monomer-bound cofilin at rest, Equations 4.27 and 4.30, and reducing

the equivalent loss terms obtains the relationship

E E E _ I I
ksevcf,rest + ka"'lca,rest + kpmcp,rest - kpmcp,rest + kamca,rest? (432)
which reduces to

E —
ksevcf,rest =0.

Since cf rest > 0, this implies ke, = 0. This zero severing rate contradiction could be a result of
any one of our model assumptions. Equation 4.32 suggests that one or more of the simplifications

should be reconsidered in future models. Some suggested modifications are:

1. Variation in parameters between the edge and interior compartments. This revision to
our initial assumptions is supported by the dependence of cellular complexes on the rate
of cofilin transition between forms. The concentrations of such complexes may vary in the

edge and interior of the cell.

2. The assumption of equal concentrations of cofilin forms between the edge and interior
should be reviewed. This may be most easily approached in a one-dimensional spatial

framework as here we work with local average cofilin concentrations in each compartment.

Here I address the contradiction from Equation 4.32 by considering the first modification, and

revise the parameter consistency assumption in the following section.
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4.5. Model Parameter Analysis

4.5.3 Distinct Transition Rates in Compartments

In Equation 4.32, both the monomer-binding rate k,,,, and the combined dephosphorylation-
monomer-binding rate k,,, are assumed to be equivalent in the edge and interior of the cell.
However, both of these processes are dependent on the concentration of G-actin available for
binding. It has been shown in both experimental and analytical work that concentrations of
G-actin are higher in the cell interior due to higher filaments breakdown, and are depleted at

the cell edge where there is an increased polymerization rate [267 |.

We assume that the cofilin-G-actin association rate is negligible in the edge compartment,
such that

kb, ~0, kb, ~0. (4.33)

am

We rewrite Equation 4.32 with the notation k!, and kI, to differentiate between these

pm?

rates. Therefore,

EE kl

kSPUCf rest + kam a,rest + kpm m,rest — - pm p rest + kam a,rest*

This approximation obtains the relationship

I I [
ksevcf rest ~ FpmCp rest T kam a,rest (4.34)

The positivity of rate constants and the condition imposed by Equation 4.34 set restrictions on
parameter magnitudes. As outlined in previous chapters, we expect filament severing by cofilin
to be low in the cell at rest. Here, the magnitude of k., must be significant enough to maintain

kém >0 and kI, > 0.

Outlined in previous chapters, we assume a very low concentration of active cofilin in the
resting cell. In Chapter 3, we used the value ¢, yest = 0.01 and determined the resulting severing
parameter, kse,, by applying model constraints (Equation 3.34). Here we resolve the constraint
of Equation 4.34 by applying a lower rest state concentration of active cofilin ¢, rest = 104

This is motivated and supported by personal communication with J. Condeelis where he predicts
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a near-zero rest concentration of active cofilin.

In a similar manner, the remaining rest state relationships, Equations 4.28 and 4.31 to obtain
the phosphorylation and dephosphorylation parameter relationships. The remaining parameters
are constrained by Equations 4.25 and 4.29. The parameter estimates outlined in Table 4.3 were
calculated using the temporal data described in Section 3.4.2, the volume assumptions outlined
in the Appendix, and the scaled resting concentrations, and parameter relationships described

here.

4.6 Further Proposed Simplifying Assumptions

The number of parameters introduced by this expansion creates a model identification problem
in the absence of additional experimental data. To proceed with parameter estimation and
model simulations, we must make some critical assumptions to simplify equations and reduce
the number of unknown parameters to be analyzed. Here we start by identifying a large number

(upper bound) of simplifications. These should be reviewed in future works.

We summarize the parameter simplifications, motivated by assumptions described in Section

4.5.3, and by conversations with J. Condeelis.

1. Following Section 4.5.3, we assume that monomer binding of both active and phospho-
cofilin occurs at a very low rate in the edge compartment. We differentiate between edge

and interior parameters, as in Equation 4.33, such that
E . E .
kam =0,  kpy, =~ 0.

Interior rates are denoted as

I
kam7

1
kLo

2. From conversations with J. Condeelis, we identify that phosphorylation rates of active and
monomer-bound cofilin are indistinguishable in the cell. Effectively, this is an assumption

that the monomer-stripping step is negligible within the phosphorylation process, possible
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4.6. Further Proposed Simplifying Assumptions

due to a combined LIM kinase-SSH complex. The phosphorylation rates are expressed as

kmp = kp.

