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Abstract

Entry into mitosis in eukaryotes depends on the activation of the Cyclin-dependent
kinase 1 (Cdk1), which phosphorylates many mitotic protein substrates. Activation of
Cdk1 requires formation of a complex with Cyclin B (CycB), which gradually rises in
concentration during interphase. However, in most organisms Cdk1 activation is not
gradual but switch-like, because phosphorylation of the Cdk1-CycB complex by the
Weel kinase normally keeps Cdk1-CycB inactive during interphase. Mitotic entry is
induced when rapid dephosphorylation of Cdk1-CycB by the Cdc25 phosphatase
causes abrupt activation of Cdk1-CycB. Cdk1-CycB in turn phosphorylates both Weel
and Cdc25 leading to Cdc25 activation and Weel inhibition. This regulation creates
both a positive and a double-negative feedback loop in the system, which are thought
to generate a sharp, bistable switch that controls mitotic entry. Bistability is known to
require positive feedback and ultrasensitivity, however, how ultrasensitivity arises in
the mitotic switch is subject to extensive research efforts both experimentally and
theoretically. In this thesis [ explore several possible sources of ultrasensitivity in the
mitotic switch through mathematical modelling. Based on theoretical considerations
and experimental evidence, I show that the existence of multiple positive feedback
loops, multisite phosphorylation, and Cdk1-CycB-dependent regulation of Cdk1-
counteracting phosphatase activity can all contribute to ultrasensitivity and
bistability in the mitotic switch. I analyse models of the mitotic switch including these
bistability-generating mechanisms, to simulate and explain experimental data and
make testable predictions. I argue that it is unlikely that a single mechanism is
responsible for ultrasensitivity in this system, and that bistability requires a
combination of different sources, including the ones studied here and others such as
enzyme saturation and sequestration effects. I also highlight the importance of
network architecture and coherent regulation of opposing reactions in generating
efficient biochemical switches. Finally, I draw on recent experimental evidence and

ideas derived from this analysis to propose a revised network of the mitotic switch.
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NP
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RNA
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Anaphase Promoting Complex/Cyclosome
CDK activating kinase

Cyclin dependent kinase

CDK inhibitor protein

Cytostatic factor

Cyclin B

Deoxyribonucleic acid

Feedback loop

Feedforward loop

Interphase promoting factor
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Chapter 1. Introduction: The eukaryotic cell cycle

Chapter 1

Introduction: The eukaryotic cell cycle

1.1. Overview

This first chapter is a broad introduction to the eukaryotic cell cycle. I start by
describing the general features of the cycle and the cell cycle control system. I also
briefly describe the frog egg experimental system, which has been extensively used in
studies of the cell cycle and is particularly relevant for the theoretical work presented
in this thesis. Finally, I describe our current understanding of a biological switch that
controls entry into mitosis in many eukaryotes, which is the main subject of study in
this thesis. More detailed aspects of the cell cycle will be introduced, where relevant,

in later chapters.

1.2. The eukaryotic cell cycle

All known living organisms in our planet are made of cells, and all of these cells have
arisen as a result of reproduction by cell division from the last universal common
ancestor to all organisms, which arose 3 to 4 billion years ago. Therefore, the
sequence of events leading from one mother cell to two daughter cells, known as the
cell cycle, is fundamental to life. During the cell cycle, cells must duplicate all their

components, including the genetic information contained in chromosomes, and
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subsequently distribute them accordingly between the two daughter cells (Nurse,

2000; Nasmyth, 2001; Morgan, 2007)

In eukaryotes, duplication and segregation of chromosomes are separated in time,
giving rise to distinct phases of the cycle (Figure 1.1). Cell components, including
chromosomes are duplicated during interphase, usually the longest part of the cell
cycle, and subsequently distributed between the two daughter cells during M-phase.
M-phase comprises nuclear division, or mitosis, usually followed by cell division, or
cytokinesis. Several phases are usually recognized in interphase. In particular,
chromosomal DNA is replicated during S-phase, when centrosomes are also
duplicated. In many organisms S-phase and M-phase are separated further in time by
two gap or growth phases; G1, the time between the end of M-phase and the start of
the subsequent S-phase and G2, between S-phase and subsequent M-phase. The
relative length of these gap phases varies between different organisms and cell types,
and in some cases such as in embryonic cells, they can be absent. Other cells,
particularly in multicellular organisms, can exit the cell cycle program permanently
or for long periods and live in a non-proliferative state normally termed GO (Nurse,

2000; Morgan, 2007).

M-phase is the most striking phase of the cycle, and is subdivided into several phases,
mainly characterized by remarkable changes to cell architecture, visible under the
microscope (Figure 1.1). During prophase, the replicated chromosomes condense into
distinct and separate entities, and in many organisms the nuclear envelope is
disassembled. In metaphase the chromosomes align on the metaphase plane, usually
in the middle of the cell, and the mitotic spindle is assembled. The spindle, a

microtubule network, pulls sister chromatids apart and towards opposite poles of the
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cell during anaphase. Finally, during telophase the chromosomes decondense and the
nuclear membrane reassembles. This is usually followed by cytokinesis, which gives

rise to two daughter cells (Morgan, 2007).

anaphase

\ ‘{taphase-
to-anaphase

Figure 1.1. The eukaryotic cell cycle. The inner circle indicates the phases of the cell cycle,
although their size does not necessarily reflect the length of the phase. Cell morphology and
the state of chromosomes are represented schematically. The large circles represent the
nucleus and the small circles the centrosome. The lines connecting centromeres and
chromosomes in metaphase and anaphase represent the mitotic spindle.

All the different events that take place during the cell cycle must be carefully
orchestrated and coordinated in order to ensure cell survival. In most cell types,

chromosomal DNA must be accurately replicated only once per cell cycle, and this
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process must be completed before mitosis takes place. Thus, in general, S-phase
precedes M-phase, guaranteeing that each daughter contains one copy of the genetic
information (Nurse, 2000, 2002; Pines, 2011). Cells also coordinate growth and cell
division, therefore maintaining a constant average cell size through generations
(Nurse, 2000, 2002; Goranov and Amon, 2010). However, there are some exceptions
to this, such as embryonic division, in which there is no growth and cells get
progressively smaller. The opposite happens during egg maturation were a normal
cell grows without dividing. Finally, in many cases, and in particular in multicellular
organisms, cell proliferation must be carefully controlled to ensure coordinated
development and survival. Failure to do so can result in developmental abnormalities

and disease, such as cancer (Morgan, 2007).

In most cells the correct ordering of cell cycle events is guaranteed by the existence of
particular irreversible transitions during the cell cycle. There are three major
transitions: Start, the point at which a new cell commits to a new cell cycle during G1,
the G2/M transition, when cells make an irreversible commitment to enter mitosis,
and the metaphase-to-anaphase transition, when cells make the decision to separate
chromosomes (Figure 1.1). Cell cycle progression can be stopped before any of these
three major transitions by signals and surveillance mechanisms, usually referred to
as checkpoints, which ensure that relevant processes are completed. At Start cells
usually check that they have the right size and that DNA is undamaged in order to be
replicated. DNA damage and cell size can also impinge on the G2 /M transition, which
also monitors completion of DNA replication, controlled by the DNA replication
checkpoint. The metaphase-to-anaphase transition requires correct spindle assembly

and attachment of aligned chromosomes at the metaphase plane. This is monitored
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by the spindle assembly checkpoint, also referred to as the mitotic checkpoint
(Hartwell and Weinert, 1989; Novak et al.,, 2007; Morgan, 2007; Tyson and Novak,

2012).

The relative importance of these transitions, their regulation and the way
surveillance mechanisms affect them seems to vary in different organisms and even
in different cell types in the same organism. Thus, in most early embryonic cell cycles,
surveillance mechanisms are inactive or have little effect on cell cycle transitions, and
these early divisions take place even in the presence of unreplicated DNA or
unaligned chromosomes (Murray and Kirschner, 1989; Morgan, 2007). There is also
variation between unicellular organisms. For instance, fission yeast carefully
monitors entry into mitosis at the G2/M transition by ensuring attainment of a critical
cell size and completion of DNA replication (Nasmyth, 2001). In contrast, in budding
yeast the G2 /M transition is not very well defined, but the Start transition is carefully

regulated (Dunphy, 1994; Nasmyth, 2001).

Over the last few decades there has been considerable progress in understanding the
mechanisms that control the triggering and ordering of cell cycle transitions at a
molecular level, commonly known as the cell cycle control system, as well as the
surveillance mechanisms that impinge on them (Nurse, 1990; Nasmyth, 2001;
Morgan, 2007). These mechanisms have been mostly elucidated using experimental
models with relatively simple cell cycle control systems, such as the fission yeast,
Schizosaccharomyces pombe, and the budding yeast, Saccharomyces cerevisiae, as well
as early metazoan embryos, like those of the African clawed frog Xenopus laevis.
However, models with more complicated cell cycle regulation are also widely used,

for example Drosophila and cultured mammalian cells, including human cells. Despite
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differences among different organisms and cells, the core of the cell cycle control
system is remarkably conserved (Hartwell, 1991; Nurse, 2002; Nasmyth, 2001). In
the next sections [ present a summary of the current knowledge of the cell cycle
control system, with a particular focus on the G2/M transition, which controls the

entry into mitosis.

1.3. The cell cycle control network

The first experiments that started to elucidate the regulation of the cell cycle at a
molecular level were carried out in the 1970s and 80s. Masui and Markert initially
discovered that a soluble factor promoted egg maturation, by injecting cytoplasm
from mature into immature oocytes (Masui and Markert, 1971). The unknown
molecule was then named Maturation Promoting Factor. This same factor was
subsequently detected in all mitotic eukaryotic cells examined to date, and
consequently renamed M-phase Promoting Factor (MPF) (Dorée et al., 1989; Lohka,
1998; Duesbery and Vande Woude, 1998). Purification of MPF led to the
demonstration that it was composed of a dimer of the homologue of the Cdc2 protein
from fission yeast and B-type cyclin proteins (Lohka et al., 1988; Dunphy et al., 1988;
Gautier et al., 1988, 1990; Labbé et al., 1989). Cdc2 and its budding yeast homologue
Cdc28, were discovered by Paul Nurse (Nurse et al., 1976) and Lee Hartwell (Hartwell
et al,, 1974) respectively, and shown to be a serine-threonine protein-kinase (Simanis
and Nurse, 1986), conserved in all eukaryotes from yeasts to man, whose activity
fluctuated during the cell cycle (Lee et al. 1987; Moreno et al. 1989). The B-type
cyclins (CycB) were discovered in fertilized sea urchin eggs by virtue of their abrupt

disappearance during mitosis, after steady accumulation during interphase (Evans et
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al., 1983; Pines and Hunt, 1987). Since cyclin binding turned out to be essential for
Cdc2 protein kinase activity, Cdc2/Cdc28 became the founding member of the Cyclin-
dependent protein kinases (CDKs) and was renamed Cdk1 (Nigg, 2001). Since then,
other CDKs have been found, many of which have specific functions in cell cycle
control. Some organisms have several CDKs, but others, such as the yeasts, have only

one (Morgan, 1997; Bloom and Cross, 2007; Hochegger et al., 2008).

Most organisms also contain several classes of cyclins, which activate CDK proteins in
different phases of the cell cycle and control specific events by phosphorylating
downstream substrates. In particular, G1 cyclins promote entry into a new cell cycle
(Start), while G1/S cyclins promote DNA replication (Bloom and Cross, 2007; Morgan,
2007; Hochegger et al., 2008). The most prominent cyclins are the mitotic or type B
cyclins, which as mentioned before, in partnership with Cdkl are considered the
trigger for mitosis (M-phase) in all eukaryotic cells (Nurse, 1990; Coleman and
Dunphy, 1994; Lohka, 1998). The Cdk1-CycB complex or MPF promotes this state by
phosphorylating many downstream mitotic proteins. It is believed that this big
increase in protein phosphorylation in M-phase is responsible for bringing about all
the changes associated with mitosis. In fact, different studies have identified
hundreds of mitotic phosphoproteins, many of which are directly phosphorylated by
CDKs (Ubersax et al., 2003; Loog and Morgan, 2005; Dephoure et al., 2008; Holt et al,,

2009; Errico et al,, 2010).

As expected from their prominent role in controlling cell cycle transitions, the activity
of CDKs is tightly controlled during the cell cycle. As further explained below, there
are three main mechanisms that cells use to regulate their activity: (i) regulation of

cyclin abundance, (if) stoichiometric inhibition and (iii) posttranslational
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modifications, in particular phosphorylation of the CDK subunit (Nurse, 1990;
Morgan, 1997, 2007). In general, the concentration of CDKs remains constant
throughout the cycle, and control in their abundance is not an important regulatory

mechanism of their activity in the cell (Hochegger et al., 2008).

The early experiments in which cyclins were discovered due to their periodic
appearance and disappearance, suggested that control of the concentration of
different cyclins is a fundamental for regulation of CDK activity (Evans et al., 1983;
Bloom and Cross, 2007; Pines, 2011). Cyclin abundance in the cell depends on the
relative rates of production and degradation, both of which can be regulated. For
example, expression of certain cyclins can be limited to a certain part of the cell cycle
(Bloom and Cross, 2007; Hochegger et al.,, 2008). However, the targeted degradation
of cyclins at specific points in the cycle is particularly important. Specific degradation
is achieved though the activity of ubiquitin ligases, which can polyubiquitinate
cyclins, marking them for proteosomal degradation (Hershko, 2005; Peters, 2006;
Pines, 2011). The most important of such ubiquitin-ligases is the Anaphase-
Promoting Complex or Cyclosome (APC/C), a multisubunit complex that is activated
by CDKs during mitosis, and is responsible for cyclin degradation at the metaphase-
to-anaphase transition (Hershko, 2005; Peters, 2006; Pines, 2011). Regulation of
APC/C by CDKs creates a negative feedback loop in the cell cycle control system,
whereby CDK activity leads to its own inhibition by promoting cyclin degradation
(Tyson et al., 2001; Morgan, 2007). The APC/C is able to target particular substrates
via its activators Cdc20 and Cdh1. APC-Cdc20 is responsible for degradation of CycB
after the metaphase-to-anaphase transition, while APC-Cdh1 is active during G1, and

is thought to keep cyclin levels down at this point in the cell cycle (Peters, 2006;
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Sullivan and Morgan, 2007; Hochegger et al., 2008). Another important ubiquitin
ligase in cell cycle control is the SCF complex, named after its constituent components
(Skp1, Cullin and F-box). SCF specifically targets G1 cyclins during late G1 and S
phase, among other proteins, and its activity is important for the G1/S transition

(Bloom and Cross, 2007).

Cyclin binding is necessary, but not sufficient for CDK activity because the dimers are
not necessarily active. In many organisms, CDK-cyclin dimers can be inactivated by
binding to small-protein inhibitors, such as Sicl in budding yeast, Rum1 in fission
yeast, or p27 in humans. These stoichiometric inhibitors are commonly referred to as
CKIs (CDK inhibitors). They are particularly important during G1 and S, where they
inhibit CDKs bound to residual mitotic cyclins, and help to maintain stable G1 and

prevent early mitotic entry (Morgan, 1997; Bloom and Cross, 2007).

CDK-cyclin dimers can also be regulated by posttranslational modifications. In
particular, phosphorylation of Cdk1 by protein-kinases belonging to the Weel family
leads to its inactivation. The first member of these inhibitory kinases, Weel, was
discovered in fission yeast by isolation of mutant cells that entered mitosis at a
reduced cell size (Nurse, 1975; Thuriaux et al, 1978). Most organisms have
duplicates of these inhibitory kinases, for example, Weel and Mik1 in fission yeast,
and Weel and Myt1 in vertebrates (Lundgren et al., 1991; Mueller et al., 1995). The
Weel-dependent inhibitory phosphorylations on Cdkl are removed by the Cdc25
phosphatase, which therefore acts as a Cdkl activator (Russell and Nurse, 1986).
Both Weel and Cdc25 are regulated by CDK-dependent phosphorylation. This results
in Weel inhibition and Cdc25 activation (Tang et al., 1993; Mueller et al., 1995; [zumi

et al,, 1992; Kumagai and Dunphy, 1992; Coleman and Dunphy, 1994; O’Farrell, 2001;
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Lindqvist et al., 2009). Therefore, the activity of Cdk1-CycB is regulated by a double
negative (Cdkl 4 Weel 4 Cdk1l) and a positive (Cdkl— Cdc25 — Cdk1) feedback
loop (Figure 1.2A), that is, Cdk1-CycB activates its activator and inhibits its inhibitor
(Solomon et al., 1990; Nurse, 1990; Novak and Tyson, 1993; O’Farrell, 2001). As we
will see later this regulation of Cdk1-CycB is particularly important for the G2/M
transition. CDKs are also phosphorylated on the T-loop, near their active site by CDK-
activating kinases (CAK). This phosphorylation is essential for CDK activity, but it
seems to be unregulated and occurs constantly throughout the cell cycle once cyclin

has bound to CDK (Morgan, 1997; Lindqvist et al., 2009).

Periodic CDK activity is thought to drive the eukaryotic cell cycle. A simplified view of
this control system is summarized in Figure 1.2. In a newborn cell, cyclin
concentrations are low but their levels start rising as the cell grows. However, Cdk1
activity is kept low due to Weel-dependent phosphorylation, because Weel is active
and Cdc25 inactive. When cyclin levels are high enough, Cdc25 is activated and Weel
inactivated, resulting in activation of Cdk1-CycB complexes and entry into mitosis.
Cdk1 is then able to activate the APC, which leads to cyclin destruction and mitotic
exit. This basic picture (Figure 1.2), provides an appealingly simple view of mitotic
control in eukaryotes through the regulation of Cdk1-CycB activity (Nurse, 1990;
O’Farrell, 2001). This general framework is further validated by the fact that it is
conserved, and all studied eukaryotes require Cdk1-CycB activity in order to enter
mitosis (Coleman and Dunphy, 1994). In fact in some cases cell cycles seem to be
almost that simple. For instance, it has been recently demonstrated that fission yeast
can have a normal cell division with a single CDK-cyclin complex (Fisher and Nurse,

1996; Coudreuse and Nurse, 2010), while the link between Cdk1-CycB and mitosis

10
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can be tracked in extracts of Xenopus laevis eggs, in which simple embryonic cell
cycles, lacking gap phases and checkpoints, can be replicated in vitro (Murray and

Kirschner, 1989; Brown, 2004; Philpott and Yew, 2008).

A CycB-Cdk1
PR < N are
Wee1l
N/ \_/‘ N
2
g
E Cdc25
G1] s | a2 M | G | fime

Figure 1.2. A simple view of the cell cycle control network. A. Interaction diagram of the main
components in the network. Cdk1-CycB, or MPF, is involved in a positive feedback loop with
Cdc25, a double negative (positive) feedback loop with Weel and a negative feedback loop
with the APC/C. B. Schematic picture of the activity of the cell cycle control network
components in time, during the different phases of the cell cycle. In interphase (G1, S, G2)
cyclin levels increase gradually, Wee1l is active and Cdc25 is inactive. At the onset of mitosis,
Cdk1-CycB and Cdc25 are activated and Weel is inactivated. The APC/C is eventually
activated, leading to cyclin destruction and inactivation of Cdk1-CycB. Eventually Cdc25 and
APC/C are inactivated and Weel is reactivated.

However, in reality, control of the different phases of the cell cycle in many cells tends
to be much more complicated. Early events in G1 and S are usually initiated by G1/S
cyclins, whose rise is dependent on external and internal signals (such as attainment
of a critical size, nutrient availability and presence of growth factors) that convey to
the cell that conditions are appropriate to go through the Start transition and start a
new cell cycle. In G1 and early S, mitotic cyclin levels and their associated CDK
activity (usually Cdk2) is kept low by the action of APC-Cdh1 and CKIs. However, G1
cyclins are insensitive to these regulators and therefore CDK activity associated with

these cyclins then usually activates DNA replication (Bloom and Cross, 2007;

11
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Hochegger et al, 2008; Morgan, 2007). Links between sister chromatids are
established during replication by proteins called cohesins (Uhlmann, 2003).
Checkpoints and surveillance mechanisms then monitor attainment of an appropriate
cell size, completion of DNA replication and occurrence of any DNA damage. These
mechanisms can delay or block the G2/M transition, usually by interfering with Cdk1
activation by promoting its tyrosine phosphorylation by Weel (Morgan, 1997; Perry
and Kornbluth, 2007). However, the finer details of how entry into mitosis is achieved
are still a matter of much debate. Background CDK activity might eventually lead to
Cdk1 and Cdc25 activation, together with Weel inhibition, but it is thought that other

factors may affect mitotic entry (Lindqvist et al., 2009).

Once Cdk1-CycB is activated, chromosomes usually condense and in many organisms
the nuclear membrane is disassembled, the spindle forms and chromosomes align at
the metaphase plane (Sullivan and Morgan, 2007). Certain conditions must be met
before the cell can go through the metaphase-to-anaphase transition and the cell can
exit mitosis. A signaling pathway, usually known as the spindle assembly checkpoint,
monitors chromosomal attachment and is believed to keep APC-Cdc20 inactive until
the last kinetochore is bioriented. When this happens, APC-Cdc20 is activated and
CycB levels start to drop (Peters, 2006; Sullivan and Morgan, 2007; Pines, 2011). APC-
Cdc20 also leads to degradation of securin, a protein inhibitor of separase, a protease
that cleaves the cohesin molecules that bind sister chromatids together (Uhlmann,
2003). This allows the spindle to pull the chromatids to opposite poles of the cell and
anaphase to take place. The drop in cyclin and therefore in CDK activity leads to
dephosphorylation of mitotic substrates, reassembly of the nuclear membrane and

chromosome decondensation. When cyclin levels and thus CDK activity drop to very

12
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low levels cytokinesis takes place. At this point, replication origins can be licensed for
a new round of DNA synthesis. Finally, the activities of APC-Cdh1l and CKIs rise,
leaving the new cell back in a stable G1 state (Sullivan and Morgan, 2007; Morgan,

2007).

This description corresponds to a generic eukaryotic cell cycle that includes all the
main regulatory mechanisms. However, there are significant differences between
organisms. Budding yeast and fission yeast have a single CDK molecule, and fission
yeast can even have a functional cycle with a single cyclin (Bloom and Cross, 2007;
Hochegger et al,, 2008; Coudreuse and Nurse, 2010). Also, different transitions can be
more or less important depending on the cell. For example, in fission yeast the Start
transition is usually cryptic and cells go through Start as soon as mitosis is completed
(before cytokinesis), resulting in a very short G1. In contrast, in budding yeast Cdk1
activity starts rising at Start, while the G2/M transition is not well defined, and the
Weel and Cdc25 homologues do not have a role in determining the time of mitotic
entry (Nasmyth, 2001; Tyson and Novak, 2002; Bloom and Cross, 2007). Moreover,
the cell cycle control system of embryonic cells is particularly simple. They are
usually very fast, and lack many of the surveillance mechanisms that allow other cells

to arrest at particular checkpoints (Nigg, 2001; Morgan, 2007).

Despite these differences, particular transitions in different cell cycles must be
irreversible, unmistakable, and coordinated with the rest of the cell cycle. I will focus
on the G2/M transition, which I will refer to as the mitotic switch. In the next sections
[ will describe our current knowledge of this switch. But before, because a large

amount of research on this topic has been carried out in Xenopus egg extracts and
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most of the mathematical models presented here are based on data obtained in this

system, [ will give a brief introduction to the this experimental system.

1.4. The Xenopus egg system

Eggs produced by female Xenopus laevis have been used for decades in studies of cell
cycle control, DNA replication and embryonic development (Ferrell, 1999a; b; Brown,
2004; Philpott and Yew, 2008). Mature eggs remain arrested in metaphase II of
meiosis awaiting fertilization. This arrest is characterized by the high kinase activity
of Cdk1-CycB, which maintains the metaphase state both in meiosis and in mitosis.
The arrest is maintained by the Cytostatic Factor (CSF), now thought to basically be
composed of Erp1l/Emi2, a protein that inhibits APC/C, preventing cyclin degradation
(Hansen et al, 2007; Wu and Kornbluth, 2008). Fertilization, or artificial egg
activation by membrane depolarization or addition of a calcium ionophore leads to
degradation of Erp1 and exit from meiosis Il (Hansen et al., 2007; Wu and Kornbluth,
2008; Philpott and Yew, 2008). After a pause, this is followed, by twelve fast and
synchronous cell cycles, of about 20-30min each, after which the embryo reaches the
mid-blastula transition. Until this point, there is no transcription from the embryo’s
chromosomes, and cell division depends on maternal proteins and mRNAs (Philpott
and Yew, 2008). Therefore transcriptional regulation has no role in controlling these
early embryonic cycles. In fact, translation and degradation of CycB seems to be
sufficient to drive these cycles (Minshull et al., 1989; Murray and Kirschner, 1989).
After the mid-blastula transition, which is triggered when the nucleocytoplasmic ratio

reaches a critical level, cell cycles become slower and less synchronized, surveillance
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and checkpoint mechanisms become active and transcription and cell differentiation

start (Philpott and Yew, 2008).

These early, and relatively simple cycles are particularly useful for studying the core
of the cell cycle regulatory network. Most studies concerning cell cycle control are not
carried out on intact eggs, but on highly concentrated cell-free extracts obtained by
crushing eggs by centrifugation. These extracts are able to replicate early embryonic
cycles and provide a biochemically tractable system in which components can be
added or removed by immunodepletion (Hutchison et al, 1988; Murray and
Kirschner, 1989; Brown, 2004; Kornbluth et al, 2006). In an extract made from
mature eggs, fertilization can be mimicked by addition of calcium ions, which results
in the processes typically associated with meiotic exit: dephosphorylation of CDK
substrates and cyclin degradation (Kornbluth et al., 2006). If protein synthesis is
allowed, “cycling extracts” are obtained. In these, CycB can be resynthesized after
mitotic exit, eventually leading to Cdkl activation and mitosis. The APC/C is
eventually activated, resulting in CycB degradation and Cdk1 inactivation, therefore
taking the extract back into interphase. Several cycles of CycB synthesis and
degradation, and MPF activation and inactivation can usually be followed in these
extracts. Exogenously added DNA is also replicated during the cycles, making this
system useful to study DNA replication (Brown, 2004; Kornbluth et al., 2006; Philpott

and Yew, 2008).

Like many other embryonic cell cycles, the early cycles observed in Xenopus extracts
as oscillations in Cdk1 activity, lack gap phases and surveillance mechanisms that
turn on arrest at checkpoints, which is one of the reasons they are so fast. For

instance, during these cycles there are no CKIs and no APC-Cdhl activity, and
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therefore no stable G1 phase. Thus, these are “simplified” cell cycles, very well suited
to study the core of the cell cycle control system. Fortunately, the high conservation of
the cell cycle control machinery means that many of the features discovered in this
system are relevant for other eukaryotes, including humans (Morgan, 2007; Philpott

and Yew, 2008).