3. We also identify that rebinding of active cofilin to PIP5 at the membrane occurs at a very
low rate, due to the instability of active cofilin, and its tendency to diffuse away from

membrane contact after its release. We assume
kAp? ~ 07

eliminating this interaction from the model.

We apply these simplifying assumptions to the compartmental model. The revised schematic
of cofilin interconversion between forms is shown in Figure 4.2. Parameter values obtained from

calculations in this section, including these simplifying assumptions are outlined in Table 4.3.
‘ -—
PLC [ 1P3 H PIP2 ]
‘ A membrane

- XN

C2
CA

edge

interior

Figure 4.2: Schematic of proposed reduced temporal model of cofilin pathway with reduced
assumptions outlined in Section 4.6.
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4.7 Reduced Model Summary

Here we summarize model variables and their resting state levels in Table 4.2, and parameter

values used to simulate the model equations in Table 4.3.

Cofilin Pool | Description Resting Level | Source

crF PIP5-bound cofilin 2.00 - Cyor discussion

c¥ active cofilin in edge 1074 - Cyo approximated in model
CII;J F-actin-bound cofilin 0.40 - Cioy van Rheenen 2007

C’ﬁ G-actin-bound cofilin in edge 0.68 - Ciot conservation assumption
CcE phosphorylated cofilin in edge 0.20 - Cior Song 2006

cl active cofilin in interior 1077 Cyoy approximated in model
C’g/[ G-actin-bound cofilin in interior | 0.68 - Cy; conservation assumption
cL phosphorylated cofilin in interior | 0.20 - Cyyy Song 2006

Ciot average cofilin concentration 10puM Pollard 2000

VE volume of edge compartment 504m3 Mogilner Keshet 2002
VI volume of interior compartment | 950um? Mogilner Keshet 2002

Table 4.2: Cofilin forms in the edge and interior compartments, as in Table 4.1, repeated here

for the purpose of summarizing conclusions.

We designate volume of the edge and interior

compartments (shown in the Appendix) and summarize rest concentrations defined relative to
average cellular cofilin concentration. Note that the local concentration, C¥ is higher than the
average cellular cofilin concentration due to the large number of cofilin molecules crowded in
the small edge compartment.

73



4.7. Reduced Model Summary

Parameter | Description Value Source

Lstim PLC activation rate 1.5 Mouneimne 2004

dprLc PLC decay rate 0.018s~ 1 Mouneimne 2004

dpa PIP; resting hydrolysis 0.0025~ T van Rheenen 2007

dhya PLC-PIP; hydrolysis rate 0.01s7! van Rheenen 2007

Viot total cell volume 1000pm? estimated in Appendix

VE edge compartment volume 50pm? estimated in Appendix

kpp2 PIP;-binding of phospho-cofilin 0.020s~ ! estimated by model

kap2 PIP;-binding of active cofilin 0 assumption

dco PIP;-cofilin decay rate 0.002s~1 assumption

kory cofilin-F-actin off-rate 0.016s~! van Rheenen 2007
required by model

konF Filament binding rate 106.6s~* estimated by model

Esev Cofilin severing rate 0.0112s1 required by model

kma monomer-cofilin off-rate 0.0083s~! estimated in model

KL monomer-cofilin binding in interior | 4.79s~* estimated in model

kL. monomer-cofilin binding in edge 0 assumption

kp phosphorylation of active cofilin 0.0118s~1 estimated by model

Emp phosphorylation of monomer-cofilin | 0.0118s! assumption

Eap cofilin dephosphorylation 0.020s1 estimated by model

Ecap barbed end capping rate 1571 Dawes 2006

« unit conversion factor 600uM 1 pum =3 | Mogilner, LEK 2002

A scaling factor 1000 Lorenz 2004

Table 4.3: Parameter estimates for revised compartmental cofilin pathway model
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4.8 Simulations of Revised Compartmental Model

We show some preliminary results here based on our current parameter estimates. We initialize
the system at the resting steady states outlined in Table 4.2, and stimulate using parameter

values in Table 4.3 via addition of an EGF signal at 60s, removed at 120s.

We obtain the same PLC and PIP; results, shown in Figure 3.5 and simulate the effect of
these dynamics on the cofilin pools in the edge and interior compartments, shown in the top and
bottom panels of Figure 4.8.1 respectively. Figure 4.4 shows these same cofilin results, but dis-
plays profiles as fractions of total molecules of cofilin, for example v® - cf =VE. C’iE /Viot * Ctot-
Two cases of barbed end simulation results are shown in Figure 4.5 for parameters in Table
4.3. The top panel uses low hydrolization rate dpyq = 0.01s7', as estimated by experimental
results. The bottom panel displays results for the increased hydrolysis, djyq = 0.04s7 ', as per

discussions with J. Condeelis.

4.8.1 Discussion of Compartmental Model

The compartmental model expands the well-mixed model in several respects. The compartmen-
tal framework provides a more accurate representation of the cell, accounting for the high local
concentrations of PIP-bound and filament-bound cofilin. The added complexity of interactions
and cellular geometry considerations introduce challenges in parameter constraints. Further-
more, the lack of available experimental data requires assumptions to simplify the model and

identify parameters.

However, in view of these increased complexities, and the distinct differences in the dynamics
of cofilin pools, the barbed end results of the compartmental and well-mixed models, Figures
3.8, and 4.5 are remarkably similar. This may indicate that the interactions introduced in the
compartmental are not essentia to generate the barbed end amplification. The simplified cofilin
interactions of the well-mixed system should be investigated under the compartmental frame-
work to confirm this hypothesis. The compartmental model also exhibits similar limitations as
those described in Chapter 3. The increase of filament-bound cofilin increases only to a maxi-

mum of 1.4 relative to rest levels, failing to reach the 2-fold increase shown in Figure 1.3 from
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van Rheenen (2007). We propose several experimental considerations to investigate these issues

in the discussion of Section 5.2.1 of Chapter 5.
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Figure 4.3: Simulations of cofilin concentrations, Equations 4.15-4.22, in the edge and interior
compartment relative to average cofilin concentration C},; for parameter settings found in Table
4.3 and discussed in the text. Cofilin pools are initiated at resting concentrations, a stimulus
(EGF) is added at 60s and removed at 120s. Top: Dynamics of cofilin pools in the edge
compartment. Bottom: Dynamics of cofilin pools in interior. Notice small and shallow increase
in filament bound cofilin at the edge. This is due to a high rest severing rate, and relatively high
phosphorylation of active cofilin. The resulting barbed end peak (Figure 4.5) is significantly
less than the 12 fold increase (even with n = 7) and does not exhibit the sharp increase and
decrease observed in experiments (Mouneimne 2004) [24].
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Figure 4.4: Time profiles of amount of cofilin as fractions of total cellular cofilin (# of molecules)
for parameters from Table 4.3. Top: Edge compartment dyamics, Bottom: Interior compartment
dynamics. Simulations are the same as in Figure 4.8.1, but concentrations are scaled by relative
volumes of compartments.
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Figure 4.5: Results of the compartmental model for parameters in Table 4.3, demonstrating
two cases of PIPy hydrolysis, 60% decrease (Top), and 95% decrease (Bottom). Top: Rate of
filament-severing by cofilin (top curve), and resulting barbed end profiles (bottom curve) for
dhya = 0.01s~!, shown as relative density over resting barbed end concentration. Notice the
shallow barbed end amplification of approximately 3-fold increase within 60s of addition of EGF
stimulus with slow decay back to resting barbed end density. Bottom: Rate of filament-severing
by cofilin (top curve), and resulting fold increase in barbed ends (bottom curve) for increased
PIP; hydrolysation rate dp,q = 0.04s~!. Amplification increase to approximately 8-fold, similar
to the result of the well-mixed model of Chapter 3.
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Chapter 5

Discussion of Cofilin Model

Results

Recent experimental work indicates that cofilin activity determines the sites of actin polymer-
ization and resulting cell movement in metastasizing mammary tumour cells [7, 15]. Previously
hypothesized to be important only for filament disassembly, as strictly an actin depolymerizing
factor [4, 5], cofilin is now unexpectedly at the cell motility forefront as a key determinant of a
cell’s ability to detect chemoattractant gradients and direct cell protrusion. Furthermore, cofilin
may interact synergistically with the Arp2/3 complex to promote actin nucleation, and thereby

influence overall cell polarity.

Though substantial ground has been made experimentally to identify the underlying mech-
anisms of cofilin activation in the cell [31, 33|, there are many open questions and difficult
obstacles to overcome in order to gain a more complete understanding of cancer cell metastasis.
The modeling work described in this thesis represents one such initial step in the critical analysis

of this important activity cycle.