1.5. The mitotic switch

The decision to enter mitosis is crucial for most cells and accordingly there are
multiple mechanisms that ensure that it occurs at the appropriate time and that the
cell is capable of carrying the process to completion. It would be disastrous for the
cell if it flipped back and forth stochastically between mitosis and interphase. For
example, this could lead to division with unreplicated chromosomes, or exit from
mitosis before the separation of sister chromatids. Therefore the decision to enter
mitosis must be driven by a reliable mechanism that leads to a robust transition into
mitosis, and prevents exit until all the necessary processes are completed. Work in
the last few years has shown that there is a switch underlying mitotic entry, and
further control mechanisms ensuring an appropriate mitotic exit (O’Farrell, 2001; Sha

etal., 2003; Pomerening et al., 2003; Sullivan and Morgan, 2007).

The main topic of this thesis is to study properties of this switch using mathematical
models. In this section I will introduce the most important features of this biological

switch, from both an experimental and a theoretical perspective.
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1.5.1. The cyclin threshold for MPF activation

As mentioned in the last section, the early embryonic-like cell cycles in Xenopus egg
extracts are driven by constant synthesis and periodic degradation of CycB. In these
extracts, CycB is synthesized continuously, and at the start of a new cycle its levels
increase gradually. However, entry into mitosis is abrupt or switch-like, and only
occurs after cyclin reaches a high enough level. This was shown clearly by early
experiments that proposed the existence of a CycB threshold for mitotic entry.
Solomon et al. (1990) used egg extracts blocked at interphase by addition of the
protein synthesis inhibitor cycloheximide and added different amounts of non-
degradable CycB (recombinant CycB lacking the destruction box normally recognized
by the APC). Therefore, if these extracts enter mitosis, they are blocked in this state,
because they cannot destroy CycB (Murray et al., 1989; Solomon et al., 1990). They
observed that low cyclin levels did not lead to significant Cdk1 activation, and that a
minimum concentration of cyclin, or a cyclin threshold, was needed to activate Cdk1.
They also showed that there was a time delay in the activation of MPF, which became
shorter the more cyclin was added. Finally, they demonstrated that during the delay
in MPF activation, or when sub-threshold levels of cyclin were added, Cdkl was
inhibited by Weel-dependent phosphorylation at tyrosine 15 (Solomon et al., 1990).
Therefore, it was proposed that tyrosine phosphorylation of Cdk1 by Weel kept MPF
activity restrained before mitotic entry, at which point, Cdkl was rapidly
dephosphorylated by Cdc25 and consequently activated (Solomon et al., 1990; Nurse,
1990). It was even proposed that positive feedback loops between MPF and its two
regulators could help ensure that this was a switch-like transition (Solomon et al,,

1990).
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These results led to the proposal by theoreticians that this switch controlling mitotic
entry is a bistable system (Novak and Tyson, 1993; Thron, 1996). In essence this
means that the system has two possible, qualitatively different steady states, where
Cdk1-CycB complexes are either active or inactive, and the cell is thus either in
mitosis or interphase respectively. This means that the system cannot rest in an
intermediate state with partially active Cdk1-CycB. Whether the cell is in mitosis or
interphase will depend on the CycB level, but crucially, it will also depend on the
history of the system, as explained below. In order to understand the significance of
bistability in the mitotic switch, I will first give a brief introduction to this concept

and switch-like responses.

1.5.2. Biological switches and bistability

Bistability can be best illustrated by a signal-response curve, which shows the steady
state levels of a response to different values of a signal. In biochemical systems, these
signal-response curves can have many different shapes, some examples of which are
shown in Figure 1.3. A response can be linear, (Figure 1.3A) although more commonly
in biological systems, responses are usually saturated, which can give rise to
hyperbolic curves (Figure 1.3B) (Tyson et al., 2003). These are common responses,
but do not constitute good switches. A switch can be described as a response in which
a small change in the signal produces a significant change in the response. A signal-
response curve of sigmoid shape provides a better switch, and this type of response is
usually called ultrasensitive (Figure 1.3C). Such responses are common and
important in biological systems (Koshland et al., 1982; Tyson et al., 2003). The most
well known example is the response of the concentration of oxygenated haemoglobin

with respect to the concentration of dissolved oxygen in the blood. The sigmoid shape
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of this curve allows haemoglobin to become fully oxygenated in the lungs where the
oxygen concentration is high, but to significantly give up oxygen in the body tissues
where the oxygen concentration is lower. This ultrasensitive response of
haemoglobin is the result of cooperative interactions between the different subunits
that form a haemoglobin molecule (Perutz et al., 1998; Koshland and Hamadani,

2002).

Despite being better switches, ultrasensitive responses are, like linear and hyperbolic
responses, graded and reversible (Tyson et al, 2003). That is, the response is a
continuous function of the signal, as any small increase in the signal results in an
small increase in the response, while if the signal increases and then returns to a
lower value, the response will first change, but then also return to its original state,
via the same path, as shown by the arrows in Figures 1.3A-C (Tyson et al,, 2003). A
much better switch can be achieved with a bistable signal-response curve, which can
be S-shaped (Figure 1.3D) (Tyson et al, 2003). The top and bottom branches
correspond to stable steady states and the middle branch to unstable steady states. If
the system is initialized at low values of the signal, it will have a single steady state on
the lower branch of the diagram. If the signal is increased, it will remain in this lower
branch until it reaches the value corresponding to point Q. Beyond this point, the
response will jump to the top branch. However, if at this point the signal is decreased,
the response will not revert to the lower branch but remain on the top branch until
the signal corresponding to point W is reached (see arrows in Figure 1.3D). This
discontinuity or irreversibility of the system as the signal is varied, resulting in
different paths depending on the direction of movement, is called ‘hysteresis’

(Laurent and Kellershohn, 1999; Strogatz, 1994; Ferrell and Xiong, 2001; Ferrell,
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2002; Tyson et al., 2003; Mitrophanov and Groisman, 2008), and is a characteristic of
bistable systems which has been used to experimentally prove bistability in biological
systems (Pomerening et al., 2003; Sha et al.,, 2003; Ozbudak et al., 2004; Mitrophanov
and Groisman, 2008). In some cases, point W can be unreachable again for positive
values of the signal, and therefore the transition will be completely irreversible
(Figure 1.3E). This is thought to happen in cell differentiation (Hervagault and Canu,
1987; Xiong and Ferrell, 2003; Dubnau and Losick, 2006; Mitrophanov and Groisman,

2008).

In bistable responses, for a range of signal values, the system can be in either the top
or lower branch of steady states. Within this bistability range, shown in red on Figure
1.3D-E, the final steady state will depend on the history of the system. That is, within
the bistable range, if the system is above the unstable steady state branch, it will go to
the top branch, if it is below, it will move towards the bottom branch of stable steady
states. This is why bistable systems are also referred to as systems with memory
(Ferrell and Xiong, 2001; Novak and Tyson, 2008). At the extremes of this bistability
range, there are two saddle node bifurcations, the points where the system can “jump”
from one steady state to another (points Q and W in Figure 1.3D) (Strogatz, 1994;
Tyson et al., 2001, 2003). Other features of bistable systems will be explained further
in Chapter 2, and in the next subsection [ will explain bistability in the mitotic switch

controlling the G2 /M transition.
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Figure 1.3. Cartoon of different types of signal-response curves for a biochemical system. A.
Linear response. B. Hyperbolic response. C. Ultrasensitive response. D. Bistable response. E.
Irreversible bistable response. Stable steady states are shown in solid lines and unstable
steady states by dashed lines. The arrows indicate the direction of movement of the system
when the signal is varied. Points Q and W in panels D and E are saddle node bifurcations. See
text for more details.

1.5.3. The bistable mitotic switch

Bistability in the mitotic switch can be revealed if the signal is considered to be the
total amount of CycB and the response is Cdk1-CycB (or MPF) activity. A hypothetical
signal-response curve for the frog egg extract system, initially proposed by Novak and
Tyson (1993) is shown in Figure 1.4. When the total cyclin level is very low, Cdk1-
CycB complexes are inactive, due to Weel-dependent phosphorylation of Cdkl. As
cyclin increases, MPF activity increases very little along the lower branch of the curve,
because the dimers remain mostly phosphorylated. When the total amount of cyclin
reaches point A, the system will jump to the upper branch of the diagram, that is, is
activated as a result of Cdc25 activation and Weel inhibition. If cyclin increases even
more, MPF continues to rise along this upper branch, where most Cdk1-CycB
complexes are active. However, if CycB is now reduced, the system will not jump back
to the lower branch at point A, but will continue on the upper branch until CycB is

reduced to point B.
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Figure 1.4. Hypothetical signal-response curve for MPF activity respect to total cyclin levels.
Point A indicates the cyclin threshold for MPF activation and point B the cyclin threshold for
MPF inactivation. The dashed portion of the curve shows the branch of unstable steady
states.

The saddle-node bifurcations at which the system “jumps” between steady states
then correspond to the cyclin thresholds (Novak and Tyson, 1993). In particular,
point A corresponds to the cyclin threshold for Cdk1 activation observed by Solomon
et al. (1990). Due to bistability in the mitotic switch, a graded signal, the increasing
amount of CycB, can be transformed into an almost “discontinuous” response, seen as
an abrupt activation of Cdk1-CycB. This model therefore predicted the existence of
hysteresis, and thus the presence of a cyclin threshold for MPF inactivation, which is
lower than the cyclin threshold for MPF activation (Novak and Tyson, 1993).
Furthermore, it also explained the lag time in MPF activation at different cyclin levels,
as the time it takes the positive feedback loops involved in MPF activation to become

engaged, and predicted that this lag is longer the closer cyclin levels are to the

threshold (Novak and Tyson, 1993).

Further work has proposed that most, if not all the irreversible transitions of the cell

cycle are based on bistable switches (Chen et al., 2000; Novak et al., 2007; He et al,,
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2011), and increasing amounts of experimental evidence seem to suggest that this is
the case (Cross et al., 2002; Yao et al.,, 2008; Lopez-Avilés et al., 2009). Furthermore,
bistability seems to be an important characteristic of many other biological systems
involved in decision-making in unrelated organisms (Ninfa and Mayo, 2004;
Graumann, 2006). Bistable switches in general have properties that are probably
useful in many instances and have likely arisen multiple times and then been
conserved and tweaked during evolution. Among these properties is robustness to
noise, since once the system has moved to a new state, small fluctuations in the signal
will not make the system switch back (Laurent and Kellershohn, 1999; Ferrell and

Xiong, 2001).

As I will explain in Chapter 3, certain conditions must be met by the system in order
to achieve bistability. Among these, the most important is probably the existence of
positive feedback, or self-stabilization of the stable states (Ferrell and Xiong, 2001).
In the mitotic switch, positive feedback between Cdk1 and its regulators Weel and
Cdc25 seems to be crucial for bistability, as has been theoretically predicted (Novak
and Tyson, 1993; Pomerening et al, 2005) and experimentally demonstrated
(Pomerening et al., 2005). The other requirement for bistability is an ultrasensitive
response from components of the positive feedback loop. This filters small stimuli, so
the system does not switch immediately at small levels of the signal (Ferrell and
Xiong, 2001). Most of this thesis will focus on the analysis of this switch from a
theoretical perspective to try to understand what the requirements for bistability are

and how the mitotic switch meets these requirements.
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1.6. Summary

In this chapter I have introduced basic notions about the cell cycle and the cell cycle
control system. Cdk1-CycB or MPF has a prominent role in cell cycle control, and its
kinase activity is essential for triggering mitosis in all studied eukaryotes. The activity
of MPF is regulated in different ways, such as control of CycB levels and inhibition of
Cdk1l by Weel-dependent phosphorylation. These two mechanisms are particularly
important in controlling the cell cycle-like oscillations of MPF activity in Xenopus egg
extracts. Phosphorylation of Cdkl by Weel during interphase and its subsequent
Cdc25-catalysed dephosphorylation at mitotic entry are the basis of the abrupt
activation of MPF that takes place at the onset of mitosis. Positive feedback between
MPF and its regulators creates a bistable switch that guarantees a robust transition
into mitosis. The main features of this bistable mitotic switch are the presence of a
cyclin threshold for MPF activation and a different, lower threshold for MPF
inactivation. In the next chapter, | introduce mathematical concepts important for this
thesis and expand on the concepts of bistability and hysteresis introduced in this

chapter.
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Chapter 2

Mathematical background

2.1. Overview

Information about interactions between molecules in biochemical networks is usually
summarized in schematic diagrams, which can be used as starting point for
constructing mathematical models. One way these networks can be described is by
systems of Ordinary Differential Equations (ODEs), which determine how the
concentrations and activities of the different molecules change in time. These systems
of ODEs can be analysed in different ways, such as solving them analytically or

numerically, but they can also be studied by qualitative methods.

The aim of this chapter is to provide essential mathematical background for later
chapters, and it essentially constitutes a Methods section. I will provide a brief
introduction to the notion of mathematical modelling using ODEs and their analysis
using stability and bifurcation theory, together with numerical simulation. [ will also
introduce the concept of network motifs, particularly of feedback and feedforward

loops, which will be encountered throughout this thesis.
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2.2. Ordinary differential equations and steady states

Ordinary Differential Equations are mathematical expressions that relate a
dependent variable and its derivative(s) with respect to one independent variable
(Jordan and Smith, 2008). In the models of biochemical networks presented here, the
independent variable is time and dependent variables will usually correspond to
chemical species, particularly proteins. Such ODEs thus define the rate of change of
the dependent variables and describe how the concentration or activity of the
molecules in the biochemical network fluctuates in time. The equations will include
rates of reactions in which the protein is produced (synthesized or activated) and
reactions in which the protein is consumed (degraded or inactivated). For the
concentration of a protein X, this can be expressed in a general form (Conrad and

Tyson, 2006):

dX 2.1

P X' = synthesis + activation — degradation — inactivation
The terms in this equation correspond to reaction rates, usually described by a rate
function and associated parameters. These rate functions describe the Kkinetic
mechanism of the reaction, and are usually dependent on one or more variables
(usually the reactants), potentially including X itself. Some types of rate functions
relevant for this thesis are described in more detail in the next section, but in the
following examples I will use simple mass action laws. For example, the change in
concentration of a protein A that is synthesized with a constant rate k; and degraded

with rate kq can be described by the following ODE:

26



Chapter 2. Mathematical background

dA 2.2
E = kS - de

Thus the positive part of the equation describes the synthesis and the negative term
the degradation. This last term also includes the concentration of A itself, since its
degradation rate depends on how much of A there is: the higher its concentration, the

faster its rate of degradation.

Many ODEs can be solved analytically by integration, that is, it is possible to find a
differentiable function that fulfils the ODE. For the example above, the solution can be
found by separation of variables and integration, leading to an expression which
describes how the concentration of A varies in time, given values for the synthesis
and degradation rate constants (ks and kg4), and an initial condition. This initial
condition describes the state of the system at a particular time, that is, the value of the
variable at some point in time, which gives enough information to predict the state of
the system at all future times. This initial condition is required because the ODE does
not specify the state, but only how it changes. For example, if the value of the
concentration of A at t=0 is Ay, an analytical expression for the concentration of A in
time can be derived:

A= E-F (AO _ E)e—f/kd 2.3
kq

Thus, Equation 2.3 is the solution for the initial value problem composed of the ODE
in Equation 2.2 and the initial condition A = A, at t = 0. Although many ODEs can be
solved analytically, this is not always the case, and it is necessary to use other
strategies to study them. The most common alternative strategy is to use numerical

approximations to simulate their solution using computers, as will be briefly
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explained later. Another approach is to use qualitative methods, such as rate plots

and phase plane analysis, which I introduce in the next sections.

Of course most of the models presented in this thesis are for systems with more than
one chemical species. Therefore, I will normally deal with systems composed of
several ODEs where each ODE describes the rate of change of a single variable. This
rate will usually depend on other variables in the system, and the variable itself. In
this case, the dimensionality of the system is equal to the number of variables, and the
concentration or activity of every one of these variables describes the state of the

system.

A relatively simple but informative way to analyse a system of one or more ODEs is to
study its steady states or equilibrium solutions. These are values of the variables at
which the system remains once it has reached them. At these points the values of the
variables do not change as time progresses. That is, their rate of change is equal to
zero, and therefore the system is represented by an algebraic equation for each

variable. Thus for the example in the previous section (Equation 2.2), at steady state

dA
and therefore
g ks 2.5
kq

where A*is a steady state of the system, in this case the only one.

An important feature of a steady state is their stability. A steady state is stable if small

perturbations from it become smaller with time, that is, if the system returns to the
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steady state. On the other hand, if disturbances grow, the steady state is unstable. For
a more extensive introduction to ODEs and their analysis, the reader is referred to
book-length treatments and reviews (Strogatz, 1994; Jordan and Smith, 2008; Tyson

etal., 2001; Klipp et al., 2005; Conrad and Tyson, 2006; Kreyszig, 2010).

2.3. Reaction kinetics

An important aspect of constructing a mathematical model of a chemical reaction
system is the assumption made for the kinetics of the reaction rates, that is, the
functions that form the terms of the ODEs. In this section I briefly describe some
relevant kinetic assumptions used in later chapters. For a more extensive treatment
of reaction kinetics, the reader is referred to relevant textbooks and reviews (Murray

2002; Voet et al. 2004; Klipp et al. 2005; Cornish-Bowden 2004; Gonze et al. 2011)

2.3.1. Mass action kinetics

The Law of Mass Action states that the rate of a reaction is proportional to the
probability of a collision between the molecules involved in the reaction, and thus
proportional to the product of the concentrations of the species involved. The rate of
the reaction is therefore determined by the reactant concentrations and a rate
constant of proportionality. This is usually the simplest assumption, and the most

used in this thesis, for reasons that will be discussed later.

Reactions and the rate constants associated with them are classified according to the
number of molecules involved (or number of molecules that determine the reaction

rate). Thus the rate of a zero-order reaction is independent of the reactant
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concentration, such as the synthesis of A in Equation 2.2. A first order reaction is then
one which depends on the concentration of only one species, such as the degradation
of A in Equation 2.2. Second order reactions are those that involve two reactants
whose concentration determines the reaction rate. For example, if a protein B is
activated by protein A, its activation rate depends on both proteins, and it is therefore
proportional to the product of their concentrations (see for example Equation 2.13).
It is also possible that the two reactants are molecules of the same species, in which

case the rate is proportional to the square of the reactant concentration.

2.3.2. Michaelis-Menten kinetics

Most reactions in biochemical networks are catalysed by enzymes, which are
therefore important in determining the reaction rate. If the simple Law of Mass
Action were assumed for these reactions, their rate would be proportional to the
concentrations of both enzyme and substrate. However, if the substrate concentration
is much higher than the enzyme concentration, the latter is saturated, and the
reaction rate depends only on the amount of enzyme, because further increases in
substrate concentration do not lead to an increase in the reaction rate. This feature of
enzyme-catalysed reactions is normally taken into account by describing their rate
using Michaelis-Menten Kkinetics, usually expressed as the rate of production of the
product of the enzymatic reaction:

dP _ VinaxS 2.6

dt Kn+S
where P and S are the concentrations of the product and the substrate of the reaction
respectively. V;,,,, is the maximum rate of the reaction, which would be realized when

the enzyme is completely saturated, and is equal to the product of the reaction rate

30



Chapter 2. Mathematical background

constant for conversion of substrate into product and the total enzyme
concentration. K;,,, usually referred to as the Michaelis constant, is the value of the

substrate concentration at which the reaction proceeds at half of the maximum rate.

Figure 2.1 shows the shape of this function, compared to the equivalent reaction rate
when the enzyme is not saturated. The rate of the reaction assuming Michaelis-
Menten kinetics follows the shape of a rectangular hyperbola, since at high substrate
concentration the rate increases very little as the enzyme becomes saturated.
Therefore, introduction of Michaelis-Menten kinetics can have important
consequences in a model, as it introduces significant nonlinear effects, such as zero-

order ultrasensitivity, explained below.

max

Figure 2.1. The rate of an enzyme-catalysed reaction as a function of substrate concentration,
described by Michaelis-Menten kinetics (black line). This is a hyperbolic curve, which tends to
a maximum rate, V.., as the substrate concentration tends to infinity. Substrate
concentration is given as multiples of K;,,, the substrate concentration at which the reaction
proceeds at half of the maximum rate. The thin blue line shows the rate for the equivalent
reaction described by the Law of Mass Action, where the rate is directly proportional to the
substrate concentration: dP/dt = Vp,qS/Km. This is only a good approximation if the
substrate concentration is significantly less than the K,,.
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Equation 2.6 is usually derived by assuming rapid equilibrium in the formation of an
enzyme-substrate complex, which is assumed to maintain a steady state. This
assumption implies that the reaction rate constants for complex formation are much
larger than the actual rate constant conversion of the enzyme-substrate complex into
product and free enzyme, or that the amount of substrate is much larger than the
total amount of enzyme. These assumptions may not always be true, particularly in
signalling networks, where both enzymes and substrates are proteins that may have
similar concentration and may even act on one another (Ciliberto et al, 2007;
Sabouri-Ghomi et al., 2008). If the substrate concentration is lower than the K,, of the
enzyme for the substrate, the reaction rate may be described with mass action
kinetics, so the reaction rate increases linearly with substrate concentration, as if the

enzyme was never saturated (Conrad and Tyson, 2006).

2.3.3. Goldbeter-Koshland kinetics and zero-order ultrasensitivity

Zero-order ultrasensitivity is a particularly interesting and relevant property that
arises as a consequence of the assumption of Michaelis-Menten kinetics in a reaction
cycle. This is a pair of opposing reactions catalysed by two different enzymes; such as
phosphorylation and dephosphorylation of a protein, S of constant concentration (S;)

catalysed by a kinase, K, and a phosphatase, PP:

The ODE describing such a cycle using Michaelis-Menten kinetics:
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dSp  Vk(Sr — Sp) _ VppSp 2.7
dt Jk + St —Sp) Jpp+Sp

where Vy is the maximum rate of the phosphorylation reaction and Vpp is the
maximum rate of the dephosphorylation reaction. Ji is the Michaelis constant of the
kinase for the dephosphorylated substrate and Jpp is the equivalent constant of the
phosphatase for the phosphorylated substrate. The steady state behaviour of this
equation can be analysed by assuming dSp/dt = 0, which leads to a quadratic

equation for the concentration of the phosphorylated substrate:
Sp = GK(Vx, Vpp,Jk,Jpp) 2.8
where GK is the Goldbeter-Koshland function defined by:

204/, 2.9

GK(Ul, v2']1;]2) =

where

A = UZ - 171 +]1172 +]2U1 2.10

The behaviour of this system was analysed by Goldbeter and Koshland (1981), who
showed an interesting property. When at least one of the enzymes is saturated
(St > J;, where J; is any of the Michaelis constants of the system), this system can
behave as an ultrasensitive switch. That is, the steady state concentration of two
forms of the substrate will switch drastically with small changes in the amount or
activity of the two enzymes (Figure 2.2), resulting in a sigmoidal, ultrasensitive

response as described in Chapter 1.
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Figure 2.2. The Goldbeter-Koshland function describing the steady state concentration of a
phosphorylated substrate with respect to the ratio of kinase to phosphatase. The response
becomes highly ultrasensitive when the Js are much smaller than the total substrate
concentration, St, that is, when the enzymes are saturated, and the reaction is essentially
zero-order with respect to the substrate concentration. However, if the Js and St are similar,
ultrasensitivity is lost.

Goldbeter and Koshland (Goldbeter and Koshland, 1981) referred to this response as
zero-order ultrasensitivity, because when the enzymes are saturated, the reactions
they catalyse are effectively zero-order with respect to substrate concentrations. This
type of kinetics has been used extensively in mathematical models of biological
systems (Tyson et al., 2003), and has also been experimentally shown experimentally
in a few cases (LaPorte and Koshland; Cimino and Hervagault, 1987). However,
because this requires assumption of Michaelis-Menten kinetics, its validity under

some circumstances is uncertain, as mentioned previously.

2.3.4. The Hill function

The Hill function is probably the most used function to describe ultrasensitive

responses in biological models, and was originally used to model cooperativity in
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multi-subunit proteins. The Hill function has the following form, and can describe
reaction rates when multiplied by appropriate rate constants:

x" 211

f(x)=]n+—xn

where x is, for example, the substrate concentration of an enzyme-catalysed reaction
(or species affecting the reaction rate), J is the substrate concentration at which the
reaction rate is half of the maximum rate, and n is the Hill coefficient, which describes
the ‘sharpness’ of the ultrasensitive response. When n =1, the top equation is
equivalent to the Michaelis-Menten equation, and the higher the value of n, the

steeper or sharper the response (Figure 2.3)

This equation is widely used to phenomenologically describe switch-like changes in
mathematical models when the kinetic mechanisms that lead to such switch-like
responses are not entirely clear. When used to describe the rate of a reaction, it
implies that the rate changes abruptly when x, in Equation 2.11 is close to J (Figure
2.3) In biological responses, the Hill coefficient is also often used to measure the
sharpness of ultrasensitive responses, by fitting data to the Hill equation. However,
this quantification has been criticized because not all ultrasensitive functions actually
fit the Hill function well enough to derive parameter values (Voet et al. 2004;

Gunawardena 2005).
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Figure 2.3. The Hill function with different values of the Hill coefficient, n. The larger the value
of n, the more ultrasensitive the response. If n = 1, the response is hyperbolic, the same as
with Michaelis-Menten kinetics.

2.4. Qualitative analysis of systems of ODEs

As mentioned previously, it is not always possible to solve an ODE system
analytically, particularly when it is nonlinear, that is, when there are terms in the
ODEs that depend on more than one variable, or are nonlinear functions of one
variable. However, it is still possible to analyse these systems, and one of the most
useful ways is to use qualitative methods. Here, I introduce rate plots and phase plane

analysis, two tools that will be used in later chapters.

2.4.1. Rate plots

A very simple way to explore stability in systems with one variable is a rate plot,
which depicts the absolute value of the derivative of the dependent variable, or terms
from the ODE separately, with respect to the variable (Strogatz, 1994; Ferrell and

Xiong, 2001; Tyson et al., 2003). Figure 2.4 shows an example of a rate plot for
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Equation 2.2 (Section 2.2) where the absolute value of the rates of production and
degradation of protein A are plotted independently. In this case, the rate of
production of A is a horizontal line, kg, because the rate of production is independent
of the value of A. The rate of degradation is a straight line with slope equal to k,, since
the degradation rate increases as A increases. Where the two lines cross, the rate of
production and degradation are the same, therefore dA/dt = 0. Thus, the value of A
at which this happens is the steady state of the system, A* = k,/k4. This plot also

shows the behaviour of the system for values of A close to A*.

synthesis

degradation

rate

A =kS/kd

Figure 2.4. Rate plot for the ODE system described by Equation 2.2. The rates of synthesis and
degradation are plotted with respect to the concentration of A. The rate of synthesis is a
horizontal line at kg, and the degradation rate is a straight line with slope k;. Where the lines
cross, the system is at a stable steady state A* = k/kgy, as explained in the text.

If A <A the rate of production is greater than the rate of degradation and
dA/dt > 0, and therefore A increases, approaching the steady state value. On the
other hand, if A > A* then dA/dt < 0, and A decreases, again approaching the steady
state value. Therefore, A* is a stable steady state, since for values of A around it, A will

approach the steady state. In fact, for this example, the system will approach A* from
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any initial value of 4, and the steady state is said to be globally stable. However, this is
not always the case, since sometimes stability can only be guaranteed in a limited

region and the steady state is thus locally stable (Strogatz, 1994).

This type of analysis can also be performed in systems with more than one variable if
it is possible to assume that all variables but one are at steady state by making
equilibrium approximations. This is done by assuming that the other variables in the
system change rapidly relative to the variable of interest. For example, the previous
model can be modified by assuming that the rate of synthesis of A is activated by
another protein, B. I assume that the total amount of protein B is constant (By), and
that B is activated by A and inactivated at a constant rate. I denote the concentration
of the active form B, while the concentration of the inactive form is B;,4ctive = Br —
B. With these assumptions, it is possible to write a set of ODEs to describe this

system:

dA 212
= =k kB — kqA

dB 2.13
— = kaA(Br — B) — kB

where protein A is synthesized with a background rate kg and B-dependent rate kg,
and degraded with rate constant k,. Protein B is activated by A with rate constant
k, and inactivated with rate constant k;. Assuming that the activation and
inactivation of B is fast relative to the production and degradation of A, B can be
assumed to be at equilibrium, that is, dB/dt = 0 and B can then be expressed using

an algebraic expression:
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ky, A 2.14
B=By ———
Tk A+k;

which can be substituted into the ODE for protein A

dA—k’+kB 2 kyA
dt ~ 5 Tk A+ k¢

2.15

resulting in a system described by a single ODE, which can be analysed using a rate
plot (Figure 2.5). For this example, there is also a single, globally stable steady state
for physically meaningful values of A, although the synthesis rate is now hyperbolic

because it depends on A itself.

kB

synthesis

degradation

rate

Figure 2.5. Rate plot for the ODE system described by Equation 2.15. The rates of synthesis and
degradation are plotted with respect to the concentration of A. Where the lines cross, the
system is at a stable steady state A*. See text for details.

2.4.2. Phase planes

The state of a system of ODEs is defined by the values of each of the variables, which

allows prediction of all future states. Thus, at any time, the state can be thought of as
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a point in an n-dimensional space, the state space, where n is the number of variables,
or dimensionality of the system. At each point in the state space, the ODEs define the
rate of change of each variable, and therefore, an n-dimensional vector indicates the
direction and speed of movement of the system. Therefore, the system of ODEs
defines a vector field, which qualitatively shows all possible trajectories of the
system. Starting from any point on the state space, it is possible to calculate, or at
least estimate, where the system will be after a particular time increment. In this way
it is possible to define a trajectory, or solution to the ODE system (Strogatz, 1994;

Tyson et al,, 2001; Conrad and Tyson, 2006; Jordan and Smith, 2008).

In a two-dimensional system, the state space is a plane where the two variables of the
system correspond to each axis. This is referred to as the phase plane, and its analysis
gives important information about the stability of steady states and solutions, even
for systems that cannot be solved analytically (Strogatz, 1994; Conrad and Tyson,
2006; Kreyszig, 2010). The nullclines, curves along which the time derivative of one
of the variables is zero, are important features of the phase plane (Conrad and Tyson,
2006). They can be thought of as a plot of the steady state of one variable with respect
to a fixed value of the other variable, both on the same plane. Nullclines are calculated
by setting both ODEs to zero and then solving for one of the variables. For the
previous example, the A-nullcline is obtained by setting dA/dt = 0:

k A — k. 2.16
BZ: dk s
s

and the B-nullcline by setting dB/dt = 0:
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koA 2.17

By = Bp——r
B Tk A+k;

These expressions can now be used to sketch the nullclines in the phase plane of the
system (Figure 2.6). Along the nullclines, the vectors can only point up or down for
the A nullcline and only left or right for the B nullcline. Similar to the rate plots, where
the two lines intersect, the rate of change of both variables is zero, and the system has
a steady state, but in this case it is because both variables are at steady state. This
picture is not an approximation, since there is no equilibrium assumption. However,
as with the rate plots, it is possible to analyse systems of more than two variables
using phase planes by using appropriate equilibrium assumptions to reduce the

system to two variables. This pseudo phase plane is then an approximation of the

behaviour of the system.
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Figure 2.6. Phase plane for the system described by Equations 2.16 and 2.17. The nullclines,
vector field and steady state are shown. The vector field indicates that the steady state is

stable in agreement with the rate plot from Figure 2.5.
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The stability of the steady states can be analysed in the phase plane by looking at the
vector field, in particular at the vectors close to the nullclines or around the steady
state. In this case, the vectors point towards the steady state, which is therefore
stable, in agreement with the results for the rate plot in Figure 2.5 for the same

system.

The plots presented here are the main tools used in this thesis for analysing the
stability of systems. However, a more generalized type of analysis, which can be used
for systems with more than two variables and automated on a computer, is linear
stability analysis. A full explanation is beyond the scope of this thesis, but it
essentially involves predicting how a perturbation to a steady state evolves in time.
This is done by deriving an ODE for the perturbation, which is achieved by
‘linearizing’ the system in some region close to the steady state. This involves
approximating the value of the derivative in time of each component of the
perturbation by the first term of a Taylor expansion of the differential equation for
each variable. Because the perturbation is small, higher order terms can normally be
ignored. Linearization is useful because linear systems can be solved analytically, and
thus it is possible to transfer the results from this type of system to a local region
around the steady state in a nonlinear system. In this way it is possible to construct
an orientation matrix by estimating the partial derivatives of each variable with
respect to all other variables. This Jacobian matrix describes the time evolution of the
perturbation and determines whether the steady state is stable or unstable (Strogatz,
1994). In the next section, I describe the principles of bifurcation analysis, which

further expands steady state analysis for systems of ODEs.
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2.5. Bifurcation analysis

Bifurcation analysis essentially involves the study of the steady states of a system of
ODEs as parameter values are varied. The term bifurcation refers to a qualitative
change on the steady state(s) of the system at a particular parameter value.
Bifurcation points correspond to parameter values where something ‘unusual’
happens to the qualitative dynamics of the system, such as appearance or
disappearance of steady states, or changes in the stability of steady states (Strogatz,

1994; Tyson et al., 2001).

2.5.1. One-parameter bifurcation diagrams

In Figure 2.2, I showed how the steady state level of the phosphorylated form of a
substrate varied with increasing levels of the kinase. If we consider the kinase level as
a parameter or signal and the steady state concentration of the phosphorylated
substrate as a response, we could refer to this plot as a signal-response curve. This is
essentially the principle of a one-parameter bifurcation diagram (Novak and Tyson,
2008), in which we plot the steady state value of a variable of interest with respect to
the value of one of the parameters in the system, in this case the kinase level.
However, in a one-parameter bifurcation diagram we usually expect to see a
bifurcation. This can be illustrated with a simple example: a protein, A, that activates
its own production in a nonlinear fashion. A single ODE to describe the concentration

of A can be written as:

dA k A" 2.18
— =S4+ ——— — kA
dt +]” +4n 71
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where § is a signal that promotes synthesis of A, k; is the reaction rate constant for A-
dependent synthesis, n is the Hill coefficient, J the concentration of A that gives half of
the maximum A-dependent synthesis rate, and k, the rate constant for A degradation.
A rate plot for this system is shown in Figure 2.7A. Due to the Hill function, the rate of
synthesis is ultrasensitive with respect to A. The degradation rate is a straight line,
and depending on parameter values, can cross the synthesis rate at one or at three
points. For values of S where there are three intersections, there are two stable
steady states and one unstable steady state, and the system is said to be bistable

(Tyson etal., 2003; Conrad and Tyson, 2006; Xiong and Ferrell, 2003).
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Figure 2.7. Rate plot (A) and one-parameter bifurcation diagram (B) for the system described
by Equation 2.18. In A, the rate of synthesis varies with the level of the signal S, a parameter.
The degradation rate is constant. In B, the steady states of the system, described the
concentration of A, are plotted as a function of the signal. Parameters: ks = 1; kg = 1;] =
1;n = 10.

A one-parameter bifurcation diagram for this system shows the values for the steady
states of A at several values of S. As a convention, stable steady states are plotted with

solid lines or filled circles and unstable steady states with dashed lines or empty
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circles. In this case it is also possible to obtain a function for this plot by calculating
the value of S given a range of values of the steady state for A. The result of this is
shown in Figure 2.7B. For small values of the signal, there is a single, stable, steady
state where A is low and increases linearly. As the signal increases two more steady
states, one stable and one unstable, appear at a higher and intermediate levels of A,
respectively. As the parameter increases further, the lower steady state collides with
the unstable steady state and they both disappear, leaving only the stable steady state
with higher concentration of A. The points where the stable and unstable steady
states appear or disappear are bifurcation points, specifically saddle node

bifurcations (Strogatz, 1994).

In the following chapters [ will only deal with saddle node bifurcations, but other
types of bifurcation exist, like transcritical bifurcations, were two steady states
exchange stabilities; pitchfork bifurcations, in which a steady state exchanges
stability and two new steady states of opposite stability appear; and Hopf

bifurcations, where the system starts to oscillate (Strogatz, 1994; Tyson et al., 2003).

2.5.2. Two-parameter bifurcation diagrams

One-parameter bifurcation diagrams show how the steady states of the system
change with respect to one parameter and where bifurcation points occur. Two-
parameter bifurcation diagrams go one step further, by showing how the bifurcation
points change with respect to a second parameter of the system. These diagrams can
be useful as ‘constraint’ diagrams, which show, for example, how the bistable regime
of a system varies with other parameters (Novak and Tyson, 2008). Figure 2.8A
shows a two-parameter bifurcation diagram for the system described by Equation

2.18. It shows the signal at the saddle-node bifurcations with respect to the Hill
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coefficient of the A-dependent synthesis. The bistable region, shaded grey, increases
as n becomes larger. Crucially, there is a critical value of n at which the system

becomes bistable, a Cusp bifurcation (Strogatz, 1994).

These diagrams can also be thought of as a projection of a surface in a three-
dimensional space where the axes correspond to each of the parameter of interest
and the steady state value of the variable of interest, as shown in Figure 2.8B. The
shaded region in the two-parameter bifurcation diagram corresponds to the bistable
regimes of the curves (one-parameter bifurcation diagrams) in the three-dimensional

plot.

0.75

Figure 2.8. A. A two-parameter bifurcation diagram for Equation 2.18. The two parameters
are the signal S and the Hill coefficient for A-dependent synthesis, n. The bistable region is
shaded. B. A three-dimensional plot showing the surface described by one-parameter
bifurcation diagrams at different values of n. A projection of this surface, showing the
boundaries of the bistable region, corresponds to the two-parameter bifurcation diagram in
A.
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2.6. Computational approaches for ODE analysis

Although some small systems of ODEs can be solved analytically, the majority of
analyses of ODE systems rely on computers. All analyses and plots presented in this
and following chapters were performed using MATLAB (Mathworks, Natick, MA,
USA), a general purpose tool for mathematical computations and XPPAUT
(http://www.math.pitt.edu/~bard/xpp/xpp.html), a tool for simulation and analysis
of dynamical systems (Ermentrout, 2002). In the simplest case, computers are used to
calculate and plot analytically derived functions, which is extensively done in this

thesis with MATLAB code.

Systems of ODEs can also be integrated numerically, using more or less complicated
solvers. In the simplest sense, these solvers, given an initial condition for each
variable, use rate of change given by the ODE of each variable to estimate how much
the variable changes in a defined time step. This is the essence of the simplest of these
numerical ODE solvers, Euler’s method, but more accurate results can be obtained by
using more sophisticated methods. Some of these methods also include variable time
steps, so the size of the time increment decreases if the rate of change becomes larger.
For systems that have differing time scales, it is also useful to use a stiff ODE solver to
guarantee the stability and convergence of the solution (Strogatz, 1994; Kreyszig,
2010). The MATLAB function odel5s and the Stiff ODE solver from XPPAUT were

used in the time course simulations presented in this thesis.

Stability and bifurcation analysis were mostly performed by deriving the appropriate
functions and plotting them using MATLAB. In cases where the relevant functions
cannot be derived, and as a check, XPPAUT was also used. XPPAUT provides an

interface for AUTO, a tool for bifurcation analysis. AUTO uses automated linearization
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of an ODE system to find the stability of steady states and detect bifurcations. It can
be used for producing one-parameter and two-parameter bifurcation diagrams

(Ermentrout, 2002).

2.7. Constructing mathematical models

The previous sections describe the tools used to construct and analyse the
mathematical models of biochemical networks presented in later chapters. This
section aims to show how the mathematical models are actually constructed. The
starting point is normally a wiring diagram of the biochemical network of interest.
These are very similar to the cartoons molecular biologists use to summarize their
knowledge of a particular network and depict the regulation of its different
components (Tyson et al., 2001; Conrad and Tyson, 2006). In themselves these
cartoons constitute a ‘model’ of the system, as they are abstract representations of
the real biological system, which can give initial glimpses of how the network
behaves. Mathematical models provide a more precise framework to understand

these networks at a deeper level and predict their behaviour and properties.

Since these wiring diagrams are used to construct precise mathematical models,
certain conventions are usually adopted for displaying them. I will normally use the

following:

- All the different types of molecule in the network to be modelled are present
in the wiring diagram. This includes different forms of the same molecule, such
as active and inactive forms of a protein.

- All biochemical reactions converting one molecule or form into another are

present in the network and displayed with solid lines.
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- All regulatory interactions, that is, when a molecule affects the rate of a
particular reaction, are shown in the diagram. This is displayed either by
placing the relevant regulatory molecule above the arrow indicating the
regulated reaction or by a dashed line connecting the regulatory molecule to

the regulated reaction.

Once the wiring diagram is completed, it is used to write a system of ODEs for the
biochemical network (Tyson et al., 2001). The first step is to define any conservation
laws present in the system, such as stating that the active and inactive form of a
particular protein sums up to a total. This is important because it normally reduces
the number of ODEs required to describe the system, because one of the forms can be

defined by an algebraic expression.

It is important to note that by using ODEs to model a biochemical network, some
implicit assumptions are made. In particular it is assumed that the system is ‘well
mixed’ and that molecular numbers are large enough so stochastic effects can be
neglected and ODEs will accurately describe the behaviour of the system. This is not
necessarily true for many biochemical process occurring inside cells, although it is a
reasonable assumption for cell extracts, such as those of Xenopus eggs (Conrad and
Tyson, 2006), which is the experimental system on which most of the models

presented here are based.

The next step is to select the type of kinetics to use for each reaction, and write their
expressions and associated parameters. This requires careful consideration and
depends on different factors, including particular known properties of the system,
consideration of the assumptions for the different types of kinetics, and even the aim

of the model, as I will demonstrate in the following chapters.
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At this point the initial analysis of the system of equations can start. [t can be useful to
use qualitative methods to analyse the system of ODEs, such as rate plots and phase
planes to explore the system and the parameter space. From here, a parameter set
that represents the known and desired behaviour can then be chosen to represent the
‘wild-type’ system and further exploration can continue. In the following chapters,
unless otherwise stated all parameters are non-dimensional. Therefore, differences
between parameters can be thought of as relative, and the model results as

qualitative or semi-quantitative.

As an additional tool for understanding the model behaviour it is often useful to look
at simplified versions of the wiring diagram, which I refer to as interaction or
influence diagrams. This is because wiring diagrams can have a lot of detail and be
too complex to spot interesting regulatory patterns. These interaction diagrams
usually contain all the molecules of the network, but not all the forms for each
molecule, and the relationships between them indicated by lines. As a convention, an
arrow from X to Y indicates that X has a positive effect on Y (X — Y), while a line
starting at X and ending in a bar at Y indicates that X has a negative effecton Y (X Y).
An example of such interaction diagram was presented previously in Figure 1.2A.
Interaction diagrams are also extensively used by biologists, and are particularly
useful for detecting and visualising ‘network motifs’ such as feedback and

feedforward loops. These motifs are described in more detail in the following section.
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2.8. Feedback and feedforward loops

Many processes in cells are carried out by large networks of genes and proteins that
interact in complex and nonlinear ways (Bray, 1995). Efforts have been made in
trying to understand patterns or detect modules in these networks, which might
carry out specific functions or have particularly interesting properties. This approach
has focused on the understanding of network motifs, which are simple regulatory
patterns among a small number of cellular components. Their study has been
particularly insightful for understanding gene regulatory networks, but it can also be
applied to signalling pathways and other biological networks (Alon 2007a, 2007b;
Tyson et al. 2003, 2010). The main idea is to understand the information-processing
capabilities of these motifs, which were originally identified as regulatory patterns
that occur more often in real networks than in randomly generated ones (Shen-Orr et
al. 2002; Alon 2007a). These motifs have been studied from different theoretical and
mathematical perspectives, in order to predict if they can in fact carry out particular
tasks. In some cases these predictions have been demonstrated experimentally,
which encourages the notion that even when these motifs are embedded in large
networks they can have defined roles (Mangan et al., 2003, 2006; Alon, 2007a; b;
Tyson and Novak, 2010) . In this section, I describe some features of two important

motifs that will be relevant throughout this thesis, feedback and feedforward loops.

2.8.1. Feedback loops

Feedback seems to be a particularly prevalent feature in biological systems. Feedback
loops (FBLs) arise when the perceived output of a system is also a component of its
input. In many cases, this can make it difficult to define which components of the

systems are ‘upstream’ or ‘downstream’, making systems with feedback potentially
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difficult to understand and showing very complex behaviour. Feedback can be
positive or negative, depending on whether the output of the system leads to a
further increase, or a decrease in output, respectively (Conrad and Tyson, 2006;

Tyson et al,, 2003).

The most familiar type of feedback loop in biochemical systems is negative feedback,
where the output of the system eventually leads to a decrease in the output, and thus
can ‘counteract’ the effect of the signal. This type of feedback is usually associated
with homeostasis, the tendency to keep a system at a constant steady state despite
perturbations, and therefore minimize fluctuations in the response of the system
(Tyson et al,, 2003). A classical example is when high concentrations of the product of
a metabolic pathway inhibit initial reactions in the pathway, helping the system to
maintain stable levels of the metabolites involved in the pathway. However, negative
feedback is also essential for oscillations. Oscillations can be the consequence of
‘delayed’ negative feedback, where a large increase in the output can occur, before it
has a dampening effect on itself. This delay can be a result of the dynamical
properties of the system, such as the presence of multiple components (Goldbeter,
2002; Novak and Tyson, 2008; Tyson and Novak, 2010; Ferrell et al., 2011). As
described in Chapter 1, the oscillatory nature of the cell cycle is the result of negative
feedback, since the signal that promotes mitosis, Cdk1-CycB activates the APC/C after
a delay, resulting in CycB degradation and inactivation of Cdkl (Tyson and Novak,
2008; Ferrell et al,, 2011). The circadian cycle is another example of oscillations due
to delayed negative feedback (Goldbeter, 2002; Novak and Tyson, 2008).
Furthermore, artificial biological networks with delayed negative feedback have been

shown to display oscillatory behaviour (Elowitz and Leibler, 2000).
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Positive feedback results when the output of a component of the network leads to an
amplification or enhancement of the same output. An example is a self-activating
enzyme, whose product enhances its activity. Positive feedback is perhaps less
familiar than negative feedback, but probably no less common or important. It is
usually associated with switch-like, explosive and all-or-none responses and
phenomena (Ferrell, 2002; Tyson et al, 2003; Alon, 2007b; Mitrophanov and
Groisman, 2008; Pomerening, 2009). A classic example is the action potential in
neurons, where a small membrane depolarization causes opening of ion channels,
which produces further depolarization and leads to transmission of nerve signals. It is
possible to distinguish two different types of positive FBLs, those that involve mutual
activation and those with antagonistic relationships between components of the loop.
Under appropriate conditions, both can create a discontinuous switch by producing
bistability. For example, for two-component loops, either both components are OFF
or both ON in the double positive FBL (Figure 2.9E), whereas one component is ON
and the other OFF in a double negative FBL. In each case, the system can switch
between these two possible states in response to a transient signal (Tyson et al,
2003; Alon, 2007b). These bistable, discontinuous switches seem to be common in
biology, and are proposed to be important for cellular differentiation and decision-

making (Ferrell, 2002; Tyson et al., 2003; Alon, 2007b).

Figure 2.9 displays several examples of negative (A-C) and positive (D-G) FBLs, and
shows that a single or many components can form FBLs. Furthermore, FBLs can be
intertwined, creating motifs with interesting behaviours. For example, positive and
negative FBLs can be combined to produce very robust oscillators, in which the

negative FBLs drive the system around a hysteresis loop created by positive FBLs
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(Tyson and Novak, 2008; Tsai et al,, 2008; Tyson and Novak, 2010; Ferrell et al,,

2011).

An important motif throughout this thesis is the one formed by intertwined double
positive and double negative FBLs, shown in Figure 2.9G. This is essentially the
central component of the mitotic switch, the motif formed by MPF, Weel and Cdc25
as explained in Chapter 1. This motif can produce an efficient bistable switch (Ferrell,
2008) and can even create tristable systems (Tyson and Novak, 2010). The properties

of this motif will be explored in later chapters.
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Figure 2.9. Examples feedback loops. A-C, negative FBLs with one (A), two (B) and three
components (C). D-G. Positive FBLs. D. One-component positive FBL. E. Double positive FBL.
F. Double negative FBL. G. Intertwined double positive and double negative FBLs.
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Coherent Feed-forward Loops
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Figure 2.10. The 8 possible three-component feedforward loops. See text for details.

2.8.2. Feedforward loops

Feedforward loops (FFLs) are motifs of at least three components, where one

component regulates another through two different pathways (Mangan and Alon,

2003; Tyson et al,, 2003; Alon, 2007b; Tyson and Novak, 2010). Mangan and Alon

(2003) analysed many features of three-component FFLs in the context of gene

regulatory networks, where a transcription factor X regulates an output gene Z, both

directly and through another transcription factor Y. Each interaction between two

components can be positive or negative, resulting in eight distinct FFLs, shown in

Figure 2.10. Four of these are coherent (the net effect of X on Z through both branches

is of the same sign) and four are incoherent (the two branches have opposite effects

on Z). Another important feature of the motif is whether the two transcription factors
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function like an AND or an OR logic gate. Particular types of FFLs are prevalent in
gene regulatory network, and they are predicted to have particular behaviours. For
example, the coherent FFL type 1 with an AND logic gate, the most common in
transcription networks can act as a sign-sensitive delay and noise suppression
mechanism, and incoherent FFLs can act as mechanisms for perfect adaptation (type
1). Some properties of these FFLs have been confirmed experimentally (Mangan et al,,

2003, 2006).

FFLs have also been studied in the context of cell cycle regulation, where CDKs
regulate a component of the regulatory network both directly through
phosphorylation and indirectly through regulation of its transcription. The evidence
indicates that incoherent FFLs can act as triggering modules for required components
at particular cell cycle transitions, while coherent FFLs regulate components required
during particular phases of the cell cycle (Csikasz-Nagy et al., 2009; Tyson and Novak,

2010).

2.9. Summary

In this chapter, | have introduced essential background required for understanding
the mathematical models and their analysis presented in the next chapter. I
described how to write systems of ODEs for biochemical networks and the kinetic
assumptions that can be made for each reaction. I also described different ways to
analyse these systems; qualitative tools, such as rate plots and phase plane analysis,

and tools that normally require the use of computers, such as bifurcation analysis and
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numerical integration. Finally, I introduced the concept of network motifs and
described two particularly relevant for this thesis; feedback loops, where one
component of the network affects the activity of an ‘upstream component’, and
feedforward loops, where one component of the network is regulated by another

through two different pathways.

In the next chapter I start to use the notions presented in this chapter and in Chapter
1 to dissect and understand models of the mitotic switch that use different kinetic
assumptions in the ODE systems, and highlight the importance of positive feedback

and ultrasensitive responses in the construction of a ‘good’ biochemical switch.
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Chapter 3

Positive feedback and ultrasensitivity in the mitotic

switch

3.1. Overview

The previous two chapters have introduced basic notions about cell cycle control and
mathematical modelling. In this chapter [ draw on this background to construct
simple models that demonstrate important features of the mitotic switch. I will focus
on which characteristics are necessary and important to produce bistability in this
particular switch, but the conclusions are relevant for biochemical switches in
general. [ begin by revisiting the biochemical network controlling the mitotic entry
switch, presented in Chapter 1 and then analyse increasingly complex models,
arriving at the core of a previous mathematical model describing this transition
(Novak and Tyson, 1993). This description emphasizes the importance of positive
feedback loops and nonlinear, ultrasensitive responses for the existence of a robust,
bistable mitotic switch. It will also put into focus issues that I deal with in later
chapters, such as the sources of ultrasensitivity in biochemical networks. As a start in
this direction, I also show that multiple feedback loops can generate ultrasensitive
responses. Finally, I discuss this analysis and the importance of ultrasensitivity in

bistable switches.
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3.2. The biochemical network controlling the mitotic switch

As mentioned in Chapter 1, the regulation of the eukaryotic cell cycle is based on
protein phosphorylation and dephosphorylation, catalysed by specific protein kinases
and phosphatases (Nigg, 2001; Morgan, 2007; Ma and Poon, 2011; Bollen et al,
2009). In particular, the Cdk1-CycB complex is essentially responsible for bringing
about mitosis in all eukaryotes, and is therefore also referred to as M-phase
Promoting Factor or MPF (Nurse, 1990; Duesbery and Vande Woude, 1998). The
Cdk1 subunit is normally present in excess, and therefore CycB is the rate-limiting
component for complex formation (Morgan, 2007; Hochegger et al., 2008). The
activity of MPF is itself regulated by phosphorylation (Figure 3.1): the inhibitory
kinase Weel inactivates MPF by phosphorylation on the tyrosine-15 residue of Cdk1.
This phosphorylation is removed by the phosphatase Cdc25, leading to MPF
activation and thus mitotic entry (Chapter 1; Lindqvist et al. 2009). I will refer to the

phosphorylated, inhibited form of MPF as preMPF.

MPF in turn regulates both Weel and Cdc25 by phosphorylating them at multiple
sites (Kumagai and Dunphy, 1992; [zumi et al.,, 1992; Hoffmann et al., 1993; [zumi and
Maller, 1993; Tang et al,, 1993; Devault et al., 1992; Kim and Ferrell, 2007; Trunnell et
al., 2011). Such phosphorylation results in activation of Cdc25 and inactivation of
Weel, and thus creates two feedback loops: (i) a positive feedback loop through
Cdc25 (MPF-Cdc25-MPF) and (ii) a double-negative feedback loop through Weel
(MPF 4 Weeld MPF), as shown in Figure 3.1A. MPF-dependent phosphorylation is
reversed by MPF-counteracting protein phosphatases (which I will refer to as PP),

which for now are assumed to have constant activity throughout the cell cycle (this

59



Chapter 3. Positive feedback and ultrasensitivity in the mitotic switch

assumption will be challenged in Chapter 5). The chemical interactions in this

regulatory network are shown in Figure 3.1B.

7

e[ weed]

Figure 3.1. The mitotic switch network. A. Network diagram showing the Cdc25-MPF positive
feedback loop and the Wee1l-MPF double-negative feedback loop. B. Wiring diagram showing

—_
4
\
N

biochemical reactions. Yellow boxes indicate the active forms of each of the three species. The
dashed lines indicate feedback of MPF on its regulators. (pMPF=preMPF).