5.1 Discussion of Temporal Model Results

The models discussed in Chapters 2-4 determine important interactions with the cofilin activ-
ity cycle and propose the significant model considerations for simulation of the initial cofilin-
dependent peak of barbed ends in a stimulated cell. Both the well-mixed and compartmental
models of Chapters 3 and 4 respectively can reproduce temporally accurate barbed end peaks
observed in recent experiments [15, 19, 23] (reproduced in Figure 1.4). In both cases, the mag-

nitude of the barbed end readout of model simulations is robust to most parameters, including
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severing rate parameter assumptions. A barbed end peak of the 10-fold magnitude observed
under certain experimental conditions [23], requires almost complete reduction of PIPs levels

(Figures 3.11, and 4.5).

The similar barbed end results obtained from the well-mixed and compartmental models
indicate that some of the complexities introduced in Chapter 4 do not play a significant role in
barbed end generation. These should be investigated in future work such that a spatial model

can be appropriately simplified to include only the essential level of complexity.

5.2 Proposed Future Considerations

The models described in this thesis facilitate insight about future considerations for both mod-

eling and experimental work.

5.2.1 Issues for Experimental Investigation

The models described in this thesis facilitate insight about future considerations for both model-
ing and experimental work. A residual challenge stemmed from the discrepancy between model
parameter constraints and experimentally proposed relative magnitudes of the rate that cofilin
unbinds from (kors) and severs (kge,) an actin filament. An example of such a constraint re-
lationship is outlined in Section 4.5.2. In lieu of conclusive experimental data, modelers must
enforce system assumptions to resolve constraints. Experimental work to investigate the rela-
tionship between filament-binding, severing and G-actin binding of cofilin in the cell periphery

would be invaluable to either support or negate model assumptions.

The shortfall of both models to reproduce the observed 2-fold amplification of filament-bound
cofilin at 60s following stimulation requires further attention. We suppose that this issue stems
from the filament severing rate used in both models, motivated in Section 2.5. Through personal
communication with J. Condeelis, and supported by recent work outlined in Frantz (2008), we
identify that filament severing in wvivo is highly dependent on pH levels in the cell [14]. Stim-

ulation with EGF induces a pH change through a pathway independent of the cofilin activity
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cycle studied in our model. This effect is proposed to delay the effect of the amplified severing,
and could result in a build up of filament-bound cofilin before the rapid filament-severing oc-
curs. Such a hypothesis requires further experimental motivation. For example, a time profile
of filament-bound cofilin density would be beneficial to test model validity. Currently the only
in vivo Cp data describe the density at 0s and 60s following EGF stimulation (Figure 1.3 from

van Rheenen (2007)).

5.2.2 Future Modeling Work

Further research into the cofilin activity cycle is imperative. Due to the complexity and cost of
the experimental study of mammary tumour cells in vivo, the medical and societal importance
of understanding the metastatic phenotype notwithstanding, research in this field demands the
collaboration of experimentalists and modelers. As stated, we propose the models outlined in
this thesis as a foundational study into the temporal dynamics of the cofilin activity pathway.
We focused here on the mechanisms necessary to produce the EGF-induced burst of barbed ends
produced by increased cofilin activity. There are many potential directions for future modeling

work.

A logical first step would be to extend the model to include spatial properties, by analysing
a one dimensional transect of the cell. A model of this form would facilitate a more accurate
representation of the dynamic filament density of the cell. Spatial profile data of the barbed
end density produced by the cofilin cycle has been developed recently [23, 24]. An important
distinction from previous spatial models of cell motility in keratocytes [9, 10], the barbed end
peak produced by cofilin is transient, and would not generate steady state traveling wave solu-
tions. This can be traced to the inherently different methods of migration of keratocytes and

cancer cells.

Further investigation into the role of the cofilin activity cycle in the overall metastatic phe-
notype of cancer cells is also critically important. The advancement of the big picture of how
cancer cells migrate and invade is critical to the identification of the important targets to inhibit

the spread, and consequent fatality of cancer in the body.
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5.2.3 Other Perspectives

The cofilin activity cycle has emerged as a critical regulator of membrane protrusion; however,
tumour cell migration and invasion has been shown to depend on the activity status of several
signalling pathways, including the N-Wasp and MENA pathway, critical for both protrusion and
the necessary breakdown of the extracellular matrix [20]. It is through fine coordination of the
respective signalling networks that cancer cells are able to produce sufficient protrusive force and
enzymatic activity to migrate into blood vessels and invade body tissues. As the understanding
of N-Wasp and MENA signalling pathways develop experimentally, theoretical investigation of
the relationships within the regulation network will be important to test hypotheses and propose

interactions to be analysed experimentally.
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Appendix