As mentioned in Chapter 1, Novak and Tyson (1993) proposed that the two feedback
loops in MPF regulation create a bistable switch, and therefore there are two different
cyclin thresholds, one for MPF activation and a lower one for MPF inactivation, which
correspond to two saddle node bifurcations in the system (Novak and Tyson, 1993).
Bistability has been shown experimentally, by demonstrating the occurrence of
hysteresis, and thus the existence of the two different cyclin thresholds for MPF
activation and inactivation in Xenopus egg extracts (Pomerening et al.,, 2003; Sha et
al., 2003). However, the question of how bistability arises in this system is not yet

completely resolved, although it is known that bistability requires positive feedback

60



Chapter 3. Positive feedback and ultrasensitivity in the mitotic switch

and a source of ultrasensitivity (Thomas, 1998; Ferrell and Xiong, 2001; Tyson et al,,
2003; Angeli et al,, 2004). This is demonstrated in the next section, using a graphical
approach to analyse increasingly complex models of the mitotic switch, inspired by
Ferrell et al. 2001 and Tyson et al. 2003. I will compare three different models of the

mitotic switch (Figure 3.2):

1. Model without feedback: MPF is regulated by constant Cdc25 and Weel

activities. There is no feedback of MPF on its regulators (Figure 3.2A).

2. Model with positive feedback and no ultrasensitivity: MPF is regulated by

Cdc25 and Weel, which are in turn regulated by MPF, creating positive
feedback in the system (Figure 3.2B).

3. Model with positive feedback and ultrasensitivity: Besides the positive

feedback loops incorporated in Model 2, I also assume a mechanism that

generates ultrasensitivity in the response of Cdc25 and Weel to MPF (Figure

3.2C).
A B C
[Cdc25—» WPF|——
No feedback Linear feedback Ultrasensitive feedback

Figure 3.2. Interaction diagrams for the simple models of the mitotic switch used to analyse the
role of positive feedback and ultrasensitivity in the mitotic switch. A. Model with no feedback.
B. Model with positive feedback and no ultrasensitivity. C. Model with positive feedback and
ultrasensitivity. The yellow lines indicate the presence of ultrasensitivity in the interaction.
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3.3. Positive feedback and ultrasensitivity are important for generating

bistability in the mitotic switch

To show the importance of positive feedback and ultrasensitivity for bistability in the
mitotic switch, I will start by considering a simple model assuming only mass action
kinetics and no feedback. I will then show the effect of progressively incorporating
feedback loops and ultrasensitivity in the model, the latter in the responses of Cdc25
and Weel to MPF. To begin I state some general assumptions for the mathematical
models that will be maintained for the whole section, and in fact for most of this

thesis.

First, I assume that the level of Cdkl is constant throughout the cell cycle, and in
excess over the cyclin level. Also, I assume that cyclin binds quickly and strongly to
the catalytic subunit (Solomon et al, 1992; Hochegger et al, 2008), so the
concentration of free CycB is assumed to be negligible. Therefore, the following mass

conservation relationship can be established:

Cycy = MPF + preMPF 3.1

That is, cyclin is only present as dimers with Cdk1, and the sum of the active (MPF)
and inactive dimers (pMPF) is equal to the total cyclin level (Cycr). This assumption
has been used in previous models of the mitotic switch and the cell cycle (i.e. Novak et

al. 1993; Trunnell et al. 2011).

Using the algebraic Equation 3.1, and considering the activation and inactivation of

MPF, it is possible to write the following ODE for MPF:
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dMPF 3.2
i k,s(Cycy — MPF) — k,,ce MPF

Where the activation rate is shown in green and the inactivation rate in red. k25 and
kwee are functions of Cdc25 and Weel, respectively, which determine the rates of MPF
activation and inactivation. Both Weel and Cdc25 have active and inactive forms.
However, for reasons that will become clearer later, I assume that the inactive forms
actually have a small background activity. This is a reasonable assumption, since the
regulation by phosphorylation is probably not absolute, and seems to be supported
by recent experimental data (Lorca et al., 2010). However, for simplicity, I will not
assume a background activity for preMPF. Thus, I define the rate functions for MPF

activation and inactivation,

kys = k'55(Cdc25, — Cdc25) + k",sCdc25 3.3

kwee = k,wee(WeelT - Weel) + k"weeweel 34

Where k25 and k'wee are the rate constants for the background activity of the inactive
forms of Cdc25 and Weel respectively, and k”z5s and k”yee are the rate constants for
the active forms. Cdc251 and Weelr are the total levels of the two proteins, that is, the
sum of the active and inactive forms, which will be assumed to be constant, as in
other models for Xenopus egg extracts (Novak and Tyson, 1993; Zwolak et al., 2009).
The following step is to write differential equations for the MPF regulators Cdc25 and
Weel, which will be modified as positive feedback and ultrasensitivity are

incorporated.
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3.3.1. Model without feedback

Since the total concentrations of Weel and Cdc25 are constant, it is only necessary to
write differential equations for their active forms. First, I show how the system would
behave with no feedback, that is, without the regulation of Cdc25 and Weel by MPF
(without the dashed lines in the network diagram in Figure 3.1B). Using mass action

kinetics, the differential equations for the two enzymes can be written as:

dCdc25 3.5
dt == VaZS(CdCZST - CdC25) - VLZSCdCZS

dWeel 3.6
TR Viwee Weely — Weel) — V.. Weel

Where V.25 and Viz5 are the rate constants for Cdc25 activation and inactivation, and
Vawee and Viwee are the respective constants for Weel activation and inactivation. If
Cdc257 and Weelr are both equal to 1, Cdc25 and Weel can be thought of as the
fraction of active protein. Equations 3.2-3.4 and 3.5-3.6 constitute the model without

feedback (Figure 3.2A).

Assuming that the active and inactive forms of Cdc25 and Weel are in equilibrium,

the steady state for the active forms of the two enzymes can be calculated,

V,,-Cdc25

Cdc25 = 221 37
Vazs + Vizs

Weel — VaweeweelT 3-8

Vawee + I/IZWQB
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Since the reaction rates and total enzyme concentrations are constant, the steady
state levels of active Cdc25 and Weel depend only on the values of the rate constants
for their activation and inactivation, and therefore their activity is constant. In
particular, since there is no feedback, the steady state activities of Cdc25 and Weel

do not change with different levels of MPF (Figure 3.3A).

Now it is possible to analyse the steady state MPF activity at different Cycr levels. As
described in Chapter 2, one way to achieve this is with a rate balance plot, shown in
Figure 3.3D. Here, 1 depict the rates of MPF activation (bold green line) and
inactivation (red line) as a function of MPF, at a particular Cycr level, as described by
Equation 3.2. The system is at steady state at the MPF value where the two lines
intersect. In this case, there is a single stable steady state, because if MPF is lower
than the steady state value, the activation rate is higher than the inactivation rate, and
MPF will increase. Similarly, if MPF is higher than the steady state value, inactivation

wins and MPF will decrease until it reaches the steady state value.

If Cycr increases, the activation line will move upwards (dashed green lines in Figure
3.3D). The inactivation rate does not change because it does not depend on Cycr
(Equation 3.2). The intersection or steady state of the system will move along the line
of the inactivation rate as Cycr increases, and therefore MPF increases. This is shown
in Figure 3.3G, in a signal-response curve, or one-parameter bifurcation diagram with
Cycr as the signal or bifurcation parameter, and MPF as the response (see Chapter 2
for an introduction to bifurcation diagrams). In this model without feedback, MPF
increases linearly with Cycr, which implies that the proportion of active MPF with
respect to Cycr remains constant. The slope of this plot, which dictates the proportion

of active Cycr is determined by the rate constants. In this case there is no abrupt

65



Chapter 3. Positive feedback and ultrasensitivity in the mitotic switch

activation of MPF, but a gradual increase in MPF activity concomitant with increasing
Cycr as CycB accumulates. Therefore, this is not a very good model for MPF activation

and entry into mitosis, since there is no cyclin threshold for MPF activation.

3.3.2. Adding positive feedback

Next, [ examine the effect of incorporating the feedback loops between MPF and its
regulators (by including the reactions shown in dashed lines in Figure 3.1B). The
simplest approximation is to assume mass action kinetics, and instead of Equations

3.5 and 3.6, the differential equations for Cdc25 and Weel can be written as,

dCdc25 39
P 2sMPF(Cdc25; — Cdc25) — Vs PP(Cdc25)

dWeel 3.10
TR VoweePP(Weely — Weel) — Ve MPF (Weel)

Here, I assume that only MPF can phosphorylate Weel and Cdc25 (preMPF is
assumed to be completely inactive), with rate constants Viz5 and Viwee, respectively. A
constant phosphatase (PP) dephosphorylates the two regulators with rate constants
Vizs and Vawee respectively. Equations 3.2-3.4 and 3.9-3.10 constitute the model with
positive feedback and no ultrasensitivity (Figure 3.2B). Now, the steady state activities

of Weel and Cdc25 can be calculated by,

Vy25Cdc25; MPF 3.11
Vops MPF + VPP

Cdc25 =
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Weel =

Vawee WeelT

VaweePP + Viwee MPF

3.12

Therefore the steady state Weel and Cdc25 activities are now hyperbolic functions of

MPF (Figure 3.3B) and the MPF activation and inactivation rates are nonlinear

(Figure 3.3E). Using the parameter set shown in Table 3.1, the rate curves cross at a

single point. However, the signal-response curve is also nonlinear, showing a slight

threshold in MPF activation (Figure 3.3H). That is, a small initial increase in Cycr

results in very little activation, but afterwards the increase is linear. This response is

closer to the expected behaviour, but this threshold does not correspond to a saddle

node bifurcation and thus the system does not show hysteresis in the activation and

inactivation of MPF, which shows that this model can still be improved.

Table 3.1. Parameter values for the mitotic switch models.

Parameter No feedback Positive feedback, no | Positive feedback and
ultrasensitivity ultrasensitivity
ks 0.01 0.01 0.01
kys 1 1 1
kivee 0.01 0.01 0.01
kwee 1 1 1
Cdc25¢ 1 1 1
Weelr 1 1 1
Vaos 1 1 1
Vias 0.1 0.1 0.1
Vawee 0.1 0.1 0.1
Viwee 1 1 1
PP 1 1 1
Jazs 0.1
Jizs 0.1
]awee 01
]iwee 0.1
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Gdc25l——» BPF{—— Mieell

Weel
No feedback Linear feedback Ultrasensitive feedback
A B C
1 1 1
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Figure 3.3. Models of the mitotic switch showing the role of positive feedback and
ultrasensitivity. Panels in each colum correspond to the model indicated by the interaction
diagram on top. A, D, G, model with no feedback. B, E, H, model with positive feedback and no
ultrasensitivity (or linear feedback). C, F, I model with positive feedback and ultrasensitivity
(or ultrasensitive feedback). A, B, C, Cdc25 activity (green) and Weel activity (red) with
respect to MPF activity. D,E,F, rate balance plots for MPF activation and inactivation. The
thick green line corresponds to the activation rate with Cycr=0.2 and the green dashed lines
to increasing Cycr levels. G, H, 1, Signal-response curves for MPF with respect to Cycr.
Parameter values were chosen to make a meaningful comparison between models and are

given in Table 3.1.
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3.3.3. Adding positive feedback and ultrasensitivity

A more extreme switch-like response for MPF can be achieved by assuming that MPF
causes a sigmoid or ultrasensitive response on its regulators. This sharper response
can be modelled using different assumptions and/or kinetics, such as Hill functions or
zero-order ultrasensitivity as described in Chapter 2. With the latter choice, the ODEs

for Cdc25 and Weel become,

dCdc25  VapsMPF(Cdc25 — Cdc25)  VipsPP.Cdc25 3.13
dt  Jgs + Cdc25; — Cdc25 Jizs + Cdc25
dWeel VyyeoPP(Weely —Weel) Vi,ee MPF Weel 3.14

At Jywee + Weel, — Weel Jiwee + Weel

The rate constants have the same meaning as in Equations 3.9 and 3.10, while the
new parameters Jq25 and Jiwee are the Michaelis constants of MPF for Cdc25 and Weel
and Jiz5s and Jawee are the Michaelis constants of PP for Cdc25 and Weel, respectively.
Equations 3.2-3.4 and 3.13-3.14 constitute the model with positive feedback and

ultrasensitivity (Figure 3.2C). At steady state, Cdc25 and Weel can be described by,

CdCZS = GK(VaZSMPF, ViZSPPFJZS)IZS) 315

Wee]‘ = GK(I/G.WBGPP’ ViweeMPF']wee']wee) 3'16

Where GK is the Goldbeter-Koshland function (Goldbeter and Koshland, 1981),
defined in Chapter 2. As shown in Figure 3.3C, Cdc25 is now activated and Weel
inactivated by MPF in an ultrasensitive fashion. For a range of Cycr values the curves

in the rate balance plot can now intersect at 3 points (Figure 3.3F). The rate plot
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shows that the two extreme intersections correspond to stable steady states, and the
middle one to an unstable steady state. Which steady state is reached will depend on
the initial amount of MPF. Therefore, by tuning the feedback loops, the system has
become bistable. This is confirmed by the signal-response curve of Cycr versus MPF
(Figure 3.3I). As explained in Chapter 1, there are two saddle-node bifurcations
where the activity of MPF changes abruptly in response to changing Cycr. These
bifurcation points correspond to the cyclin thresholds for MPF activation and

inactivation.

When Cycr is low, the system has a single possible steady state, interphase, because it
has low MPF activity. If the system starts in this state, MPF activity will initially
remain low as Cycr increases. However, after the activation threshold is reached, this
low steady state disappears and the system is forced to move to a steady state with
high MPF activity, or mitosis. Once in this state, cyclin has to decrease below the other
saddle node bifurcation in order to inactivate MPF and return the system to
interphase. Thus, the system shows hysteresis, and is bistable for Cycr levels between
the two bifurcations. In this range the two stable steady states coexist along with the
middle branch of wunstable steady states. This model with feedback and
ultrasensitivity conveys the essence of the Novak and Tyson (1993) model of the

mitotic switch, which explains the cyclin threshold for mitotic entry.

The reason why ultrasensitivity in the response of Cdc25 and Weel to MPF can make
the system bistable can be found in the rate plots. In the models with positive
feedback (Figure3.3E and F), compared to the model with no feedback (Figure 3.3D),
the curves describing the activation and inactivation rates fold back. This is

particularly evident in the model with ultrasensitive feedback (Figure 3.3F) in which
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it is relatively easy for the curves to cross at three points (Ferrell, 2008). Intuitively,
bistability can also be explained by the fact that the ultrasensitive response allows
Weel to remain active and Cdc25 to remain inactive for small levels of MPF activity.
This ‘filter for low input’ allows the system to have a stable OFF or interphase state.
Furthermore, because I assume that inactive Cdc25 has a limited amount of activity,
even in interphase there will be a small amount of MPF activity. As cyclin increases,
the proportion of active MPF stays the same, but the amount increases. Thus, MPF can
eventually turn off Weel and turn on Cdc25, engaging the positive feedback loops,
ensuring an abrupt MPF activation and entry into mitosis. Therefore, the residual
Cdc25 activity allows the turning ON of the switch (Novak and Tyson, 1993; Ferrell

and Xiong, 2001).

These simple models illustrate the roles of positive feedback and ultrasensitivity in
achieving bistability in the mitotic switch. The importance of positive feedback, has
been highlighted previously both experimentally and theoretically (Pomerening et al.,
2005). Ultrasensitivity has also been shown in the responses of Cdc25 and Weel to
MPF in Xenopus egg extracts, although the sources of ultrasensitivity in this system
are yet to be fully explained (Kim and Ferrell, 2007; Trunnell et al.,, 2011). Moreover,
why there are two feedback loops in this switch is an interesting question that has

only recently started to be addressed (Ferrell, 2008).

3.4. Multiple feedback loops may be important in the mitotic switch

In the last section [ have shown that positive feedback and high nonlinearity, in the

form of ultrasensitive responses of Cdc25 and Weel to MPF, are required to achieve
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bistability in the mitotic switch. The last two models are based on the known
molecular interactions of the this switch, and include both known feedback loops
(Dunphy, 1994; Lindqvist et al., 2009). However, both loops are not necessarily

required for bistability, but both may be important, as I show in this section.

3.4.1. Bistability is possible with a single feedback loop

The model with positive feedback and ultrasensitivity presented in the last section
can be used to show what can happen to bistability if only one feedback loop is
present in the system. Figure 3.4A shows the rate plot for this, where the curves for
the rates of MPF activation and inactivation cross at three points, exhibiting
bistability. If the feedback on Weel is removed, so that only the Cdc25-MPF positive
feedback loop remains, the inactivation rate becomes a straight line, as in the model
without feedback form the previous section (Figure 3.3D and 3.4B). Due to the shape
of the curve for the activation rate, three intersections are still possible. A similar
outcome is obtained if only the Weel-MPF double negative feedback loop is
considered, and Cdc25 is unregulated, making the activation rate a straight line

(Figures 3.4C).

Figure 3.4 therefore shows that in principle only one feedback loop is necessary for
bistability, at least when there is ultrasensitivity in the response of the MPF regulator
in the remaining loop. Since ultrasensitivity has indeed been shown for the responses
of both Cdc25 and Weel to MPF (Kim and Ferrell, 2007; Trunnell et al,, 2011), it is
interesting to consider what, if any, are the benefits of having both feedback loops for
the functioning of the mitotic switch. Ferrell (2008) showed that having both
feedback loops allows bistability in this system for a much larger parameter space.

This highlights the importance of the double feedback regulation of Cdc25 and Weel
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in creating a robust and efficient switch. In fact, this double regulation can in principle
bypass the requirement for ultrasensitivity in order to make the system bistable, as |

will show next.

——Weel| [Cdca5|—» [P
A B c
0.07 0.07 0.07
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0.06 0.06 0.06 Inactivation
0.05 0.05 0.05
0.04 0.04 0.04
2 2 2
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0.02 0.02 0.02
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Figure 3.4. Bistability in the mitotic switch with a single feedback loop. Interaction diagrams
for each plot are shown at the top. Yellow lines indicate ultrasensitivity in the interaction. A.
Two feedback loops. Parameters as in Table 3.1, model with feedback and ultrasensitivity. B.
No feedback on Weel. Parameters: V.. = 0 to eliminate the Weel-MPF double negative
feedback loop, and k.. = 0.45 to show that bistability is still possible, otherwise,
parameters as in A. C. No feedback on Cdc25. V55 = 0 to eliminate the Cdc25-MPF positive
feedback loop, and k35 = 0.45 to show that bistability is still possible, otherwise, parameters
asinA.

3.4.2. Multiple feedback loops can be a source of ultrasensitivity

The second model presented in the previous section, which included positive
feedback but no ultrasensitivity in the response of Cdc25 and Weel to MPF, did not
give rise to bistability with the parameters specified in Table 3.1 (Equations 3.2-3.4,
3.9-3.10, Figure 3.3). However, with the appropriate choice of parameters this model
can actually show bistability, as previous examples have indicated (Slepchenko and

Terasaki, 2004; Zwolak et al.,, 2009), although the reasons for this have not been
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analysed. Here, I show how that this is possible because there can be a hidden source

of ultrasensitivity in the system: the presence of interlinked positive feedback loops.

In the examples of the previous section the parameter choices assumed that the
strength of regulation of MPF on Cdc25 and Weel is equal, i.e., half of the maximum
Cdc25 activity and half of the maximum Wee1l activity are reached at the same MPF
level. This is not necessarily the case, but it is a reasonable simplifying assumption for
illustrative purposes. For example, if Cdc25 inactivation is stronger than Weel
activation (Vizs > Vawee) (Figure 3.5A), the mass action model can achieve bistability, as
shown by the rate plot and signal-response curve in Figures 3.5B and 3.5C
respectively. However, it is obvious that there will be a restricted parameter range in
which the rate curves can cross at three points, and that bistability is more easily
achieved when there is ultrasensitivity (compare with Figure 3.4A). Furthermore, in
this case bistability is not possible with a single feedback loop, because if one of the
rates is a straight line in a rate plot, it can only cross the curve for the other rate at a

maximum of two places.

The fact that bistability is possible in the model with positive feedback and no
ultrasensitivity implies that there is actually a source of ultrasensitivity, because
bistability requires both (Ferrell and Xiong, 2001; Tyson et al., 2003; Angeli et al,,
2004). The answer is that bistability is possible because there are two interlinked
positive feedback loops, which together can act as a source of ultrasensitivity. This can
be demonstrated by using an approach demonstrated by Angeli et al. (2004) who
proved that for a system to be bistable, upon removal of a positive feedback loop, one
of the components of the loop must have an ultrasensitive response to another of the

components. By removing the MPF-Cdc25 positive feedback loop, for example, we
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expect to see either that (i) Cdc25 has an ultrasensitive response to MPF or (ii) MPF
has an ultrasensitive response to Cdc25. By definition, in this model with positive
feedback but no ultrasensitivity in the responses of Cdc25 and Weel to MPF, the first
possibility is not true, and therefore, because the system is bistable, the second

possibility, must be true: MPF must have an ultrasensitive response to Cdc25 activity.

To show this, I remove the Cdc25-MPF feedback loop but retain the Weel-MPF
feedback loop. Thus, I consider that Cdc25 is not regulated by MPF and therefore
constant, so Cdc25 = Cdc25t. Therefore, the system described by Equations 3.2-3.4

and 3.9-3.10 can now be reduced to two ODEs:

dMPF " 3.17
dt == kzstCZST(CyCT - MPF) - kweeMPF
dWeel 3.18

TR VoweePP(Weely, — Weel) — V,,,.. MPF Weel

where
kywee = k' wee (Weely —Weel) + k" .. Weel

By assuming steady state levels for Weel, it is possible to calculate the steady state of

MPF as a function of Cdc25, which is then given by a quadratic equation:

Viwee (k25Cdc257 + kiyeeWeelr )MPF? + [Vaee PP(KysCdc257 + kjyeoWeely + 3.19
(kwee — kiyee)\Weelr) — kysCdc251ViyeeCycr|MPF — kysCdc251Vayee PPCycr = 0

The physically meaningful solution for this equation can, depending on parameters,
produce an ultrasensitive response of MPF to Cdc25. This function is plotted in Figure
3.5D, using the same parameters that give rise to bistability used for Figure 3.5A-C

and two different values of Cycr. Therefore, the network architecture of this system,
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i.e. the presence of the two feedback loops, can produce the ultrasensitivity required

to make the system bistable.
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Figure 3.5. Bistability in the mitotic switch with feedback but no ultrasensitivity. A. Non-
ultrasensitive response of Weel and Cdc25 to MPF with parameter values that produce
bistability. Parameters as in Table 3.1 for the model with feedback and no ultrasensitivity
except V;,5 = 1. B. Rate plot for the same parameter values. C. One-parameter bifurcation
diagram. D. Ultrasensitive response of MPF to Cdc25r, which demonstrates the source of
ultrasensitivity in this model. Interactions diagrams are also shown for each panel.

Equivalent results are obtained if the Weel-MPF double negative feedback loop is
eliminated instead. Importantly however, this source of ultrasensitivity depends on
the fact that there is a double negative and a positive feedback loop. If both loops
were of the same type, ultrasensitivity is not observed in this model. Therefore, this
mix of positive and double negative feedback loops, which are the consequence of

coherent regulation of the opposing enzymes Weel and Cdc25 by MPF, is likely to be
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an important, if relatively minor, source of ultrasensitivity in biochemical systems.
This role of interlinked positive feedback loops in generating bistability and
ultrasensitivity was also shown by (Chang et al., 2010), and can perhaps be seen as a
special type of multistep ultrasensitivity, where an effector acts in more than one

place in a reaction network (Koshland et al., 1982; Chang et al., 2010).

Together with the demonstrated ability of coherent regulation of opposing enzymes
in generating a robust bistable switch, this analysis indicates that the network
architecture of the mitotic switch might be especially suitable for generating a very

good switch to control mitotic entry.

3.5. Discussion

During its life, a cell needs to make important decisions, such as commitment to
division, apoptosis, differentiation or expression of a particular protein(s). In general,
the decision or response is taken as a consequence of an internal or external signal,
such as attainment of correct size for division or the presence of a molecule in the
environment. In many cases, the signal can be graded, but the response needs to be
all-or-none. Furthermore, in many cases, these decisions must be robust to noise
and/or irreversible; that is, they must persist when the original signal triggering the
response is diminished or removed. In a sense, systems displaying these
characteristics have a memory that ‘remembers’ the presence of the signal after it is
gone (Laurent and Kellershohn, 1999; Ferrell and Xiong, 2001; Ferrell, 2002; Tyson et

al,, 2003; Slepchenko and Terasaki, 2004; Mitrophanov and Groisman, 2008).
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Systems performing such decisions can be described mathematically as bistable,
which means they are characterized by the presence of two coexisting stable steady
states of the response, for a range of values of the signal, as explained in Chapters 1
and 2. The mitotic switch is one of the best-characterized examples of a biochemical
bistable switch, and its existence has been experimentally demonstrated
(Pomerening et al., 2003; Sha et al.,, 2003). However, there are other examples of
bistable biochemical switches. Other irreversible cell cycle transitions in particular,
have been associated with bistability and the switching point with saddle node
bifurcations (Novak et al, 2007; Tyson and Novak, 2008; Gérard and Goldbeter,
2009). For example, the Start transition (Chen et al., 2000) and exit in budding yeast
(Toth et al.,, 2007), the restriction point in mammalian cells (Yao et al.,, 2008), and the
metaphase-to-anaphase transition after the resolution of the spindle assembly
checkpoint (He et al.,, 2011) have been proposed to constitute bistable switches, and
this has been experimentally shown for the first three cases (Cross et al., 2002; Yao et

al., 2008; Lopez-Avilés et al., 2009).

Besides being a feature of irreversible cell cycle transitions, bistability has also been
proposed and in some cases experimentally shown in other biological decision-
making systems. Examples are the Lac operon in bacteria (when responding to
gratuitous inducers) (Novick and Weiner, 1957; Ozbudak et al., 2004), the lysis-
lysogeny switch in phage (Oppenheim et al., 2005) and oocyte maturation in Xenopus
(Ferrell and Machleder, 1998; Xiong and Ferrell, 2003). Moreover, artificial genetic
bistable switches have been even constructed in bacteria using theoretical principles
similar to the ones presented here (Gardner et al.,, 2000; Becskei and Serrano, 2000;

Becskei et al,, 2001; Chang et al.,, 2010).
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Overall, bistability is likely to be a widespread phenomenon in cell biology, and to be
a key property in ensuring irreversible decisions, all-or-nothing responses and
biological memory (Ferrell and Xiong, 2001). Therefore, it is extremely important to
understand how it arises, and what other interesting properties and features are a

result of bistable switches.

In biochemical systems, bistability arises from the way the relevant components are
organized or connected in terms of their regulation. In general it requires some sort
of positive feedback, which guarantees that only one state is possible and the system
cannot rest in intermediate states. A less obvious requirement is the existence of
nonlinearity, in the form of ultrasensitivity, which serves as a filter for small inputs,
so the system does not switch to the other state immediately, that is, it is necessary
for the system to have a stable ‘off state (Ferrell and Xiong, 2001; Ferrell, 2002;

Tyson et al,, 2003).

In this chapter, | have shown the importance of positive feedback and ultrasensitivity
for bistability in the mitotic switch, using simple mathematical models. There is
experimental evidence for the importance of positive feedback for bistability and
shows the presence of ultrasensitivity in the mitotic switch. For example, positive
feedback was experimentally shown to be required for bistability and sustained
oscillations of MPF in Xenopus egg extracts (Pomerening et al., 2005). This was shown
by adding to the extracts a non-phosphorylatable form of Cdk1, which cannot be
inhibited by Weel. This led to dampened oscillations and a reduced bistable regime
for the system. Using a similar approach, positive feedback in Cdk1 activation has
also been shown to be important in the mammalian cell cycle (Pomerening et al.,

2008). These experiments also demonstrated the importance of the difference in
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activity between the non-phosphorylated and the tyrosine-phosphorylated forms of

Cdk1.

As for ultrasensitivity, several mechanisms commonly found in cells are thought to
account for ultrasensitivity, such as cooperativity in allosteric proteins multistep
processes, such as multisite phosphorylation, stoichiometric inhibitors and saturation
of opposing enzymes, which can lead to zero-order ultrasensitivity (Goldbeter and
Koshland, 1981; Koshland et al., 1982; Ferrell, 1996; Gunawardena, 2005; Kapuy et
al.,, 2009a; Novak and Tyson, 2008). Ultrasensitivity has been shown experimentally
in the mitotic switch for the response of Cdc25 and Weel to MPF (Kim and Ferrell,
2007; Trunnell et al., 2011), although the mechanisms by which it is achieved are not
completely clear. The Novak-Tyson model of the mitotic switch assumed zero-order
ultrasensitivity for the active forms of Cdc25 and Weel (Novak and Tyson, 1993),
which implies that MPF and/or its counteracting phosphatase(s) are saturated by
their substrates. Although assumption of Goldbeter-Koshland kinetics is a very useful
way to model ultrasensitive responses, several questions can be raised about its
validity in this system. To obtain a sharp response, at least one of the enzymes has to
work at saturation, as explained previously. It is not clear whether this is the case for

MPF and its counteracting phosphatase in the cell cycle.

As seen in this chapter, if the enzymes are not saturated, but in the first order regime,
as modelled with mass action kinetics, bistability in the mitotic switch can be
completely lost or at best be very sensitive to parameter changes (see also Ciliberto et
al. 2007; Sabouri-Ghomi et al. 2008). Since the validity of the enzyme-saturation
assumption can be difficult to assess, it is worth asking whether there are other

sources of ultrasensitivity that could have an important role in the mitotic entry
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switch. Experimental work has implicated substrate competition and multisite
phosphorylation in the ultrasensitive responses of Weel and Cdc25 respectively,
although in neither case the proposed mechanism fully accounted for the
experimentally observed ultrasensitivity (Kim and Ferrell, 2007; Trunnell et al,

2011).

Since in principle only one of two positive feedback loops would be necessary to
achieve bistability, but both are found and conserved in nature, it is likely that this
type of regulation is beneficial for the cell. It has been proposed that this reciprocal
feedback regulation of both enzymes regulating MPF helps to create a very robust
and efficient bistable switch (Ferrell, 2008), but it may also have a role in generating
or contributing to nonlinearity in the system, because the presence of multiple
feedback loops in the system can be a source of ultrasensitivity, as I showed in the

previous section.

In the following chapters I will develop mathematical models of the mitotic switch
which assume different sources of ultrasensitivity, to try to understand which

mechanisms could be important in the mitotic switch.

3.6. Summary

In this chapter I have shown that positive feedback and ultrasensitivity are essential
for bistability in the mitotic switch. | have provided evidence that multiple feedback
loops with particular architectures may be a source of ultrasensitivity. However, both
from a theoretical perspective and from experimental data, the issue of how

ultrasensitivity arises in the mitotic switch, specifically in the responses of Weel and
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Cdc25, is not fully resolved (Kim and Ferrell, 2007; Trunnell et al., 2011; Tyson and

Novak, 2010).

In the next chapter I consider another source of bistability: multistep processes in the
form of multisite phosphorylation of the MPF regulators. [ develop a model based on
this mechanism, and analyse the relative contributions of the two feedback loops in

the mitotic switch network.
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Chapter 4

The mitotic switch with multisite phosphorylation

4.1. Overview

In the previous chapter I showed the importance of positive feedback and
ultrasensitivity to generate bistability in the mitotic switch. I also discussed some of
the possible sources of ultrasensitivity in the response of Cdc25 and Weel to MPF. In
this chapter I develop a model where this ultrasensitivity results from the assumption
of multisite phosphorylation for both MPF regulators. I then use this model to explore
the roles of the individual feedback loops in the mitotic switch in a biologically
meaningful way, by assessing the possible effects of mutations in the phosphorylation
sites that control the regulation of Cdk1, Weel and Cdc25. Most of this work has been
published, and Sections 4.2 to 4.8 (except 4.6) are based on the this publication
(Domingo-Sananes and Novak, 2010). Finally, I demonstrate the versatility of
multisite phosphorylation for biochemical regulation by developing a model with
mixed regulation of Weel by MPF, where MPF both activates and inhibits Weel,
which agrees with some recent experimental data. This model, which is presented in

Section 4.9, was also published (Novak et al., 2010).
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4.2. Introduction

In the previous chapter I presented a simplified version of the Novak-Tyson model of
the mitotic switch (Novak and Tyson, 1993) and analysed how positive feedback and
ultrasensitivity generate bistability. This analysis showed that positive (or double
negative) feedback is necessary, although not sufficient for achieving bistability. To
achieve bistability in this model, besides positive feedback it was necessary to assume
that the responses of Weel and Cdc25 to MPF were ultrasensitive. Ultrasensitivity is
achieved, both in the example in Chapter 3 and in the original Novak-Tyson model, by
assuming Michaelis-Menten kinetics in the activation and inactivation of Cdc25 and
Weel, which are catalysed by MPF and a constant MPF-counteracting phosphatase,
PP. Further assumption of enzyme saturation (using small values for the Michaelis
constants), gives rise to the zero-order ultrasensitivity (Goldbeter and Koshland,

1981), as described in Chapter 2.

In contrast to metabolic networks, enzyme saturation may be less common in protein
interaction networks, such as the cell cycle control system, where both enzymes and
substrates are likely to be present at comparable concentrations (Ciliberto et al,,
2007). Furthermore, in these networks feedback loops are common, and as is the case
for the mitotic switch network, the components may in turn acts as enzymes and
substrates of each other (i.e. Cdc25 is an MPF substrate, and MPF is a Cdc25
substrate) or act on many other substrates (Ciliberto et al., 2007; Sabouri-Ghomi et
al., 2008). However, as shown in the previous chapter, without the assumption of

zero-order ultrasensitivity, bistability is easily lost in the mitotic switch.

Because ultrasensitivity is required for robust bistability, it is thus important to

explore other sources of ultrasensitivity in the mitotic switch. Even if zero-order
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ultrasensitivity has a role in bistability in this system, it is unlikely to be the only
source, and it is important to assess the contributions of other mechanisms, which
may also be relevant for other biochemical systems. As one way to address this issue,
[ present a model of the mitotic switch in which ultrasensitivity arises from multisite
phosphorylation of Cdc25 and Weel by MPF, since it has been previously suggested
that multistep processes, in particular multisite phosphorylation, can produce
nonlinear, ultrasensitive responses which may contribute to bistability (Koshland et
al.,, 1982; Ferrell, 1996; Markevich et al, 2004; Gunawardena, 2005; Salazar and
Hofer, 2007; Kapuy et al., 2009a). Moreover, it has been demonstrated that MPF can
actually phosphorylate Cdc25 and Weel at multiple sites (Kumagai and Dunphy,
1992; Tang et al., 1993; Kim et al., 2005; Trunnell et al.,, 2011). Parallel to the work
presented here, it has been shown that multisite phosphorylation of Cdc25 by MPF in
Xenopus egg extracts contributes to the ultrasensitive response curve of Cdc25 with

respect to MPF (Trunnell et al., 2011).

[ will first describe the model and show that multisite phosphorylation is a plausible
mechanism that can contribute to ultrasensitive responses, and thus to bistability in
the mitotic switch. Furthermore, I use this model to analyse the effects of feedback
regulation on the switch, in a way that closely parallels possible experimental
approaches, by showing the effects of ‘mutations’ on the phosphorylation sites. [ show
that the two feedback loops in this system do not necessarily behave in the same way
when perturbed, and that equivalent but independent modifications on them can
have distinct effects on the system. I propose that feedback regulation of the Cdc25
phosphatase could have a crucial role in setting the cyclin threshold for MPF

activation.
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4.3. Multisite phosphorylation can lead to ultrasensitivity

[ will first describe the general multisite phosphorylation mechanism used here,
which was developed in our group (Kapuy et al., 2009a). Similar approaches have

also been derived by Gunawardena (2005) and Hoeffer et al (2007).

The initial assumption is that multisite phosphorylation follows a distributive and
ordered mechanism (Kapuy et al, 2009a). In a distributive mechanism, only one
catalytic step (phosphorylation or dephosphorylation) occurs during a single enzyme
substrate-binding event (as opposed to a sequential mechanism, in which several or
all sites are modified during a single enzyme-substrate binding event). In an ordered
mechanism, the kinase and the phosphatase modify the sites in a specific sequence
and both enzymes work in opposite order. For simplicity, [ assume that the different
phosphoforms are modified (phosphorylated or dephosphorylated) at the same rate.
[ refer to the different phosphorylated forms of a substrate X with n phosphorylation
sites as XPo, XP1, ... ,XPy. Thus, a protein with n phosphorylation sites has n+1 possible
different phosphoforms. I assume that the sum of all the phosphorylated forms of X,

Xr, is constant (XPo + XP1 +...+ XPn = Xr).

If the kinase and phosphatase activities are denoted by k and h, respectively, the
following ODE’s can be written for the different phosphoforms of X, assuming mass

action kinetics:

dXP
dt" = hXP, — kXP, 4.1

dXP, 4.2
dt == hXPl'+1 + kXPi_l - (h + k)XPl
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where Equation 4.2 is valid for 1 <i<n—1. Only n ODEs are required since I
assume that the total substrate concentration, Xr, is constant. Therefore, the
concentration of the nt phosphorylated form can be calculated algebraically by

Equation 4.3:

I 4.3
XPn == XT - ZXPi_l

=1

If the kinase and phosphatase activities, k and h are constant in time, the
phosphorylation chain will approach a steady state in which the concentration of
various phosphorylated forms of X no longer changes in time. The steady state
distribution of the different phosphoforms, shown for n = 5 in Figure 4.1A, can be

calculated by the following equation (Kapuy et al., 2009a):

& (-

From Figure 4.1A it is possible to see that the concentrations of the extreme
phosphoforms (the fully phosphorylated and completely dephosphorylated) have a
sigmoid shape with respect to the kinase to phosphatase ratio. This is already an
ultrasensitive response, although it is not extremely sharp, or as described by
Gunawardena (2005) a “good threshold but a bad switch”. However, because it can
function as a filter for small inputs, this response can easily generate bistability
(Kapuy et al., 2009a). However, responses more similar to the standard ultrasensitive
response in the shape of a Hill function can be achieved by considering that the
relevant response does not only depend on the extreme phosphoforms, but that it can

also include intermediate phosphoforms. Therefore, if for example, the
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concentrations of half of the phosphoforms are summed, a classic sigmoid response is
obtained (Kapuy et al., 2009a; Wang et al., 2010), as shown in Figures 4.1B and C. In
fact this way of considering the activities of the different phosphoforms can give
extremely flexible responses, including bell-shaped curves when only intermediate
phosphoforms are considered (Figure 4.1D), which might have biological relevance,

as shown in the last section of this chapter.
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Figure 4.1. A. Concentration of phosphoforms with respect to the kinase to phosphatase
ratio in a distributive and ordered multisite phosphorylation mechanism. B. Concentration of
the sum of the three most highly phosphorylated forms with respect to the kinase to
phosphatase ratio. C. Concentration of the sum of the three least phosphorylated forms with
respect to the kinase to phosphatase ratio. D. Concentration of the sum of the forms with two
and three phosphorylations.

It is worth mentioning that the ultrasensitivity achieved by assuming this multisite

phosphorylation mechanism is independent of enzyme saturation, or zero-order
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effects, because the ODEs are written assuming mass action kinetics and ignoring
enzyme-substrate complexes. This may not necessarily be the actual biochemical
mechanism, but from a modelling perspective allows consideration of multisite
phosphorylation as the main source of ultrasensitivity and nonlinearity. In fact,
multistep processes can actually enhance zero-order ultrasensitivity (Goldbeter and

Koshland, 1984).

Figure 4.2. Network diagram of the model of the mitotic switch with multisite phosphorylation.
In the figure, as with the standard parameter set of the model, it is assumed that both Weel
and Cdc25 have five sites that are phosphorylated by MPF and that half of the phosphoforms
of each enzyme are active (dark green and red) and the other half inactive (light green and
red).
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4.4. A model of the mitotic entry switch with multisite phosphorylation

The essence of the model is shown in the network diagram in Figure 4.2. The model of
the mitotic switch with multisite phosphorylation was developed using an approach
similar to that in Chapter 3, and therefore, the ODE for MPF is the same as before

(Chapter 3):

dMPF 45
—— = kas(Cycr — MPF) = kyeoMPF

Where Cycr is the sum of active and inactive Cdk1-CycB dimers, (Cyc; = MPF +

pMPF), and k,sand k., are functions of Cdc25 and Weel, respectively given by:

kys = k'55(Cdc25, — Cdc25) + k",sCdc25 4.6

kwee = k’wee(Wee]-T - Wee]-) + k"weeWee]_ 4.7

Where k',5 and k’,,.. are the rate constants for the background activity of the
inactive forms of Cdc25 and Weel respectively, and k",s and k",,.. are the rate
constants for the active forms. Again, Cdc251 and Weelr are the total levels of the two
proteins, the sum of the active and inactive forms, which is still assumed to be

constant.

The difference is that in the present model, ultrasensitivity arises from distributive
and ordered multisite phosphorylations of the regulatory enzymes Cdc25 and Weel
by MPF, and dephosphorylation by an MPF-counteracting phosphatase PP, as
described above. The maximal number of phosphorylation sites on Weel and Cdc25
are labelled as nw and nc, respectively. Like in the Novak-Tyson model, the rate of

phosphorylation of Cdc25 is k,,s MPF and the rate of dephosphorylation is k;,sPP,
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but this now applies at every single phosphorylation site. Likewise, Weel is
phosphorylated at a rate k;,,.. MPF and dephosphorylated at a rate k,,..PP at each

phosphorylation site.

MPF-dependent phosphorylation reduces Weel activity while it increases Cdc25
activity. However, little is known about how individual phosphorylations influence
their enzymatic activities. Here, I make the simplifying assumption that the activity
changes in a stepwise fashion after 8 phosphorylations, and sum the relevant forms to
calculate the concentration of the active enzymes. For Cdc25, phosphoforms with 6.
or fewer phosphorylations are mostly inactive (their specific activity is k55) while
those with more than 6. phosphorylations are fully active (their specific activity is
k,<). For Weel, the opposite is true, the forms with 6, and fewer phosphorylations
are fully active (specific activity k,,..) while those with more than 8y are mostly

inactive (specific activity kj, . ).

Applying Equation 4.4 to the substrates Cdc25 and Weel, and summing up the
relevant forms, the following algebraic equations can be written to calculate the

concentrations of active Cdc25 and Weel as a function of MPF (PP is constant):

0, 1 (VaZSMPF)GC"'l 4.8
Cdc25 = Cdc25, — Z Cdc25P; = Cdc25, — Cdc25, P2
- 1— VaZSMPF)
Vi2sPP
O 1-— (VtWEeMPF)“’W“ 4.9
VaweePP
Weel = WeelP; = Weely P—]
L 1— (ViweeMPF) w
l_o VaweePP

Using the parameter values in Table 4.1, these responses of Cdc25 and Weel to MPF

are shown in Figure 4.3A. From Equations 4.6 and 4.7 together with 4.8 and 4.9 it is
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also possible to calculate the cumulative activities of Cdc25 and Weel, which takes
into account the residual activity of the inactive forms of Cdc25 and Weel (Figure
4.3A). Both curves have a sigmoid shape with an opposite trend. Thus, multisite
phosphorylation can lead to substantial ultrasensitivity and is a plausible mechanism
to generate nonlinearity and thus bistability in biological systems. Since I assume that
the different phosphorylated forms of Weel and Cdc25 are in equilibrium the system
is reduced to one differential equation (Equation 4.5) and four algebraic equations
(Equations 4.6-4.9). With this new model, it is possible to calculate the response of
MPF activity to Cycr, the one-parameter bifurcation diagram shown in Figure 4.3B.
This curve is similar to the one obtained for the original Novak-Tyson model (Figure
3.21), and therefore with the parameter values specified in Table 4.1, the system is

bistable and serves as our standard model of the mitotic switch.
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Figure 4.3. A. Response of Cdc25 and Weel active forms and cumulative activities with
respect to MPF in the model of the mitotic switch with multisite phosphorylation. B. One-
parameter bifurcation diagram of MPF activity with respect to Cycy levels. Parameters values
are given in Table 4.1.
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Table 4.1. Parameter values for the MPF switch model based on multisite phosphorylation.
These parameter values were used for the standard model, unless specified otherwise.

Parameter Description Value
klee Rate of MPF inactivation by inactive Weel 0.05
kyee Rate of MPF inactivation by active Weel 1
kye Rate of MPF activation by inactive Cdc25 0.05
kys Rate of MPF activation by active Cdc25 1
Vawee Rate of Wee1 activation by PP 0.2
Viwee Rate of Wee1 inactivation by MPF 1
Vaos Rate of Cdc25 activation by MPF 1
Vias Rate of Cdc25 inactivation by PP 0.2
0. Number of phosphorylations of the last inactive form of Cdc25 2

O Number of phosphorylations of the last active form of Weel 2

ne Total number of phosphorylation sites on Cdc25 5
ny Total number of phosphorylation sites on Weel 5
PP Constant, MPF-counteracting phosphatase 1
Cdc257 Total Cdc25 (sum of all phosphoforms) 1
Weelr Total Weel (sum of all phosphoforms) 1

4.5. The role of the individual feedback loops in the mitotic switch

Using the model of the mitotic switch with multisite phosphorylation, I analysed the
role of the feedback loops in the mitotic switch. In a previous theoretical analysis,
Pomerening et al (2005) showed that reducing feedback on both Weel and Cdc25 in
a model of Xenopus egg extracts reduced the width of the bistable region and led to
damped MPF oscillations. They confirmed their findings experimentally, by using a
CDK that could not be inhibited by Weel due to mutation of CDK tyrosine 15 to a non-
phosphorylatable residue. This is equivalent to elimination of both feedback loops,
and results in constitutively active MPF, regardless of Weel and Cdc25 activity.
However, both loops were analysed together, and implicitly assumed to be
equivalent. To test this assumption, I aimed to analyse the role of each of the feedback
loops individually, by perturbing or eliminating them, to assess their individual

contributions to the bistable mitotic switch.
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One of the advantages of the multisite phosphorylation model is that the effect of
mutation of the phosphorylation sites, which determine how all the molecules in the
network are regulated, can be analysed and predicted. The amino-acid residues
acting as phospho-acceptor sites can be mutated in two different ways: (1) to a
residue which cannot be phosphorylated (such as alanine), a modification which
locks the protein in its unphosphorylated state, or (2) to a ‘phosphomimetic’ residue
(such as aspartate or glutamate) which cannot be phosphorylated either but mimics
permanent phosphorylation due to its negative charge. This is referred to as a
“phosphomimicking” mutation. I refer to these two types of mutant proteins as NP
(non-phosphorylatable) or PM (phosphomimetic). WT indicates the ‘wild type’ or

normal form of the protein.

All the MPF-phosphorylation sites on Cdc25 can be eliminated in the model by setting
nc = : = 0, representing the non-phosphorylatable Cdc25 mutant (NP-Cdc25). Thus
Cdc25 = 0 (see Equation 4.8), and all Cdc25 permanently remains in the
unphosphorylated, mostly inactive form (specific activity k;<). Therefore, the positive
feedback loop is eliminated. This ‘mutation’ has a dramatic effect on the cyclin
threshold for MPF activation. Although the system is still bistable, due to double
negative feedback through Weel, Cycr needs to increase to much higher levels in

order to activate MPF (Figure 4.4A, compare WT and NP-Cdc25).

On the other hand, elimination of all the MPF-phosphorylations sites on Weel by
setting nw = 6w = 0, results in non-phosphorylatable Weel (NP-Wee1l), which is locked
in its active form (thus Weel = Weelr, see Equation 4.9). This eliminates the double
negative feedback loop but leaves the Cdc25 positive feedback loop intact.

Surprisingly, this barely has an effect on the cyclin threshold for MPF activation,
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Chapter 4. The mitotic switch with multisite phosphorylation

although it results in reduced MPF activity in the upper steady state (Figure 4.4A).
MPF activity is decreased because the Cdc25 positive feedback loop now works

against constitutively active rather than phosphorylated and inhibited Wee1l.

The effect of phosphomimicking modifications can also be studied if [ assume that
they have the same effects on protein activity as normal phosphorylations. Mutating
all the MPF-target sites on Weel and Cdc25 to a phosphomimetic residue creates
constitutively active Cdc25 (PM-Cdc25, setting nc = 0, 6. = -1) or inactive Weel (PM-
Weel, setting nw= 0, 6w = -1), respectively. As shown in Figure 4.4B, both
modifications result in loss of bistability. This is because Weel activity is not high
enough to cause substantial MPF inhibition, even at low Cycr, either because it is
inactive or because it is opposed by a fully active Cdc25, which results in MPF

activation a low Cycy levels.

wt wt
NP-Cdc25 0.9 PM-Cdc25
— NP-Wee1 — PM-Weel
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061
051

MPF

04Ff
031
0.2}
0.1r

Cyc, Cyc
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Figure 4.4. Effect of mutations of all the MPF phosphorylation sites on Cdc25 or Weel. A.
Elimination of sites: one-parameter bifurcation diagrams for the WT case (same as Figure
4.3B), and non-phosphorylatable Cdc25 (NP-Cdc25) or Weel (NP-Weel). For NP-Weel only
the Cdc25 positive feedback is functional. For NP-Cdc25 only the double negative feedback
operates. B. Phosphomimicking of all phosphorylation sites: one-parameter bifurcation
diagrams for the WT (same as Figure 4.3B), and phosphomimetic Cdc25 (PM-Cdc25) or Weel
(PM-Wee1). This also results in a single functional feedback loop in the mutant cases but the
activities of the mutant proteins are the opposite. Parameters as in 4.1 except: 6. = 0, n.= 0 for
NP-Cdc25; 6y = 0, ny, = 0 for NP-Weel; 6. = -1, n. = 0 for PM-Cdc25; 6., =-1, n,, = 0 for PM-Weel.
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I can compare these results of modifications to individual loops, to the effects of using
a similar ‘mutation’ strategy to perturb both loops together. The first option is to
consider the same perturbation performed by Pomerening et al (2005), of adding a
non-phosphorylatable, constitutively active form of Cdkl to Xenopus egg extracts.
This can be modelled here by preventing MPF inactivation by Weel (klyee = kyyee =
0), which is equivalent to having a non-phosphorylatable Cdkl (NP-Cdk1). As
expected, this leads to complete loss of bistability, as all the Cdk1-CycB dimers are
now fully active (Figure 4.5). However, it is possible to modify both feedback loops
together in other ways. One possibility is a phosphomimetic version of Cdk1l (PM-
Cdk1), which prevents MPF activation by Cdc25. Because in this case MPF is always

inactive, the signal-response curve becomes a horizontal line at MPF=0 and bistability

is lost (Figure 4.5).

Another way to alter both loops together is to combine mutations on both Cdc25 and
Weel. Elimination of all the sites in both Weel and Cdc25 (NP-Weel & NP-Cdc25)
causes, as might be expected, loss of bistability (since all positive feedback is
eliminated). In this case, Weel is always active and Cdc25 always inactive, so the
system can only move along the lower branch of the signal-response curve (Figure
4.5). The slight rise in MPF depends on the background rate of dephosphorylation of
inactive Cdc25, kjs. If kj5=0, there would be no rise and the system would move
along the horizontal line at MPF=0), just like PM-Cdk1 in this model. In reality, a slight
rise in activity could be expected for a stably phosphorylated Cdk1, due to residual

activity.

Phosphomimicking on all the sites of both Weel and Cdc25 (PM-Weel & PM-Cdc25)

leads to constitutively active Cdc25 and inactive Weel. This also causes loss of
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bistability, but in this case the system can only move along the upper branch of the
signal-response curve, where MPF is mostly active, because of the constitutively high
Cdc25 and low Weel activities. In this case, the low proportion of inactive MPF
depends on the background phosphorylation of inactive Weel k.. If k},.. = 0, the

system would move along the diagonal with slope 1, equivalent to NP-Cdk1.

Finally, if all the phosphorylation sites are eliminated on one of the MPF regulators
and phosphomimicked on the other, both enzymes will be either fully active or fully
inactive. The complete loss of feedback again results in loss of bistability, but now the
signal-response curve is between the two branches of the original (PM-Cdc25 and NP-
Weel, or NP-Cdc25 and PM-Wee1). This is because in either case, the activities of the
two opposing regulators are of similar magnitude. Because in the parameter set used
here (Figure 4.3A, Table 4.1) the responses of Cdc25 and Weel to MPF are

symmetrical, half of MPF will be active for all values of Cycr.

1 T T T T T T
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0.9 | = NP-Cdc25 & NP-Weel B
—— PM-Cdc25 & PM-Wee1
—— PM-Cdc25 & NP-Wee1
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——— NP-Cdk1
0.7+ PM-Cdk1
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0.4r
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Figure 4.5. Effects of mutations that disrupt both feedback loops in the model of the mitotic
switch with multisite phosphorylation.