Full Model Equations from Chapter 3

The full model equations in unscaled form are

(5.1)

(5.2)

(5.3)

(5.5)
(5.6)
(5.7)

(5.8)

dPLC
7 = Iprc + Lstimpro(t) —dpLcPLC,
dP2 dhyd
G (28wl N (PLC — PLC,est) Po,
o Ip, —dp2Ps <PLC'rest) (PLC Crest) P2
dCQ kdp dhyd
T2 PoCp — deaCy — [ =24 ) (PLC — PLC,pst)Cs,
dt <P2,rest> o cate <PLCrest ( t) 2
dC'y = deC dhyd
—— = dc2Co+ kosfCp — (kon F)Ca — kpCa + | =—=— | (PLC — PLCcst)Co(5.4)
dt PLC,cst
dCF CVF "
Y = konF Ca— ko Cr — ksevC res -~ )
dt ( ) 4 e r ! (CF,V'est>
dCM OF "
- = sev rest \ ~ -k q s
dt k(e CF’ est (CF,rest ) POJW
dCp kap
— kL — | — | P,
dt prA + prM <P2,rest 2OP’
dB Cr \"
= — Rea ksevc res -~ .
dt PB g ;DB e r ‘ (CF,rest>
with
ILstim - EGF  when stimulated by EGF
Lstimpro(t) =
0 otherwise
and

C n
Fsev(CF) - ksevCF,rest <F) .

CF,rest
By adding together the equations for the cofilin forms, we find that

dCy dC dcC dCy  dC
2 A F, ¢ dbp

e @ dt a0
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which is a check for conservation of the total cofilin, i.e. for the fact that

Cy+Cyp+Cg+Cy +Cp = Ciyt = constant.

Calculation of Conversion Factor «

Here we describe calculations to obtain the model conversion parameter «. This parameter
serves two purposes: to convert between common units of cofilin concentration measurement
(uM) and barbed end density (number per um?), and to scale the number of cofilin molecules

used in a severing event into the number of barbed ends produced.

We first proceed as described in Mogilner and Edelstein-Keshet 2002, [21], to estimate con-
version between units of cellular concentration, pM, and common units of barbed end quantifi-

cation, #um~2. We have

LuM ~ 10~6 6x10%molec  6x10'"molec 10~ dm?
2 ~ L - dm3 1um3 ’

and therefore,

1M =~ 600 moleculesperpym?.

This relationship gives us a working estimate for conversion between unit volumes,

v = 600uM ! pm 3.

Experimental approximations of barbed end density in a resting cell, such as those given in
Lorenz (2004) [19] are generally given in units of number per ym?. This means that we must
multiply the parameter v by the approximate width of the lamellipod. If we approximate the
lamellipod width as w ~ 0.200pum, we obtain a unit conversion parameter

p=w-va120uM " pm=2,

It is proposed experimentally that a finite number n, where n ~ 5-7, of bound cofilin

molecules are required to force a filament break. We use this assumption throughout Chapters
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2-4, and use n = 7 in most simulations. Therefore, we approximate the conversion parameter as

~ 17.1pM " pym™2.

SN

Cell Geometry Calculations from Chapter 4

We now give rough calculations for the volumes of the edge and interior compartments use
in the compartmental model of Chapter 4. First we calculate the total volume of the cell,

approximating a resting cell as a half-sphere of radius 5 — 10pum. The total cellular volume is

dm 4

27
Viot = ?7" ~ ?(5—10um)3,

DN | =

and therefore,

Viot & 250-2000pm3.

From van Rheenen (2007, 2008), we divide the cell into a periphery or edge compartment,
reaching a distance 200nm into the cell. We denote this volume as V. We obtain a range
of magnitudes for V¥ depending on assumptions about the geometric representation of this
periphery compartment, that is whether data describes the periphery as a thin ring around the
edge of the cell (as if a cross-section), or a thin film that covers the entire surface of the cell.

(This is still to be discussed) Working with assumption 2,
B 1 2 2
V& & 547r7" cw = 2m(5-10pm)* - 0.200pm,

which gives a range of

V¥~ 40-156m3.