97



Chapter 4. The mitotic switch with multisite phosphorylation

This analysis shows that elimination of both feedback loops always results in loss of
bistability, but hysteresis is not always lost when the feedback loops are
compromised individually. This is because, as shown in Chapter 3, bistability in this
system is possible with only one feedback loop if there is enough ultrasensitivity in
the system, which in this model is mainly the result of an ultrasensitive response of
Weel or Cdc25 to MPF, due to multisite phosphorylation. Moreover, Figure 4.4A
shows that elimination of the phosphorylation sites on Weel and Cdc25 has different
effects on the position of the cyclin threshold for MPF activation. With the parameter
set from Table 4.1, elimination of the Cdc25 positive feedback loop drastically
increases the threshold, while elimination of the Weel double negative feedback loop

has almost no effect.
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Figure 4.6. Two-parameter bifurcation diagrams for the model of the mitotic switch with
multisite phosphorylation for Cyc; versus the rates of (A) Cdc25 activation, V,,5; (B) Cdc25
inactivation, Vj;5; (C) Weel inactivation, V;,,.. and (D) Weel activation V... The grey
horizontal line shows the original value of the second parameter, from Table 4.1.
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The independent effects of the two feedback loops on the cyclin thresholds can also
be analysed in terms of the rate constants for the activation and inactivation of Weel
and Cdc25, which determine the ‘strength’ of the feedback of MPF on its regulators.
This can be illustrated by two-parameter bifurcation diagrams (Figure 4.6). In these
plots the values of the two cyclin thresholds are plotted as a function of different rate
constants for activation and inactivation of Cdc25 (Vazs and Vizs) and Weel (Vawee and
Viwee). A steep slope in these diagrams is an indication that the position of the saddle
node bifurcation changes little with the parameter. In contrast, a flat slope indicates
that the position of the saddle node bifurcation is very sensitive to the parameter. If |
compare the MPF activation threshold for Vazs and Vizs with those for Vawee and Viwee,
the differences in slope are evident for a significant part of the parameter range
(Figure 4.6). Similar results are obtained with the original Novak-Tyson model, which
does not assume multisite phosphorylation (not shown), indicating that the different
effects of the two feedback loops on the lower saddle node bifurcation is not

dependent on the multisite phosphorylation mechanism that [ have described.

4.6. Mutations on individual phosphorylation sites on Cdc25 and Weel

We can also have a closer look at how individual mutations might affect the system,
although this is slightly more complicated and requires careful consideration of the
model and additional assumptions. There is a semi-hidden assumption in the model,
that phosphorylation at the third site is the one that causes the activity to actually
change. Phosphorylation of the third site changes the activity and then further

phosphorylation on sites 4 and 5 has no effect on the activity of Cdc25 or Weel.
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Therefore, if site 5 is mutated, the end of the phosphorylation chain (Figure 4.2) is
truncated, so that now for Cdc25, for example, there will only be two active forms
(those with 3 and 4 phosphorylations) and 3 inactive forms as before (those with 0, 1
and 2 phosphorylations). This is equivalent to setting n. = 4, 8, = 2. Since I assume
an ordered mechanism for the phosphorylations, mutation of site 4 also prevents
phosphorylation of site 5, leading to further truncation of the chain, so that now
n. = 3, 6, = 2. Mutation at site 3, besides preventing phosphorylation at sites 4 and
5, also eliminates MPF feedback on Cdc25, as the protein can no longer change its
activity in response to its regulator. This can be expressed by setting n. = 2,6, = 2,
which is equivalent to the case described previously where all the sites are mutated
and Cdc25=0. Therefore in this model, elimination of sites 1, 2 and 3 is equivalent to

elimination of all the sites.

The signal-response curves for these mutants can be seen in Figure 4.7A for Cdc25
and Figure 4.7B for Weel. This shows that mutations on sites 4 and 5 have much
smaller effects than mutations on sites 1, 2 and 3. This is expected, since elimination
of sites 4 and 5 changes the Cdc25 and Weel activity curves with respect to MPF only
slightly, making the feedback less sharp. However, this has an unexpected biological
significance of showing how mutations on a single, functional phosphorylation site
might show very little or no biological effect, even though they are still important for
the kinetics of the system. This was also shown, in a general context but with a similar

mechanism by Wang et al. (2010).

The effects of introducing individual phosphomimicking mutations can also be
analysed in this model. I keep the assumption that phosphomimicking has the same

effects as a natural phosphorylation, and therefore the ordered phosphorylations can
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still take place if a previous site has a phosphomimicking mutation. Therefore,
introducing the modification at site 1 truncates the chain from the non-
phosphorylated form, which is equivalent to a model with n,, =4 and 8,, = 1 for
Weel and similarly for Cdc25. If site 2 is permanently phosphorylated, this truncates
the chain further, and the model is described by n, =3 and 6, = 0. Permanent
phosphorylation at site 3 again causes the activity of the protein to change
permanently, so I can write n,, = 2 and 8,, = —1, as for the case where all the sites 3,
4 and 5 are mutated. This is because since dephosphorylation is also ordered, I can
assume that if site 1 and 2 are not modified but can become phosphorylated, they stay
permanently so. By the same logic, I could assume that phosphomimicking of sites 4
and 5 eventually results in permanent phosphorylation of site 3, which causes the
protein to permanently switch its activity. The signal-response curves for these
mutants (Figure 4.7C for Cdc25 and 4.7D for Weel) show that in this case, the
mutations of both proteins contribute to changing the cyclin threshold for MPF
activation and loss of bistability. For both enzymes, phosphomimicking of all sites
results in loss of bistability as seen in Figure 4.4B. However, when the first two sites
are modified to phosphomimicking residues, the reduction in the cyclin threshold is

more significant for Cdc25 than for Weel.

It is important to mention that these results depend on the assumptions made for this
model, in particular the ordered phosphorylation mechanism and the stepwise
activity change. If these are changed, the way in which the mutations are modelled
needs to be carefully considered. For example, in a disordered mechanism mutations
of individual sites would be equivalent, and it would be possible to consider

mutations that increase the number of phosphorylation sites. Also, in a mechanism
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where the activity changes gradually with the number of phosphorylations, all the

mutants will have slightly different curves.
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Figure 4.7. Effects of mutations of single phosphorylation sites on Weel and Cdc25, on the
signal-response curves of the model of the mitotic switch with multisite phosphorylation. A.
Elimination of sites on Cdc25, legend as in B. B. Elimination of sites on Weel. C.
Phosphomimicking on Cdc25 phosphorylation sites, legend as in D. D. Phosphomimicking on
Weel phosphorylation sites.

4.7. Mutation analysis with different feedback strength on the two loops

As shown in Section 4.5, changes in the Cdc25 positive feedback loop have a
pronounced effect on the position of the saddle node bifurcation that determines the
cyclin threshold for MPF activation, while changes in the Weel double negative
feedback loop can have little effect. This suggests that Cdc25 activation can be more

important than Weel inactivation in setting the value of this threshold. In the model,
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this means that the parameters that determine the rate of Cdc25 activation have a
more significant influence on the cyclin threshold for MPF activation than the
parameters that determine the rate of Weel activation. However, these results might
depend on particular assumptions. In particular, for simplicity I have assumed that
the effect of MPF feedback on its regulators (Weel and Cdc25) is ‘symmetric’. That is,
50% of Weel and Cdc25 are in their active forms at the same MPF level. This implies
that the strength of MPF regulation, or feedback, is the same on both of its regulators.
This may or may not be a good assumption, although recent data from cultured
human cells suggests that Weel may be more sensitive to MPF than Cdc25 (Deibler
and Kirschner, 2010), but in Xenopus egg extracts both regulators appear to be

equally sensitive (Trunnell et al., 2011), as in the present model.

To address this issue, I repeated the mutational analysis in a situation where the
strength of the two feedback loops is different. I will first consider a situation where
Weel is more sensitive to MPF, by decreasing the rate constant for Cdc25 activation
by MPF, Va5 (Figure 4.8A-C). As the feedback on Cdc25 becomes weaker (as Vazs
decreases), Weel regulation has a more significant effect on the cyclin threshold for
MPF activation. In particular, elimination of the phosphorylation sites on Weel
produces an increase in the cyclin threshold for MPF activation (Figures 4.8D and
4.8F, note different scale). In contrast, in the standard model where the strength of
the two loops is equal, this modification has little effect on the position of the saddle
node bifurcation (Figure 4.8B, the same as Figure 4.4A). As expected, changing the
rate of phosphorylation on Cdc25 has no effect on the signal-response curve of the
non-phosphorylatable Cdc25 mutant (because by definition this mutant is not

affected by MPF activity). However, as expected from the two-parameter bifurcation
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diagram in Figure 4.6A, changing V.25 also changes the curve of the ‘wild type’,

increasing the cyclin threshold for MPF activation. As Va5 decreases, the ‘wild type’

curve approaches the curve for the non-phosphorylatable Cdc25 mutant, because

higher MPF levels are required to activate Cdc25. In this situation, the cyclin

threshold for MPF activation depends more and more strongly on Weel regulation.
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Figure 4.8. Effect of elimination of all the MPF phosphorylation sites on Cdc25 or Weel with
stronger feedback on Weel than on Cdc25. The plots on the left (A, C, E) show the
concentrations of Weel and Cdc25 with decreasing values of the rate constant for Cdc25

activation by MPF (V,25) and the plots on the right (B, D, F) the corresponding one-parameter

bifurcation diagrams for the ‘wild type’ (WT) with normal phosphorylation sites on both
Weel and Cdc25 and the non-phosphorylatable mutants NP-Cdc25 and NP-Weel. In D and F,
the fourth curve also shows the original wild type curve, which corresponds to the wild type

in B. Therefore A and B are the same as Figure 4.3A and 4.4A respectively. C and D are the

same as A and B except that V25 = 0.5. E and F are the same as A and B except that Vizs = 0.1.
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A similar analysis can show the effects of the opposite case, where Cdc25 is more
sensitive to MPF than Weel. This is shown in Figure 4.9 by decreasing the rate of
Weel inactivation by MPF Viye.. As expected from the two-parameter bifurcation
diagram, this barely changes the cyclin threshold for MPF activation of the wild type
curve, and has no effect on the non-phosphorylatable Weel mutant. However, as the
feedback on Weel becomes weaker, mutation of the MPF-phosphorylation sites on

Cdc25 has a more and more dramatic effect on the threshold.

Thus, if the strength of the two feedback loops is similar, or if the Cdc25 positive
feedback loop is stronger than the Weel double negative feedback loop, Cdc25
activation determines the cyclin threshold for MPF activation. Similar results are
obtained with a model assuming a disordered mechanism for multisite
phosphorylation of Cdc25 and Weel (not shown), and bifurcation analysis also
produces similar results with the Novak-Tyson model (not shown). Thus, the
importance of Cdc25 regulation for setting the position of the saddle node bifurcation
is most likely independent of particular kinetic assumptions, but dependent on the

architecture of the system and the relative strength of the two feedback loops.

4.8. An explanation for the different effects of the Weel and Cdc25 feedback

loops

An explanation for the different effects of the two feedback loops on the cyclin
threshold for MPF activation can be found in the rate plots for the system (Figure
4.10), where the absolute values of the rate of MPF activation by Cdc25 and

inactivation by Weel are plotted as a function of MPF.
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Figure 4.9. Effect of elimination of all the MPF phosphorylation sites on Cdc25 or Weel with
stronger feedback on Cdc25 than on Weel. The plots on the left (A, C, E) show the
concentrations of Weel and Cdc25 with decreasing values of the rate constant for Weel
inactivation by MPF (Vi) and the plots on the right (B, D, F) the corresponding one-
parameter bifurcation diagrams for the ‘wild type’ (WT) with normal phosphorylation sites
on both Weel and Cdc25 and the non-phosphorylatable mutants NP-Cdc25 and NP-Weel. In
D and F, the fourth curve also shows the original wild-type curve, which corresponds to the
wild type in B. Therefore A and B are the same as Figure 4.3A and 4.4A respectively. C and D
are the same as A and B except that Viyee = 0.5. E and F are the same as A and B except that
Viwee = 0.1.
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Each rate curve corresponds to the cumulative activity of Cdc25 or Weel (shown in
Figure 4.3A) multiplied by the amount of available substrate (Cyc; — MPF or preMPF
and MPF, respectively). In the absence of feedback in the system, the MPF inactivation
and activation curves would be straight lines with positive and negative slopes
respectively, as seen in Chapter 3. The feedback loops cause the “kinks” in the MPF
activation and inactivation rates. The positive feedback on Cdc25 and the double
negative feedback on Weel determine the MPF value where the activation curve
turns upwards and the inactivation curve turns downwards along the MPF axis,
respectively, in Figure 4.3. The stronger the feedback, the lower the MPF value at
which this turning occurs (not shown). The rate of MPF activation depends on the
total cyclin level (Cycr), but the rate of MPF inactivation is independent of this

parameter and thus the same for all cyclin levels.
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Figure 4.10. Rate plot for the model of the mitotic switch with multisite phosphorylation. The
rate of MPF activation is plotted at three different Cycr levels. The rate of MPF inactivation
does not change with cyclin level. Wherever the rate curves intersect with each other, the
system is in steady state since the activation and inactivation rates are equal. The steady state
is stable (filled circles) if the activation rate is higher than the inactivation rate to the left of
the steady state, and it is unstable (open circle) if the opposite is true. Parameters as in Table
4.1 and Cycrvalues are specified for the relevant curves.
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In Figure 4.10, the MPF activation rate is shown at three different cyclin levels. The
bottom curve and the top curve (dashed green lines with Cycr = 0.5 and Cycr = 1.5)
correspond to Cycr values below and above the cyclin threshold for MPF activation,
respectively. The activation rate corresponding to the value of the cyclin threshold
lies between the previous two curves (solid green line with Cycr = 0.84). Wherever
the rate curves intersect, there is a steady state for MPF because activation and
inactivation balance each other. There are three steady states at the cyclin level below
the MPF activation threshold, the two extreme ones, at high and low MPF are stable,
while the intermediate one is unstable, as shown previously in the signal-response
curves. At the cyclin level equal to the threshold for MPF activation, the unstable and
the low-MPF activity stable steady states collide and disappear. At higher cyclin levels
only the high MPF steady state is left. Observe that the saddle-node bifurcation
happens along the MPF inactivation curve where Weel activity is high and not
inhibited by MPF yet. As a consequence the double negative feedback, which
determines the position where the inactivation curve turns downwards, has little
effect on the bifurcation point (i.e. the MPF activation threshold). In contrast the
positive feedback, which determines where the activation curve turns upwards, has a

major effect of the cyclin level where the bifurcation happens.

4.9. A model of the mitotic switch with multisite phosphorylation and mixed

regulation of Weel by MPF

For some organisms there are suggestions that initial phosphorylation of Weel by
MPF actually causes activation, and that only further mitotic MPF-dependent

phosphorylation leads to Weel inactivation (Harvey et al., 2005; Deibler and
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Kirschner, 2010). One line of evidence comes form experiments carried out by
Deibler et al. (2010), who prepared human cell extracts blocked in interphase and
then added increasing amount of a non-degradable version of CycB, similar to the
experiments that established the existence of the cyclin threshold for mitotic entry in
Xenopus egg extracts (Solomon et al, 1992) explained in Chapter 1. The signal-
response curve of MPF activity with respect to cyclin levels obtained from these
experiments showed an initial rise in MPF activity, followed by a plateau of more or
less constant MPF activity, and then an abrupt increase, which corresponds to the
cyclin threshold for MPF activation. Deibler et al. (2010) proposed that this shape
could be the result of initial activation of Weel by MPF, followed by Weel
inactivation at higher levels of MPF activity. Here I present a modification of the
previous model, which takes into account this mixed regulation of Weel by MPF, and
shows that this could be a plausible mechanism to explain the shape of the signal-
response curve obtained in these experiments. This model also exemplifies the

versatility of multisite phosphorylation as a regulatory mechanism.

The model was developed using the multisite phosphorylation kinetics described in
Sections 4.3 and 4.4. As before, the total amounts of Weel and Cdc25 are assumed to
be constant and I maintain the same assumptions for Cdc25, so the concentration of
its active form is therefore described by Equation 4.8. However, for Weel I now
assume that phosphorylation first activates and then inactivates Weel. Therefore the
concentration of active Wee1 is the sum of the forms that have more than the number
of phosphorylations required for activation and less than the number of
phosphorylations required for inactivation. Thus, to write the algebraic equation for

Weel in terms of MPF, [ assume that the forms with 0 to qw1 phosphorylations are
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inactive, those with quw: + 1 to gqwz are active, and those with qwz + 1 to nw
phosphorylations are again inactive (see the simplified wiring diagram in Figure

4.11). Hence, the concentration of active Weel is

B2 (ViweeMPF)9W1+1 (ViweeMPF)9W2+1 4.10
VaweePP VaweePP
Weel = E WeelP, = Weel, —=* T
. w
4 1— (VlweeMPF)
1=Owi+1 VaweePP

where Weel; is the total concentration of Weel, n, the total number of
phosphorylation sites on Weel, V;,,.. the rate constant of Weel phosphorylation by
MPF, Ve the rate constant of Weel dephosphorylation by PP. This generates a bell-

shaped response of the concentration of Weel with respect to MPF activity (4.12A).
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Figure 4.11. Simplified wiring diagram for the model of the mitotic switch with multisite
phosphorylation and mixed regulation of Weel by MPF.

In principle, just replacing Equation 4.9 by the above equation (4.10), results in a
model of the mitotic switch, which explains the initial shape of the signal-response
curve obtained by Deibler et al. (2010) in human cell extracts, as shown below.
However, in their results, as cyclin increases beyond physiological levels, MPF activity
plateaus again, which suggests that the Cdkl subunit in the extracts becomes

saturated. In order to take this into account I modified the equations for MPF to
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consider a limiting amount of Cdk1 and obtain a better fit to the experimental data.
To do this, I assume that Cdk1-CycB dimers (whose concentration I label as MPFr) are

formed by reversible binding of Cdk1 to CycB:

dMPF.
n ' = k,CycBpCdky — kyMPF; 411

where CycBr and Cdkr are the concentrations of the free (uncomplexed) forms of CycB
and Cdk1, and k, and kg the association and dissociation constants of the complex,

respectively.

Since for each measurement the total amounts of CycB and Cdk1 are constant in the
cell-free extracts where the signal-response curve was determined, Cycr = CycBr +
MPFr, where Cycy, is the amount of added CycB. Likewise, Cdk; = Cdkp + MPFr,
where Cdky, is the constant amount of Cdk1 in the extracts. Therefore, the previous

equation (Equation 4.11) can be rewritten as:

AMPF; 4.12

Assuming equilibrium for the complex formation, the following quadratic equation is

obtained:

where K; = k;/k,, is the dissociation constant of the complex. Equation 4.13 is easily

solved for MPFr as a function of CycBr and Cdkr.

Then, the differential equation for the concentration of the active form of MPF is
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dMPF 414
——= kas(MPFy — MPF) = kyyecMPF

where MPF;. — MPF = pMPF, which is the concentration of the phosphorylated
(inactive) form of MPF. Again, k,s and k.. are functions of Cdc25 and Weel

described by Equations 4.6 and 4.7 respectively.

This model accounts for the results in Figure 7A of Deibler et al. (2010). Again, in this
experiment, different amounts of Hise-Cyclin B are added to a somatic-cell extract for
which no cyclin synthesis or degradation occurs. After an incubation period, the
extract is assayed for H1 kinase activity (corresponding to MPF). Figure 4.12B shows
the experimental data and a superimposed one-parameter bifurcation diagram for
MPF activity as a function of Cycr. This model of mixed-mode regulation of Weel by
MPF explains the small initial rise in MPF activity with added cyclin followed by a

plateau and a cyclin threshold for MPF activation.
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Figure 4.12. Model of the mitotic switch with multisite phosphorylation and mixed regulation
of Weel by MPF. A. Weel and Cdc25 activities as functions of MPF activity. B. Signal-response
curve for the model (solid line) fitted to the normalized data (dashed line) from Figure 7A in
Deibler et al (2010). To fit the theoretical curve to the experimental data, ‘MPF’ = 1.8 [MPF] +
0.09 while Cycr was scaled to 1. Parameter values: Vawee = Vizs = 0.2, Viwee = Vazs = K'wee = k25 =1,
k'wee = 0.01, k'25= 0.1, kaS: 10, kdis: 0.1, Nnps= 9, ny= 11, qz5= 5, qwi= 1, qw2= 5, PP=1.
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4.10. Discussion

In this chapter, [ presented and analysed a model of the mitotic switch where
bistability arises as a result of positive feedback and ultrasensitivity due to multisite
phosphorylation. I have shown that multisite phosphorylation can potentially
generate varied responses, from ultrasensitive to bell-shaped, as has been shown by
us and others (Gunawardena, 2005; Kapuy et al., 2009a; Salazar and Hoéfer, 2007;
Wang et al, 2010). I demonstrate that multisite phosphorylation combined with
positive feedback can generate bistability, as has also been shown previously
(Markevich et al, 2004; Krishnamurthy et al, 2007; Kapuy et al, 2009a).
Furthermore, by considering additional sources of nonlinearity, it is even possible to
generate multistability by multisite phosphorylation without explicit positive
feedback loops (Markevich et al, 2004; Ortega et al, 2006; Thomson and
Gunawardena, 2009). This demonstrates that multisite phosphorylation is a
mechanism potentially capable of generating extremely flexible responses in
biochemical networks, which is perhaps the reason it seems so widespread, as it is
estimated that up to 30% of proteins can be phosphorylated, many of them at

multiple sites (Cohen, 2000; Mann et al., 2002).

In the models of the mitotic switch presented in this chapter I have considered a
particular mechanism for multisite phosphorylation; distributive, ordered
phosphorylation and dephosphorylation, with rates described by mass action kinetics
and ignoring the concentration of enzymes substrate complexes, as in Kapuy et al.
(2009a). This is not necessarily the actual mechanism of phosphorylation for Cdc25
and Weel, but it is probably the simplest possible mechanism and a good starting

point for mathematical modelling. Other possibilities are also plausible, such as
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disordered phosphorylation and a gradual change in activity of the target protein as
the number of phosphorylations increases (Kapuy et al., 2009a; Salazar and Hoéfer,
2009). However, there is currently little experimental data supporting a particular

mechanism in the mitotic switch system.

In the model of the mitotic switch presented in this chapter, the main role of the
multisite phosphorylation mechanism is to substitute the assumption of zero-order
ultrasensitivity present in the original Novak-Tyson model with a perhaps more
plausible source of ultrasensitivity in this system. Other models of the cell cycle have
also exploited multisite phosphorylation as a source of interesting dynamic behaviour
(Yang et al., 2004; Barik et al., 2010). In fact, there is recent experimental evidence
that multisite phosphorylation is an important source of ultrasensitivity in the
response of Cdc25 to MPF (Trunnell et al., 2011). However, the exact phosphorylation
mechanism remains to be determined, that is, whether it really occurs in a
distributive manner, whether it is ordered or disordered and how phosphorylation
changes Cdc25 and Weel activities. Furthermore, it is very likely that other sources of
ultrasensitivity are involved in this response, possibly including zero-order
ultrasensitivity, the presence of multiple positive feedback loops in the system, and
competition between different MPF substrates, as proposed for Weel (Kim and

Ferrell, 2007).

Despite these uncertainties, there are obvious benefits of the mitotic switch model
with multisite phosphorylation for analysing the system and making experimentally
testable predictions. The analysis carried out by mutating the MPF phosphorylation
sites in Cdc25 and Weel suggests an asymmetry in the redundant feedback loops

controlling the MPF bistable switch. Equivalent modifications in the Cdc25-controlled
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positive and the Weel-regulated double negative feedback loops can have different
effects on emergent properties such as the cyclin threshold for MPF activation. In
particular the results suggest that elimination of the MPF phosphorylation sites on
Cdc25 will have a more pronounced effect on the cyclin threshold for MPF activation
than elimination of the phosphorylation sites on Weel. There is actually some
experimental evidence in Xenopus egg extracts suggesting this might be the case. The
cyclin threshold seems to be substantially affected by non-phosphorylatable Cdc25,
but the effect seems very small for non-phosphorylatable Weel (Izumi and Maller,
1993; Kim et al,, 2005). However, these two studies use different methodologies to

assess the cyclin threshold and are therefore difficult to compare.

An actual experiment to test our predictions could be carried out with Xenopus egg
extracts, where the signal-response curve of MPF versus cyclin levels can be
experimentally determined, as explained in Chapter 1, by using interphase extracts in
which protein synthesis is blocked, followed by addition of non-degradable cyclin.
One approach would be to deplete these extracts of either endogenous Cdc25 or
Weel and add back similar amounts of non-phosphorylatable versions. Different
amounts of non-degradable cyclin can then be added and MPF activity monitored to
determine the cyclin threshold for MPF activation. The results presented here
indicate that more cyclin would be required if Cdc25 is substituted by the non-
phosphorylatable version than when the same is done with Weel. However, if that is
not the case, I expect that the changes in activity of Weel and Cdc25 with respect to
MPF occur over significantly different MPF levels; specifically that Weel is
inactivated at lower MPF activity levels than those required for Cdc25 activation. This

would in turn allow the possibility that the existence of the two redundant positive
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feedback loops in the system could help generate ultrasensitivity and thus bistability
in the mitotic switch, as shown in Chapter 3. Therefore, the results presented here
show that when positive and double negative feedback work at the same time, they
do not necessarily do so in the same way, and independent but equivalent
modifications on these feedback loops can have different effects. It is likely that the
two types of loop are not necessarily functionally equivalent, and therefore, in a sense
they are not actually redundant, but both important in their own right. This may have

important implications in biological regulation.

In addition to modelling the result of elimination of the phosphorylation sites on
Cdc25 and Weel, I also showed the effect of phosphomimicking on Cdc25 and Weel,
that is, where Cdc25 is constitutively active and Weel has very low activity.
Experimentally, this should potentially lead to loss of bistability, because MPF would
be constitutively active. In reality, the effect of these mutations would of course
depend on their actual consequences on protein activity and regulation. Therefore,
this could lead to results similar to those seen by Pomerening et al. (2005) who
observed damped oscillations due to reduction of the bistable regime in the system,
when they added non-phosphorylatable CDK to cycling Xenopus egg extracts.
Experimental determination of the signal-response curves under these conditions
would also allow a comparison between a graded and a discontinuous response of

MPF to total cyclin.

The results of this analysis strengthen the notion that feedback regulation of both
Cdc25 and Weel is important for the operability of the switch for mitotic entry. The
double regulation creates a robust switch, as shown by Ferrell (2008), and can allow

the switch to work without ultrasensitivity, as shown in Chapter 3 and in examples by
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others (Slepchenko and Terasaki, 2004; Zwolak et al., 2009). Again, this also agrees
with the notion that the occurrence of multiple feedback loops is a possible
mechanism for achieving bistability, as shown in Chapter 3 and previously suggested
(Chang et al., 2010). Also of possible importance is the fact that this type of regulation
allows almost complete, switch-like activation of MPF and may reduce futile cycles of
simultaneous phosphorylation and dephosphorylation, which could potentially be
energetically costly for the cell. Double regulation could also allow the system to
switch faster between states, although a rigorous dynamic analysis is required to
establish this. Therefore, it is possible that opposite regulation of antagonistic
enzymes is widespread in biological systems that behave in a switch-like manner

and/or use a considerable amount of energy.

The analysis presented in this chapter illustrates that even though the roles of
positive and double negative feedback have been regarded as equivalent, the
difference in their architectures can lead to differences in their effects on the system.
In particular, in our model, which possesses one loop of each type, both of similar
strength, perturbation of the positive feedback loop has a major effect on the position
of one of the saddle-node bifurcations of the system, but perturbation of the double
negative feedback loop can have almost no effect on this property. I propose that this
might be a general feature of systems with this architecture, which could be relatively
common in biological networks because, as mentioned above, regulation of opposing
enzymes is likely to be widespread in nature. It is also possible that differing
architecture of feedback loops has further consequences for other system-level

properties.
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To complement the analysis of mutation of all the phosphorylation sites on Cdc25 and
Weel, I also showed the effect that mutations of single sites could have in the mitotic
switch. There are actually several possibilities of how to model the effect of the
mutations, which strongly depends on the assumed mechanism. Regardless of the
limitations of this approach, an interesting result from this analysis is the observation
that mutations of biologically relevant individual phosphorylation sites may show no
significant effects. Wang et al. (2010) also made this observation for a multisite
phosphorylation mechanism outside the context of the mitotic switch. These results
may help to explain the lack of significant biological effect of such mutations in some

cases (Wang et al., 2010).

In addition to the analysis of the mitotic switch model, and taking advantage of the
flexibility of multisite phosphorylation, I have shown a modification of the original
model, where initial phosphorylation activates, and further phosphorylation
inactivates Weel. Assumption of this mechanism gives rise to a bell-shaped response
of Weel activity to MPF (Figure 4.12A), and this modified model seems to fit
experimental data from human cell extracts (Deibler and Kirschner, 2010) relatively
well. However, it is not clear what benefits this type of regulation could bring to this
system. Further experimental and theoretical work is required to address this issue,
probably focusing on other features of the switch, such as dynamics. Moreover, this
type of regulation of Weel might be a particular feature of the mitotic switch in
specific cells or organisms, and it would be important to discern if there is a reason

for differences in the regulation.

Finally, since bistability is likely to be an evolutionarily conserved feature of the

mitotic entry switch, it is perhaps not surprising that cells use several mechanisms to
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achieve it, since this might provide robustness to this property. The model presented
in this chapter includes multiple, redundant feedback loops, reciprocal regulation of
antagonistic enzymes and multistep processes, such as multisite phosphorylation, all
of which have been experimentally shown in the mitotic switch (Morgan, 2007;
Trunnell et al, 2011). In general, if bistability and ultrasensitivity are indeed
important properties of biological systems that make decisions or transitions, it is
likely that several mechanisms that can theoretically generate it are used together to

construct robust switches.

4.11. Summary

In this chapter I presented a model of the mitotic switch with multisite
phosphorylation of Cdc25 and Weel by MPF. I showed that multisite phosphorylation
could create ultrasensitivity required for bistability in the mitotic switch. I also
analysed the effects of individual perturbations of the two feedback loops, showing
that they can have different effects and making testable predictions. In particular, I
showed that equivalent but independent modifications on these feedback loops can
have different effects on the system. This analysis suggests that feedback regulation
of the Cdc25 phosphatase could have a crucial role in setting the cyclin threshold for
MPF activation. In addition, analysis of mutations of individual phosphorylation sites
showed that mutation of biologically relevant, individual phosphorylation sites could
have very little effect on important properties of a biological system. Finally, I also
looked at how multisite phosphorylation can result in more complex responses,

which can also help explain biological data, by modifying the model of the mitotic
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switch with multisite phosphorylation to incorporate mixed regulation of Weel by

MPF.

In the next chapter, I will show yet another possible source of ultrasensitivity in the
mitotic switch: the cell-cycle-dependent regulation of MPF counteracting

phosphatases.

120



Chapter 5. The mitotic switch with MPF-regulated CDK-counteracting phosphatase activity

Chapter 5

The mitotic switch with MPF-regulated CDK-

counteracting phosphatase activity

5.1. Overview

In the previous chapter I showed that multisite phosphorylation could contribute to
ultrasensitivity in the responses of Cdc25 and Weel to MPF, and thus generate
bistability in the mitotic switch. In this chapter I will show that MPF-dependent
inhibition of CDK-counteracting phosphatase activity could also contribute to
ultrasensitive responses of MPF regulators and thus to bistability in the mitotic
switch. In a more general framework, [ will show that coherent feedforward loops in
biochemical networks can generate ultrasensitivity. Most of this work has been
published (Novak et al, 2010). As in Chapter 3, the analysis presented here
contributes to the notion that coherent regulation of opposing enzymes can be an
important mechanism for constructing efficient switches in biochemical networks.
Finally, I use these ideas to develop a model of the mitotic switch that explains
experimental data of the effects that perturbations to CDK-counteracting phosphatase
activity have on the mitotic switch. This model was published together with L.
Krasinska, D. Fisher and their collaborators, who performed experiments with

Xenopus egg extracts (Krasinska et al., 2011). I would also like to acknowledge the
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assistance and collaboration of Orsolya Kapuy in the work shown in this chapter.
Before presenting the mathematical analysis, I will briefly introduce the CDK-
counteracting phosphatases and review some previous and current work about their
cell cycle roles. Parts of this introductory section and the chapter’s discussion have

also been published as a review article (Domingo-Sananes et al., 2011).

5.2. CDK-counteracting phosphatases and their regulation

As mentioned in Chapter 1, it is widely accepted that entry into mitosis is driven by
the activation of the Cdk1-CycB complex, which phosphorylates dozens of target
substrates which carry out the processes associated with mitosis (Nigg, 2001;
Morgan, 2007; Ma and Poon, 2011). However, phosphorylations on CDK substrates
must be removed after mitosis, so that these proteins can return to their
unphosphorylated, interphase state. It is possible that protein turnover is partially
responsible for returning CDK substrates to their hypo-phosphorylated state, by
degradation of phosphorylated proteins and re-synthesis of unphosphorylated ones.
However, for CDK substrates with long half-lives, the most likely explanation is that
dephosphorylation carried out by phosphatases is responsible for reverting proteins
to their interphase state (Sullivan and Morgan, 2007; Hochegger et al., 2008; Bollen et
al., 2009; De Wulf et al., 2009). Furthermore, dephosphorylation of CDK substrates is
probably also necessary to prevent their premature phosphorylation during

interphase, as explained later on.

In fact, long standing evidence suggests that regulated phosphatases (other than

Cdc25) are important in controlling cell cycle transitions. The clearest example so far
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is Cdc14 regulation in budding yeast. This phosphatase is kept inactive during mitosis
by sequestration in the nucleolus and is released at mitotic exit, its activation
indirectly promoted by MPF. Cdcl4 can then dephosphorylate several MPF
substrates, and promote chromosome segregation, spindle disassembly and
cytokinesis. The release of this phosphatase is essential for mitotic exit in budding
yeast; elimination of CDK activity alone is not sufficient. However, even though Cdc14
orthologues still have mitotic roles in other organisms, their function does not seem
to be crucial, because their elimination is not lethal. For example, the fission yeast
Cdc14 homologue, Clp1/Flp1 is important for septation, but not for mitotic exit,
although it might be involved in mitotic entry. In C. elegans, Cdc14 is required for
cytokinesis, but not mitotic exit (Stegmeier and Amon, 2004; Trinkle-Mulcahy and

Lamond, 2006; Queralt and Uhlmann, 2008; Clifford et al., 2008).

Other phosphatases have been shown to have important cell cycle functions in other
organisms. Experiments with Xenopus egg extracts have shown that phosphatases of
the PP2A family are active in interphase, because addition of the inhibitor okadaic
acid brings about M-phase, suggesting that one or more of these phosphatases
reverse the small amount of CDK-dependent phosphorylation that can take place in
interphase (Goris et al.,, 1989; Félix et al,, 1990; Lorca et al.,, 1991; Maton et al., 2005).
This is because inhibition of CDK-counteracting phosphatases facilitates
phosphorylation of Cdk1-target proteins, which can be then phosphorylated even at
low kinase activities. Moreover, inhibition of these phosphatases could also result in
MPF activation due to Weel inhibition and Cdc25 activation (Clarke et al, 1993;
Novak and Tyson, 1993). However, at higher concentrations, okadaic acid also

inhibits other phosphatases, such as PP1, which could therefore also be involved in
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reversing mitotic phosphorylation (Lorca et al., 1991; Mochida et al., 2009; Wu et al,,
2009). Thus, there has been confusion as to the identity of CDK-counteracting
phosphatases, and probably for this reason, little was known about their regulation,
although there were some early hints that CDK-counteracting phosphatase activity
was reduced during mitosis in Xenopus egg extracts (Kumagai and Dunphy, 1992;
Clarke et al, 1993; Lee et al, 1994). Besides, in principle CDK counter-acting
phosphatases would not seem to require regulation, since their activity could be
constant throughout the cell cycle, and overcome by the fluctuating Cdk1 activity in

mitosis.

Therefore, there has been an often unspoken assumption, in both theoretical and
experimental research, that CDK-phosphorylations are reversed by constitutive,
unregulated, unspecific phosphatases. Consequently, their analysis was probably
considered too complicated and perhaps not that interesting, leading research into
mitotic phosphatases to lag considerably behind that on mitotic kinases (Trinkle-
Mulcahy and Lamond, 2006; De Wulf et al, 2009; Bollen et al.,, 2009). There are
various reasons for this belief, the most important one probably being that there are
significantly fewer phosphatases than kinases in cells. There are about 500 genes
coding for kinases in the human genome, compared to about 40 coding for
phosphatases. Also, deletion of many of these phosphatases has pleiotropic effects, so
that it is difficult to identify those with specific mitotic roles (Trinkle-Mulcahy and
Lamond, 2006; Queralt and Uhlmann, 2008; Virshup and Shenolikar, 2009; De Wulf et

al., 2009; Bollen et al., 2009).

Nonetheless, it is now becoming clear that phosphatases can actually be highly

specific and regulated. This is achieved through specific interaction of catalytic
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subunits with targeting subunits and modulators, as well as regulation of subcellular
localization (Trinkle-Mulcahy and Lamond, 2006; Queralt and Uhlmann, 2008;
Virshup and Shenolikar, 2009; De Wulf et al., 2009; Bollen et al., 2009). Furthermore,
recent research has begun to unveil the identity and regulation of CDK-counteracting

phosphatases.

An enzyme assay showed that phosphatase activity against a model Cdk1-CycB
substrate fluctuated in the cell cycle of Xenopus egg extracts, being high in interphase
and low in mitosis (Mochida and Hunt, 2007). Further work identified PP2A bound to
the B550 regulatory subunit as the specific and regulated CDK-counteracting
phosphatase in these extracts (Mochida et al.,, 2009). Depletion of PP2ZA-B558 from
cycling extracts advanced entry into mitosis and compromised exit from mitosis via
CycB degradation. The mitotic advancement was caused by premature activation of
Cdkl and phosphorylation of mitotic substrates. Addition of extra, purified
phosphatase delayed and blocked Cdkl activation (by Weel-dependent
phosphorylation of Cdk1l) and entry into mitosis in a dosage dependent manner
(Mochida et al.,, 2009). In a similar way to addition of okadaic acid, the simultaneous
effects of promoting Cdkl inhibitory phosphorylation, and dephosphorylation of
Cdk1 substrates in interphase suggested that PP2A-B550 acts on both downstream
Cdk1 substrates and in the Cdk1l auto-activation loops (on Weel and Cdc25) (See
Figure 5.1 where PP can be regarded as PP2A-B558). More recent work is also
starting to shed light on the regulatory mechanisms of PP2A-B558 during the cell

cycle.

Greatwall, a novel mitotic kinase important for proper timing of G2-M transitions was

discovered in Drosophila (Yu et al., 2004). Subsequent work with Xenopus extracts
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revealed that this kinase is required for both establishment and maintenance of M-
phase (Yu et al., 2006; Zhao et al., 2008). This kinase was shown to be phosphorylated
by Cdk1l-CycB and its activity increased in mitosis, suggesting that Greatwall is
activated by MPF (Zhao et al., 2008). Addition of the activated form of the kinase
promoted M-phase entry in cycling extracts, while depletion prevented mitotic entry
and Cdc25 activation. Depletion from CSF extracts (oocyte extracts blocked in
metaphase of meiosis II) caused dephosphorylation of mitotic phosphoproteins and
loss of M-phase state. Greatwall depletion was accompanied by Weel-dependent
inactivation of Cdkl without any cyclin degradation, suggesting that Greatwall
regulates the Cdk1 auto-amplification loop (Yu et al,, 2006; Zhao et al., 2008). The M-
phase extract was resistant against Greatwall depletion in the presence of okadaic
acid, however, suggesting that Greatwall inhibits an okadaic sensitive (i.e. PP2A-
family) phosphatase in M-phase. Furthermore, addition of okadaic acid allowed
mitotic entry in Greatwall-depleted cycling extracts, also suggesting that Greatwall
had an inhibitory effect on an okadaic sensitive phosphatase (Zhao et al., 2008;
Castilho et al,, 2009). However, simultaneous depletion of Greatwall and Weel from
M-phase extracts still led to mitotic exit, even though Cdk1l activity remained high
(Vigneron et al,, 2009), suggesting that the activated phosphatase overcomes Cdk1-

CycB activity on CDK substrates.

These two initially independent lines of research, on Greatwall and PP2A-B559,
finally converged, by the demonstration that Greatwall down-regulates PP2A-B558
activity (Castilho et al., 2009; Vigneron et al., 2009). This finding produced a further
surprise, the fact that Greatwall inhibition of the phosphatase is not direct, but

mediated by the low molecular-weight phosphatase inhibitors, a-Endosulfine and
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Arpp19 (I refer to both as ENSA in the following) (Gharbi-Ayachi et al., 2010; Mochida
et al, 2010). The level of ENSA is constant during early embryonic cycles in the frog,
but it is extensively phosphorylated in mitosis, probably by several kinases. In
particular, Greatwall-dependent phosphorylation converts ENSA into a highly specific
inhibitor of PP2A-B550. As expected from its function as a PP2A inhibitor, addition of
thio-phosphorylated (stably-phosphorylated) ENSA promotes mitotic entry in cycling
and interphase extracts, similar to addition of okadaic acid and its depletion blocks
mitotic entry, like depletion of Greatwall (Gharbi-Ayachi et al., 2010; Mochida et al,,

2010).

Other studies have also implicated the B55a and/or B558 regulatory subunits of
PP2A as a CDK-counteracting phosphatase, and Greatwall and ENSA as important in
the regulation of mitosis in humans (Schmitz et al., 2010; Manchado et al.,, 2010;
Voets and Wolthuis, 2010; Burgess et al., 2010) and Drosophila (Mayer-Jaekel et al.,
1994; Yu et al,, 2004; Chen et al., 2007; Archambault et al., 2007; Wang et al.,, 2011;
Rangone et al, 2011). This suggests that the identity of the CDK-counteracting
phosphatase(s), and the system for regulating its activity could be more or less

conserved in many organisms and important for cell cycle regulation.

The Greatwall/ENSA regulatory network would ensure that when Cdk1-CycB activity
is low, its counteracting phosphatase is active, keeping mitotic substrates
dephosphorylated. In contrast, in the mitotic state Cdk1-CycB down-regulates its
counteracting phosphatase by promoting the activities of Greatwall and ENSA,
ensuring that while kinase activity is high, the phosphatase is low. These findings
have important consequences for the functioning of the mitotic switch, as shown by

the mathematical models presented in this chapter.

127



Chapter 5. The mitotic switch with MPF-regulated CDK-counteracting phosphatase activity

5.3. Role of phosphatase regulation on the mitotic switch

As seen in previously published models, and those presented in the previous
chapters, CDK-counteracting phosphatase activity is absolutely necessary in the
mitotic switch, and experimental evidence implies that this activity is also crucial for
mitotic exit and for maintaining the hypo-phosphorylated state of CDK substrates
during interphase (Novak and Tyson, 1993; Hochegger et al., 2008; Queralt and
Uhlmann, 2008). Furthermore, as described in the previous section, recent data
indicate that the phosphatase activity that reverses CDK-dependent phosphorylation
fluctuates during the cell cycle, being high in interphase and low in mitosis. To
understand the consequences of this regulation in the cell cycle control system, and
specifically in the mitotic switch, I will first analyse a simple mathematical model. An
early version of this model was previously used to explain observations about mitotic
exit, but was not analysed in greater detail (Kapuy et al., 2009b). Here I present the
analysis of this model from the context of bistability in the mitotic switch (Novak et

al, 2010).

The wiring diagram for the model is presented in Figure 5.1. As in Chapters 3 and 4, |
consider that MPF is inactivated by Weel-dependent phosphorylation, and activated
by dephosphorylation catalysed by Cdc25. MPF activates Cdc25 and inhibits Weel,
forming a positive and a double negative feedback loop. The difference in the wiring
diagram is that now the phosphatase that reverses MPF-dependent phosphorylation
of Cdc25 and Weel, which I still refer to as PP, is now shown explicitly as a molecule.
Furthermore, PP can be in an active (PP) and inactive (PP;) form, which together sum
up to a constant total concentration, PPr, similar to all the other molecules in the

system. Because the activity of PP is high in interphase and low in mitosis, [ assume
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that MPF is responsible for its inhibition, as this kinase activity is opposite to PP, high
in mitosis and low in interphase. Phosphorylation of PP by MPF must be reversed by
a phosphatase, which can be represented by a constant reaction rate. However, since
[ assume that PP is now a CDK substrate, it should, by definition be dephosphorylated
by the CDK-counteracting phosphatase, PP. Consequently, I will allow the possibility
that PP can auto-dephosphorylate in an intermolecular reaction and analyse the
consequences of this assumption. It is now known, that inhibition of the CDK-
counteracting phosphatase PP2A-B550 does indeed depend on MPF activity, although
the regulation is actually indirect, through the MPF-dependent activation of the
Greatwall kinase, which in turn activates ENSA (Castilho et al., 2009; Vigneron et al,,
2009; Gharbi-Ayachi et al,, 2010; Mochida et al., 2010). However, to understand the
effects of PP regulation, it is useful to analyse the simplified version of the network

presented here (Figure 5.1).
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Figure 5.1. Network diagram for the model of the mitotic switch with MPF-regulated CDK
counteracting phosphatase activity.
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The general equations for the model were derived from Figure 5.1 using mass action
kinetics. As in the previous two chapters, assumption of mass action kinetics allows
analysis of the system without introduction of additional ultrasensitivity in the steady
state responses of individual network components. Therefore, the nonlinearity
present in the model is the consequence of network architecture. The differential

equations for each of the four species can then be written as:

dMPF t1
= ka5 (CycBr — MPF) = kyeeMPF
dPP 59
—— = kapp(PPr = PP) = kPP
dCdc25 53
dt = a25MPF(CdC25T - CdCZS) - Vi25 PP Cdc25
dWeel 54
T VoweePP(Weely, — Weel) — V,,,.. MPF Weel

This system of differential equations is very similar to that for the model of the
mitotic switch with positive feedback but no ultrasensitivity for the response of
Cdc25 and Weel, presented in Chapter 3 (Equations 3.2-3.4 and 3.9-3.10). The
difference is the extra differential equation for PP, which is no longer constant. As
before, the rates of MPF activation and inactivation, kzs and kwee, are described by

algebraic equations:

kys = k'55(Cdc25, — Cdc25) + k",sCdc25 5.5

kyee = k' wee(Weely —Weel) + k" .. Weel 5.6

[ also write algebraic equations for the rate functions for PP activation (kspp) and

inactivation (kipp):
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k k' wpp + k" 4y PP 5.7

app — K app app

k kip, + k", MPF 5.8

— A
ipp — " ipp ipp

where k’qpp and k’jpp are background rates of activation and inactivation, respectively.
k”upp is the rate at which PP dephosphorylates itself (auto-activation) and k", is the

rate at which MPF phosphorylates and inactivates PP.

To look at the effects of phosphatase regulation, I will focus on the activities of MPF
and assume steady state for Cdc25 and Weel. In order to understand the role of
regulation of PP in the mitotic switch, I will actually consider and compare three

possibilities or models (their interaction diagrams are shown in Figure 5.2):

1. Model with no PP regulation (Model A): This is the same as the model of the

mitotic switch with no ultrasensitivity in the response of Cdc25 and Weel,
which was presented in Chapter 3. It is obtained from the above equations by

setting k;,,,, = k;'pp = 0, and therefore PP = PP (Figure 5.2A).

2. Model with PP regulated by MPF (Model B): Here PP is inhibited by MPF and

activated by another, constant phosphatase activity. This regulation creates
coherent feedforward loops in the network, as Weel and Cdc25 are now

regulated by MPF both directly and through the MPF-regulated phosphatase

ipp > 0, kgpp > 0 and

(see Chapter 2 and the next section, 5.4). In this case, k app

kapp = 0 (Figure 5.2B).

3. Model with PP regulated by MPF and PP (Model C): In this case, besides the

coherent feedforward loops, another positive feedback loop is created in the

network, since PP activates itself. Here, k,, > 0. (Figure 5.2C).
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Figure 5.2. Interaction diagrams of the three models considered for analysis of the role of PP
regulation in the mitotic switch. A. Model with no PP regulation (Model A). B. Model with PP
regulated by MPF (Model B). C. Model with PP regulated by MPF and PP (Model C).

[

Figure 5.3 shows the results of analyses of these models using some of the tools
described in Chapter 2. Table 5.1 shows the parameter values for each model, chosen
to make the comparison as consistent and meaningful as possible. The first row of
panels on Figure 5.3 (A, B and C) shows the phase plane for each model at an
intermediate Cyc; value. The MPF nullcline (shown in black) is the same for all the
models, because PP has the same effect on Cdc25 and Weel, and therefore on MPF, in
all three cases. This nullcline shows that in general, as PP increases, MPF decreases,
because more PP tends to lead to Weel activation, Cdc25 inhibition and thus MPF
inactivation. The MPF nullcline is nonlinear, due to the Cdc25-MPF-Weel positive
feedback loops. This nullcline is shown for particular Cyc; value, equal to the
intersection with the MPF axis, i.e., the maximum possible MPF value, when PP = 0.
In contrast, the PP nullcline (blue) is different in each model. For model A, with no PP
regulation, PP = PPy, and the nullcline is a horizontal line. Here the MPF and PP
nullclines cross only once, creating a single stable steady state (see also the rate plot
for the same model in the second row, panel D). However, if PP is inhibited by MPF
(Model B), the phosphatase activity decreases with increasing MPF, and the nullcline

is a hyperbola, due to the assumption of mass action kinetics in this inhibition (Figure
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5.3B). This qualitative difference in the shape of the PP nullcline allows it to cross the
MPF nullcline at three points. Therefore, PP regulation by MPF allows bistability to
arise in the system. This is also demonstrated in the rate plots on the second row in
Figure 5.3 (Panels D, E and F), from which is also easy to determine the stability of the
possible steady states (Chapter 2). Bistability is also confirmed by the signal-response
curves or one-parameter bifurcation diagrams of Cycr versus MPF shown in the third

row (Panels G, H and I).

Bistability arises in Model B because PP regulation by MPF results in a slight
ultrasensitive response of Cdc25 and Weel to MPF (Figures 5.3K), in contrast to the
hyperbolic responses when PP is considered constant (Figure 5.3]). As I will show in
the next section, the source of ultrasensitivity is the creation of coherent feedforward
loops in the network, where Cdc25 and Weel are regulated through two different
branches by MPF, directly by phosphorylation and indirectly due to the MPF

regulation of PP.

Table 5.1. Parameter values for the three models of the mitotic switch with PP regulation.

Parameter
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Model B

Model C
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Figure 5.3. Models of the mitotic switch with different types of PP regulation. The interaction
diagram for each model is shown above its corresponding panels. A, B, C. Nullclines.
Cyc, = 0.6. D, E, F. Rate plots. Cycr = 0.6. G, H, I. One-parameter bifurcation diagram

showing the response of MPF to Cycr. ], K, L. Response of PP, Cdc25 and Weel to MPF. A, D,
G, J. Model with no PP regulation (Mode A). B, E, H, K. Model with PP regulated by MPF
(Model B). C, F, 1, L. Model with PP regulated by MPF and PP (Model C). Parameters as in
Table 2.1

134



Chapter 5. The mitotic switch with MPF-regulated CDK-counteracting phosphatase activity

The third column in Figure 5.3 shows the corresponding plots for Model C, in which
PP is regulated by both MPF and PP. Like in Model B, bistability is also possible in this
case, and depending on parameter values, the bistable regime can be even wider
when PP is auto-activated, as shown by the Cycr versus MPF bifurcation diagram
(Figure 5.31). Therefore, the presence of this additional positive feedback loops in the

network could make bistability more robust in the system.

It is important to highlight that the effect of the different types of PP regulation
depends not only on the connections established in the network, but also on the
parameter values assumed in the model. The effect of the crucial parameters relating

to PP regulation can be analysed with two-parameter bifurcation diagrams.

Incorporation of PP regulation implies that the rate of MPF-dependent

"

phosphorylation of PP is greater than zero (k;,, > 0). A two-parameter bifurcation

diagram for k;'pp (Figure 5.4A) shows that as this parameter increases, there is a

critical value at which the system becomes bistable (a Cusp bifurcation). As it
increases more, the bistable region becomes wider, and at yet higher values it
remains more or less the same (although eventually it is reduced again). Of course, if

MPF inhibits PP, it is crucial that the phosphatase can also be activated. In Model B,

!

app- Therefore,

this activation is assumed to occur at a constant, background rate, k

when k;'pp > 0, then kg, > 0 also. The two-parameter bifurcation for kg,, (Figure

5.4B) for Model B shows that bistability requires that this parameter is greater than
zero. As the value of this parameter increases, at first the region of bistability

becomes wider. However, as the activation of PP becomes stronger, the bistable

4

app reaches values of a

regime is eventually reduced, and bistability is lost when k

similar magnitude to k;,,,. This is because as the constant phosphatase activation
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increases, the inhibitory effect of MPF on PP becomes less and less significant.
Therefore, most PP remains active, and the situation is similar to Model A, where PP

is not regulated.

Cyc

Cyc

Figure 5.4. Two-parameter bifurcation diagrams for the models of the mitotic switch with

different types of PP regulation. A. k;pp

Model B. C. PPrversus Cycr, for Model B. D. k;pp versus Cycy, for Model C. Other parameters

versus Cycr, for Model B. B. kg, versus Cycr, for

as in Table 5.1 for each model.

Another interesting and biologically relevant parameter in Model B is the total
amount of PP, PP, (Figure 5.4C). Bistability is lost at low levels of PP because MPF
cannot be kept inactive, as a small rise in its activity can result in Weel inactivation
and Cdc25 activation. As PP; increases, the bistable region becomes wider, and both

cyclin thresholds move to the right. In particular, the cyclin threshold for mitotic
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entry increases, suggesting that mitosis is delayed or blocked. These results agree
with experimental data that indicates that reduction of the MPF-counteracting
phosphatase activity leads to premature mitotic entry, while increase in its activity
blocks mitosis in Xenopus extracts (Mochida et al., 2009). Lastly, I highlight that in
order to make analogous figures, PP; is reduced in Model A, compared to the other
two models (Table 5.1). However, bistability is still present in Model B for the
equivalent parameter value (Figure5.4A). A more detailed analysis of the effects of

perturbations to PP activity in the mitotic switch is presented in Section 5.5.

Finally, Figure 5.4D shows the two-parameter bifurcation diagram for k;pp, the
parameter that determines the auto-activation of PP (Model C). Bistability is possible
when this parameter is equal to zero, as shown by the model without PP auto-
activation (Model B). Increasing its value can initially produce an increase in the
width of the bistable region, as also shown by the result in Figure 5.31. However,
further increase can lead to a reduction, and eventually loss of the bistable regime.
This is because if the positive feedback of PP on its own activity is too strong, the
inhibitory effect of MPF again becomes negligible, leading to a constantly active
phosphatase, and thus active Weel and inactive Cdc25 and MPF. Therefore, it can be
expected that if this feedback loop were to exist in the mitotic switch, its strength is

probably fine-tuned.