Assumption 1 would result in a much smaller value of V¥, we will work with this value for
now. We will denote the volume of the interior compartment as V!, it comprises the remaining
volume fraction

VI =V — VE =~ 200-1850m®
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MATLAB Code for Simulations of Temporal Model in
Chapter 3

%% Cofilin ODE - FULL with constant filament density
clear; close all

% —---Variables---

)

% PLC = PLC normalized to PLC(rest)

h P2

h

PIP2 normalized to P2(rest)

% C2 = Cofilin inactivated by PIP2 at membrane

% CA

Cofilin active free diffusing

% CF = Cofilin ready-to-sever filament bound

% CM = Cofilin inactivated by G-actin monomer post-severing

% CP

%

Cofilin inactivated by phosphate added by LIMK - freely diffusing

%-—-F = F-actin density normalized to F-actin(rest)

% B = barbed end density - active polymerizing barbed ends

% —-—-Parameters—--

% PLC

d_plc=0.018; % decay rate

I_stim=d_plc*1.5; % scaled stimulation

% PIP2

d_p2=0.002; % decay

d_hyd=0.01;

%d_hyd=0.04; % scaled stim hydrolysis ~“20*(resting decay)

psi=1; % binding ratio of C2:PIP2
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% C2

d_c2=0.002; % base decay rate (assume = PIP2 decay)
k_dp=0.5%d_c2; % dephos rate (onto membrane) Assume slow
% CF

k_sev=0.67/0.02xkp; % base proportional severing rate
% CA

kp=k_dp/3.4; % satisfy rest states

k_off=0.08;

k_onF=(k_sev + k_off)/(0.68-k_sev/kp);

% CM

%kp_Act=0.01; % enhanced phosphorylation
%b_SSH=0.01; % reduction in phosphorylation rate due to G-actin removal
% CP

% B

k_cap=1; % capping rate

A=1000; % ratio axC_tot/B_rest

% Other

n=7; % non-linear factor

sat=0; %1; % saturation on/off

K=1; % saturation coefficient
t_stim=60; % length of stimulus
t_off=120;

CP_re=0.20; % Song (2006)
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C2_re=0.10; % discussion

CF_re=0.02; % van Rheenen (2007)

CM_re=0.67;

CA_re=0.01; % estimate

C_rest = [C2_re CA_re CF_re CM_re CP_rel;

phi_F = CF_re;

% —-——Initials——-

C2_check

k_dp/(d_c2)*CP_re;

CA_check = 1/(kp + k_onF)*(d_c2*C2_re + k_off*CF_re);

CM_check = k_sev/kp*CF_re;

CF_check = k_onF/(k_off+k_sev)*CA_re;

CP_check

kp/k_dp*(CA_re + CM_re); J verify match defined rest states

% B_re = alphaxk_sev/kappa*CF_re;

C_check = [C2_check CA_check CF_check CM_check CP_check]; % print resting concentrations

disp(C_check)

% —---Equations---
Fsev = @(x) k_sevxphi_Fx*(x./phi_F). n; % severing function
#Fsev = @(x) k_sev*phi_A*(x./phi_A). n./(K n+sat*(x./CF_re). n); % severing function

%Fsev = @(x) k_sev*x;
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IPLC = @(x) I_stim*x;

KP_ACT = @(x) kp_Act*x;

EGF = @(x) (x>60)*(x<120); % EGF stimulus

% ---ODEs---

% S = [PLC PIP2 C2 CA CF CM CP B T] (9)!

dsdt = @(t,S)[ IPLC(EGF(S(9))) - d_plc*(S(1)-1);

d_p2*(1-S(2)) - d_hyd*(S(1)-1)*S(2);

k_dp*S(2)*S(7) - d_c2xS(3) - d_hyd*(S(1)-1)*S(3);

d_c2x3(3) - kp*S(4) - k_onF*S(4) + k_off*S(5) + d_hyd*(S(1)-1)*5(3);

k_onF*S(4) - k_off*S(5) - k_sevb*S(5) - Fsev(S(5));

k_sevb*S(5) - kp*S(6) + Fsev(S(5));

kp*S(6) + kpxS(4) - k_dp*S(2)*S(7);

%k_cap*(1-3(8)) + AxFsev(S(5));

Jk_cap* (Fsev(S(5))/(k_sev*phi_F)-S(8));

AxFsev(S(5)) - k_cap*S(8)

17; % system ODEs

% —--—Integration---
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options = odeset(’abstol’, 1e-28);

Sinit = [1 1 C2_re CA_re CF_re CM_re CP_re 1 0];

tfinal = 300; % final time in s

[T,S] = oded45(dSdt, [0 tfinall, Sinit, options);

% initial conditions
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