In summary, this section shows that inhibition of the CDK-counteracting phosphatase
activity by MPF can potentially lead to important qualitative differences in the mitotic
switch, namely the occurrence of bistability. A positive feedback loop created by auto-
activation of this phosphatase activity can lead to an increase of the bistable region,

although the strength of this feedback is critical. In these simple models, bistability
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depends on the coherent feedforward loops created in the network by PP regulation,
which leads to ultrasensitive responses in the MPF /PP substrates, as | demonstrate in

the next section.

These results indicate that regulation of CDK-counteracting phosphatases could be a
mechanism to obtain or improve bistability in the cell cycle control system and help
make the transition between interphase and mitosis more switch-like. Additionally,
they again highlight the idea that opposite regulation of antagonistic enzymes and
multiple feedback loops, might be important mechanisms for creation of nonlinearity

and bistability in biochemical networks.

5.4. Ultrasensitivity due to coherent feedforward loops

In the previous section, [ showed that PP regulation by MPF resulted in the creation
of coherent feedforward loops in the mitotic switch network, which led to
ultrasensitivity in the responses of Cdc25 and Weel to MPF. In this section, I explore
this source of ultrasensitivity further, by analysing the presence of coherent

feedforward loops in a general example of reversible protein phosphorylation.

As explained in Chapter 2, a feedforward loop is formed when one component of a
network regulates another via two different branches, usually a direct and an indirect
one (Alon, 2007b; Tyson and Novak, 2010). Here, I consider the general example of a
substrate, S, that is phosphorylated by a kinase K and dephosphorylated by a
phosphatase H. A coherent feedforward loop is formed when the kinase inhibits the

phosphatase, because K regulates S through two different branches, directly by
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phosphorylation, and indirectly by inhibition of the phosphatase that

dephosphorylates Sp, the phosphorylated form of the substrate (Figure 5.5).

To show how FFLs can generate ultrasensitivity in biochemical networks, I derive an
equation describing the concentration of Sp with respect to K. I start by again
assuming mass action kinetics, thus disregarding sources of ultrasensitivity due to
enzyme saturation. The interaction diagrams for this system with and without the
feedforward loop are shown in Figure 5.5, and the following chemical equation

describes the reactions relevant to the substrate:

kpK
kde

where k), is the rate constant for phosphorylation and k4, the rate constant for

dephosphorylation. For simplicity, I assume that the total amount of substrate, St is

constant, so the following conservation relation is established:

ST:S+SP 5.9

A B

L/ o/

Figure 5.5. Interaction diagrams for phosphorylation of substrate S by kinase K and

dephosphorylation by phosphatase H. A. No feedforward loop. B. Coherent feedforward loop:
K promotes phosphorylation of S both directly and by inhibition of its counteracting
phosphatase.
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Without a regulated phosphatase and using mass action kinetics, the concentration of

the phosphorylated form of the substrate, Sp can be described by the following ODE:

dSp 5.10
W = ka(ST —_— S) —_— kdeSP

And therefore, at steady state, the concentration of the phosphorylated substrate is
described by:

ke, K 5.11

Sp =St
P T kK + kgpH

Next, I include the coherent FFL by allowing the kinase to inhibit the phosphatase. For
simplicity, here I assume that the phosphatase is activated by another, constant

phosphatase. Therefore, the ODE for the phosphatase H:

dH 5.12
E = kah(HT - H) — kinKH

The concentration of active phosphatase can be calculated by assuming it is at steady

State:

kan a 5.13

H=H H——
Tk Ta+ K

an + kinK

Where a = kg, /k;j, the ratio of the rate constants for the activation and inactivation
of the phosphatase H, and also the concentration of K at which 50% of H is
phosphorylated. This can be substituted in Equation 5.11, to describe the

concentration of the phosphorylated substrate in the coherent FFL:

k,K 5.14
T
kpK + kgpHr ——

a+ K

SP:S

Which leads to the following expression for the fraction of phosphorylated substrate:
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Sp aK + K? 5.15

Sr  af + aK + K?2

where = kg, Hr/k,, which is the concentration of K at which 50% of the substrate
is phosphorylated if the phosphatase was fully active (dephosphorylated). Equation
5.15 describes a nonlinear response that depends on two parameters, a and £. In the
limit where @ — 0 and f — oo, this equation is similar to a Hill function with Hill
coefficient n = 2 (see Chapter 2). Of course, this situation is not possible in reality,
but it can be approximated if f > «, which implies that the phosphorylation of the
phosphatase is more efficient than phosphorylation of the substrate (or that the
dephosphorylation of the phosphatase is less efficient than dephosphorylation of the
substrate). This is shown in Figure 5.6A-C where I plot the shape of the function
described by Equation 5.15 for different values of ¢ and f. This response can be
compared to the hyperbolic response where the phosphatase is unregulated and

H = H (Figure 5.6D):

S_P K 5.16

Sy B+K

And to the equivalent Hill function (Figure 5.6E):

Sp K 2 5.17

Sy B%+K?
For a large value of  (i.e, 10) and smaller values of a (Figure 5.6A and B), the
response of the phosphorylated fraction of substrate is clearly sigmoid, and similar to
the equivalent Hill function, albeit with a lower value for . This is because the strong

inhibition of the phosphatase at low values of K (given by the low a value) allows the

proportion of phosphorylated substrate to be higher in the presence of the coherent
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feedforward loop compared to the Hill function (Figure 5.6 D and E). However, for
large values of a and/or small values of (3, the ultrasensitivity in the response is much

less significant, and the curves are similar to the case with no coherent feedforward

loop (Figure 5.6D).
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Figure 5.6. Ultrasensitivity due to coherent feedforward loops. A, B, C. Fraction of
phosphorylated substrate with respect to kinase (K) activity for the coherent feedforward
loop mechanism (Equation 5.15). D. Fraction of phosphorylated substrate with respect to
kinase activity with constant phosphatase (Equation 5.16). E. Fraction of phosphorylated
substrate with respect to kinase activity given by a Hill function with n = 2 (Equation 5.17).
The values for a are given in the title for the relevant panels, and those for §3 in the legend
(a = kqp/kip, the concentration of K at which 50% of H is phosphorylate; 8 = kg, Hr/ky, the
concentration of K at which 50% of the substrate is phosphorylated if the phosphatase was
fully active).

Theoretically, the maximum possible Hill coefficient for the response to SP to K with
the simple coherent FFL is n = 2. Although this is not achievable in practice, in the
model of the mitotic switch with regulated CDK-counteracting phosphatase, the slight

ultrasensitivity created by the coherent FFL, together with positive feedback are

142



Chapter 5. The mitotic switch with MPF-regulated CDK-counteracting phosphatase activity

enough to allow bistability in the system. Higher apparent Hill coefficients can
potentially be achieved if as in Section 5.3, the phosphatase can auto-activate.
However, this also requires the inclusion of a background rate of activation for the

phosphatase.

Finally, it is important to mention that although this derivation was done for the
example of a protein phosphorylation system, the conclusions apply for any other
reversible modification, such as acetylation and methylation. This is also the case for
other mechanisms that can generate ultrasensitivity, like for example, multistep
modifications (i.e. multisite phosphorylation) and zero-order ultrasensitivity

(Goldbeter and Koshland, 1984, 1987; Gunawardena, 2005; Kapuy et al., 2009a).

5.5. A model of the mitotic switch with regulation of CDK counteracting
phosphatase activity by Greatwall explains experimental data from Xenopus egg

extracts

In the previous section I showed how regulation of the activity of the CDK-
counteracting phosphatase could be important in contributing to ultrasensitive
responses of MPF regulators and thus to bistability in the mitotic switch. In this
section, I will incorporate the Greatwall kinase as another component of the mitotic
switch network and use this model to simulate experimental data obtained from
Xenopus egg extracts. Most of this work has been published together with
experimental data obtained by Liliana Krasinska, Daniel Fisher and their
collaborators (Krasinska et al., 2011). I also discuss some experimental results from

other publications (Yu et al,, 2006; Zhao et al., 2008; Mochida et al., 2009).
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The new model is based on the one presented in Section 5.3. Again, only mass action
kinetics is assumed for all reaction rates. Thus, the differential equation for MPF and
its associated algebraic equations are the same as before (Equations 5.1, 5.5 and 5.6),
but [ modify the ODE for PP to incorporate its inhibition by Greatwall. Here, I assume
that Greatwall phosphorylates and inactivates PP directly. It is now know that this
regulation is actually indirect, exerted by the Greatwall-dependent activation of the
small protein inhibitors ENSA, but for simplicity, this is not taken into account. The
consequences of this assumption will be discussed later. I also assume that PP is
dephosphorylated and thus inhibited by a constant phosphatase distinct from PP, a
Greatwall-counteracting phosphatase that has different substrate affinity than the
CDK-counteracting phosphatase. Therefore, the ODE for the Cdkl-counteracting

phosphatase, PP can be written as:

dPP 5.18
—— = kapp(PP = PP) = kpyGwl - PP

Where kg, is the rate constant for dephosphorylation of PP by the hypothetical

Greatwall-counteracting phosphatase, and k;,,, the rate constant for phosphorylation
of PP by Greatwall whose active concentration is Gwl. To simulate experimental
results, the effect of pharmacological CDK inhibitors (here referred to as RO), and the

phosphatase inhibitor okadaic acid (OA) were incorporated in the model. In order to

do this, the actual activity of PP and MPF is written as,

MPF 5.19
MPFa = 1770

PP 5.20
PPa= 1702
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Where RO and OA are the concentrations of the added inhibitors measured as
multiples of their IC5o for the appropriate enzyme, where the ICs is the concentration
of inhibitor that reduces enzyme activity by 50% in the egg extracts. The variables
defined by algebraic Equations 5.19 and 5.10 are used when MPF and PP act as
enzymes on other proteins, but not when they are substrates, as in the equations for
their activation and inactivation (Equations 5.1 and 5.18). Incorporating this

modification, the ODEs for Cdc25 and Weel are similar to the equations used in

Section 5.3.
dCdc25 5.21
T w2sMPFa(Cdc25; — Cdc25) — Vi;sPPa(Cdc25)
dWeel 5.22
TR VoweePPa(Weely — Weel) — Viyee MPFa (Weel)

The ODE for Greatwall is similar to the one for Cdc25 (Equation 5.21), since this
kinase is activated by MPF-dependent phosphorylation, and for simplicity, and logical
consistency, assumed to be dephosphorylated by the CDK-counteracting phosphatase

PP:

dGwl 5.23
T = kangMPFa(GWlT - GWl) - kingPPa(GWl)

Equations 5.1, 5.5, 5.6 and 5.18-23 represent the core of the model of the mitotic
switch including Greatwall, and the standard parameter set is presented in Table 5.2.
Parameter values were chosen to reflect qualitative features of the mitotic switch,
and an appropriate time scaling to simulate experimental time courses. The

interaction diagram for the model is shown in Figure 5.7A. As in all the previous
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models, Cdc25 and MPF form a positive feedback loop and Weel and MPF a double
negative feedback loop. However, there is an extra double negative feedback loop in

this system, between Greatwall and PP.

Table 5.2. Parameter values for the model of the mitotic switch including Greatwall.

Parameter Description Value
Cycr Total cyclin 0.1
PPy Total PP 1
kipp Rate of PP inhibition by Greatwall 2
kapp Rate of PP activation 0.2
Gwly Total Greatwall 1
kagwi Rate of Greatwall activation by MPF 2
kigwi Rate of Greatwall inactivation by PP 2

Cdc25¢ Total Cdc25 1
kye Rate of MPF activation by inactive Cdc25 0.02
kys Rate of MPF activation by active Cdc25 2
Vaos Rate of Cdc25 activation by MPF 2
Vias Rate of Cdc25 inactivation by PP 2

Weelr Total Weel 1
klee Rate of MPF inactivation by inactive Weel 0.02
kyee Rate of MPF inactivation by active Weel 2

Vowee Rate of Wee1l activation by PP 2
Viwee Rate of Wee1l inhibition by MPF 2
St Total generic mitotic substrate 1
kops Rate of generic substrate phosphorylation by MPF 2
kaps Rate of generic substrate dephosphorylation by PP 2
RO Pharmacological CDK inhibitor 0
0OA Pharmacological PP inhibitor (i.e. okadaic acid) 0

As expected from previous analysis, the coherent feedforward loops in this network
help to make the steady state responses of Cdc25, Greatwall and Weel to MPF
ultrasensitive, while PP activity drops with increasing MPF in a nonlinear way (Figure
5.7B). These responses can lead to bistability in the model as shown by the three
intersections of the nullclines in Figure 5.7C. The PP nullcline is the same response as
in Figure 5.7B, while the shape of the MPF-nullcline depends on the Cdc25 and Weel

feedback loops.
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Figures 5.7D and E show this bistable response for both MPF and PP activities with
respect to the total cyclin level. In this section, I also look at the response of a generic
mitotic substrate (S) that is phosphorylated by MPF and dephosphorylated by PP. In
the following, the phosphorylated form of this substrate (Sp) is used as a general
marker of the mitotic state of the cell (Figure 5.7F). The differential equation for the

phosphorylated form of this generic substrate is then:

ds 5.24
d—: = kpsMPFa(Sy — Sp) — kapsPPa(Sp)

As for all the components of the system, the concentration of the phosphorylated
substrate shows a bistable response with respect to Cycr (Figure 5.7F), with saddle

node bifurcations at the same values as the cyclin thresholds for MPF activation and

inactivation.
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Figure 5.7. Core of the mathematical model of the mitotic switch including Greatwall. A.
Interaction diagram. B. Response of PP, Cdc25, Greatwall and Weel to MPF activity. C.
Nullclines showing bistability (Cycy = 0.5). D, E, F. Bistable response of MPF, PP and the
concentration of a phosphorylated generic substrate, respectively, with respect to Cycy. C,D,E
and F also show how the PP nullcline and responses change upon addition of OA (99%ICsg).
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Figures 5.7C-E also show the effect of strong PP inhibition on the system, which
results in near-loss of bistability. In particular, the cyclin threshold for MPF activation
is essentially lost, and virtually all Cycr corresponds to active MPF (Figure 5.7D). This
is because without a counteracting phosphatase, low MPF activities, even at very low
concentrations of total cyclin, will eventually lead to phosphorylation of Cdk1l
substrates, and thus Cdc25 activation and Wee1l inhibition. This can be observed in
the response of the generic mitotic substrate to Cycr (Figure 5.7F), which can be
almost fully phosphorylated even at very low Cycr values. This result agrees with
experimental data which shows that addition of okadaic acid to Xenopus extracts
blocked in interphase leads to phosphorylation of mitotic substrates and premature
mitotic entry at very low concentrations of CycB (Solomon et al., 1990; Krasinska et
al, 2011) and is similar to previous analysis of the original Novak-Tyson model

(Novak and Tyson, 1993).

In Figure 5.8A I consider further the effects of PP inhibition on the mitotic switch by
showing the response of the generic mitotic substrate with respect to Cycy for a
range of OA values. This shows that at low levels of inhibition, the response is still
bistable, although the cyclin threshold for mitotic entry is significantly reduced. As PP
inhibition increases, bistability and the cyclin thresholds are reduced further. A two-
parameter bifurcation diagram for OA versus Cycr confirms these observations
(Figure 5.8B). The decrease in the cyclin threshold for mitotic entry has been
confirmed by experiments that show that the amount of added cyclin needed to
induce mitosis in interphase Xenopus egg extracts is reduced upon addition of okadaic
acid in concentrations not high enough to induce mitotic entry (Figure 2F from

Krasinska et al 2011).
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Figure 5.8. The effect of PP inhibition on the mitotic switch. A. Addition of different amounts of
OA. For each curve, from right to left, 0A = 0, 0.5, 1, 2, 5, 10, 99. B. Two-parameter bifurcation
diagram showing the effect of okadaic acid on the cyclin thresholds for MPF activation and
inactivation.

A final way to analyse the effect of PP inhibition by OA is to simulate the dynamics of
the system by numerical integration of the ODEs. Figure 5.9A shows such a simulation
for a Xenopus extract blocked in interphase by inhibition of protein synthesis (by
addition of cycloheximide). I assume that there is a small level of cyclin present in
these extracts (Cycy =0.1), as has been shown experimentally (Solomon et al., 1990).
Since there is no protein synthesis and therefore Cyc; is constant, in this simulation
the system is at steady state, with inactive MPF, Cdc25 and Greatwall and active PP
and Weel. There is also a low amount of phosphorylated CDK (Y15P), which
corresponds to the concentration of inactive Cdk1-CycB complexes, which is almost

the same as the total cyclin concentration.

Upon addition of okadaic acid to an interphase extract (Figure 5.9B), Weel is
inactivated, while Cdc25 and Greatwall are activated, after a delay, as predicted by
the bifurcation analysis (Figure 5.7). MPF is also activated, although its concentration

can only rise up to the low cyclin concentration present in the extract. However, as
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explained before, in the absence of phosphatase activity, even this small MPF activity
is enough to phosphorylate mitotic substrates. After mitotic entry, the system reaches
a new steady state where MPF substrates are phosphorylated. The system remains at
steady state because I do not take into account APC/C activation and cyclin
degradation. The delay between the addition of okadaic acid (at time 0) and mitotic
entry is due to the time it takes for the feedback loops to become engaged and allow
full activation of MPF and Cdc25 and inactivation of Weel. A similar delay can be
observed for a simulation of the effect of addition of a supra-threshold concentration
of CycB (Figure 5.9C), which as expected also causes phosphorylation of MPF
substrates and mitotic entry. In this case, once the mitotic steady state is reached,
MPF activity is much higher, but there is also a background PP activity that can lead

to a slightly lower steady state level of MPF-substrate phosphorylation.

A. Interphase B. +OA: 99 x ICy C.+CycB (Cyc, =.7)

05 Gwl 05

concentration

0 20 40 60 80 100 ] 20 40 60 80 100
time time time

Figure 5.9. Dynamical simulations of interphase Xenopus extracts. A. Interphase (control)
extract. Initial conditions: MPF = 0, PP = PPy, Cdc25 = 0,Weel = Weely, Gwl = 0,Cycy =
0.1,0A =0,RO = 0. Also pictured is the level of phosphorylated CDK (Y15P), which
corresponds to the concentration of inactive (Weel-phosphorylated) Cdk1-CycB complex,
(Y15P = Cycy — MPF). B. Mitotic entry caused by strong PP inhibition. Initial conditions as
in A, except 0A = 99. C. Mitotic entry caused by addition of CycB. Initial conditions as in A
except Cycr = 0.7.
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To show that CDK-dependent phosphorylation was indeed responsible for the mitotic
entry induced by okadaic acid, L. Krasinska and D. Fisher performed experiments in
which they tried to block such entry by addition of the CDK inhibitors NU6102 and
RO-3306, here referred to as RO (Figure 3D from Krasinska et al 2011). These
experiments indicated that relatively high levels of CDK inhibition were required to
block entry, while lower levels only showed a delay. Time-course simulations
corresponding to these experiments are shown in Figure 5.10. Panel A shows the
effect of strong PP inhibition combined with low CDK inhibition. This still results in
mitotic entry, but with a slight delay (compare with Figure 5.9B, without CDK
inhibition). At higher concentrations of CDK inhibitor, the delay is increased further,
because it takes longer for the reduced MPF activity to engage the positive feedback
loops that result in its partial activation and phosphorylation of its substrates. This
delay eventually appears as a block in mitotic entry within the time frame of the
experiment (Figure 5.10B), and as a true block at even higher concentrations of the

CDK inhibitor.

A. +0A: 99Ix IC50, +RO.: 1x IC50 ‘ B +0A: 99‘x Icso‘ +RQ: 9 x IC50 .

0.5

concentration
o
o

0 20 40 60 80 100 0 20 40 60 80 100
time time

Figure 5.10. Dynamical simulations of the effect of combined PP and MPF inhibition. Initial
conditions as for Figure 5.9A, except for the concentrations of OA and RO, specified at the top
of each panel. A. PP inhibition and partial CDK inhibition leading to mitotic entry. B. PP
inhibition combined with enough CDK inhibition to block mitotic entry in the time frame of
the experiment.
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Another experiment carried out by L. Krasinska and D. Fisher to confirm the role of
CDK in the mitotic entry induced by okadaic acid was to see if such entry could be
blocked by preventing MPF activation through Cdc25 depletion from the interphase
extracts. Perhaps surprisingly, the results showed that entry was still possible after
significant Cdc25 depletion (Figure 4B from Krasinska et al 2011). However, this
result is consistent with the mathematical model, as shown in Figure 5.11. Panel A
shows the response of the switch components to MPF after depletion of 90% of
Cdc25. In the absence of okadaic acid, this depletion results in a very large increase in
the cyclin threshold for mitotic entry, observed in the response of the generic mitotic
substrate. For this example, the threshold cannot be observed at the expected scale
for Cycy (Figure 5.11B, -OA). However, upon PP inhibition, the response becomes
similar to that obtained for partial levels of PP inhibition (Figure 5.8A). Although
there could still be a low cyclin threshold for mitotic entry, this may be lower than the
interphase cyclin level (as in this example), which indicates that it would still be
possible to induce phosphorylation of MPF substrates and mitotic entry after
significant depletion of Cdc25. However, a more significant depletion of Cdc25, like
the example in Figure 5.11C and D, can block okadaic acid-induced mitotic entry,
when the resulting cyclin threshold is higher than the interphase cyclin level. How
much Cdc25 depletion is required to block this type of mitotic entry depends on a
combination of factors in the model, including the interphase cyclin level, the extent

of PP inhibition and model parameters.
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Figure 5.11. Effect of combined Cdc25 depletion and PP inhibition on the mitotic switch. A.
Response of the components of the mitotic switch to MPF with 10% of the normal Cdc25
level. B. Response of the concentration of the phosphorylated generic mitotic substrate to
Cycy with 10% of the normal Cdc25 level with and without okadaic acid. C. Like A, but with
1% of the normal Cdc25 level. D. Like B with 1% of the normal Cdc25 level.

Finally, I used this model of the mitotic switch to explain the results of experimental
perturbations of the PP2A-B558 and Greatwall levels. Two-parameter bifurcation
diagrams can show the potential effects of addition and depletion of these proteins on
mitotic entry and exit. In general, the two-parameter bifurcation diagram for PP; for
the model of the mitotic switch including Greatwall (Figure 5.12A) is similar to the
PPy versus Cycy; two-parameter bifurcation diagram for the simple model with PP
regulation (Model B) presented in Section 5.3 (Figure 5.4C). An increase in the total

level of PP results in an increase of both cyclin thresholds (for MPF activation and
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inactivation), as shown in Figure 5.12A. This would be expected to delay (and
eventually block) mitotic entry, because more cyclin is required to flip the switch into
mitosis. Indeed, experiments have shown that addition of PP2A-B558 to cycling
extracts in Xenopus delays mitotic entry and slows down cell cycles, eventually
resulting in an interphase block when high enough concentrations are added
(Mochida et al., 2009). An increase in PP during mitosis could destabilise the mitotic
state and induce mitotic exit, if the cyclin threshold for mitotic exit becomes larger
than the cyclin level in the mitotic state. These observations corroborate the intuitive
notion that in general, an increase in the CDK-counteracting activity tends to promote

the interphase state.

On the other hand, a decrease in the total level of PP reduces both cyclin thresholds in
the mitotic switch (Figure 5.12A), having similar effects to inhibition of PP (Figure
5.8B). This depletion would therefore be expected to advance mitotic entry, because
MPF can be activated at lower cyclin levels. This was indeed shown to be the case in
cycling extracts from Xenopus eggs, where depletion of the PP2A regulatory subunit
B556 resulted in premature mitotic entry (Mochida et al., 2009). According to the
model, PP depletion could delay or block mitotic exit, as more cyclin would need to be
degraded in order to inactivate MPF. Paradoxically, experiments showing the effect of
B556 depletion on mitotic exit proved to be inconclusive, as exit was blocked when
the protein was depleted in interphase, but not when it was depleted in mitosis

(Mochida et al., 2009).
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Figure 5.12. Two-parameter bifurcation diagrams for the total concentrations of (A) PP (PPr)
and (B) Greatwall (Gwly), with respect to Cycr for the model of the mitotic switch including
Greatwall. The dashed horizontal line in each panel shows the original parameter value used
for the rest of the analysis (Table 5.2).

A two-parameter bifurcation diagram for the total level of Greatwall, the PP inhibitor
in this model (Figure 5.12B) shows that the result of addition or depletion of

Greatwall is roughly opposite to the same perturbation for PP (Figure 5.12A). This

bifurcation diagram is similar to the two-parameter bifurcation diagram for k;,,, the

rate of PP inactivation by MPF, in the simple model presented in Section 5.3 (Figure
5.4A). Thus, addition of Greatwall can decrease both cyclin thresholds and promote
the mitotic state by perhaps causing an early entry and delayed exit. However, the
effect on the thresholds is not as significant as PP depletion, and at very high
concentrations of total Greatwall the positions of the saddle node bifurcations are
insensitive to this parameter. Therefore it is possible that the effect of Greatwall
addition is difficult to observe experimentally. Indeed, addition of unphosphorylated
Greatwall to interphase extracts has little effect, although addition of previously
activated Greatwall can indeed induce mitotic entry (Zhao et al.,, 2008). The effect of

Greatwall depletion would be expected to be more significant, and lead to a delay in
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mitotic entry or interphase block and premature exit form mitosis, due to the
increase of both cyclin thresholds and eventual loss of bistability. Both of these effects
have been indeed observed in Xenopus egg extracts (Yu et al., 2006; Zhao et al., 2008;

Castilho et al,, 2009; Vigneron et al,, 2011).

5.6. Discussion

In the last few years there has been increasing awareness of the importance of
phosphatases in processes regulated by protein phosphorylation, like the cell cycle.
This is partly due to progress in our understanding of how some of the most
important but general phosphatases in eukaryotic cells, like PP2A and PP1, can be
regulated through binding of regulatory subunits, which can direct their subcellular
localization and restrict possible substrates (Virshup and Shenolikar, 2009). This
regulation can confer phosphatases specificity in time, space and substrate binding,
and perhaps make the regulation of phosphatase activity as important as regulation

in kinase activity in many cellular processes.

Combined with classic and modern biochemistry techniques, this increased
knowledge about phosphatases has allowed the identification of specific enzymes and
regulatory subunits involved in reversing CDK-dependent phosphorylation, and thus
opened the doors to understanding their regulation in a relatively short period of
time. Despite some early suggestions that CDK-counteracting phosphatase activity
was reduced in mitosis (Kumagai and Dunphy, 1992; Clarke et al,, 1993; Lee et al,,
1994), little progress was made until recently, when this activity was confirmed to

fluctuate in Xenopus egg extracts (Mochida and Hunt, 2007), and subsequently
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identified as PP2A-B556 (Mochida et al, 2009). Based on these findings, in this
chapter I have shown some possible consequences of the down-regulation of CDK-
counteracting phosphatase activity in mitosis, particularly how this can affect the

mitotic entry switch, from a dynamical systems perspective.

According to the simple models in Section 5.3, if MPF promotes inhibition of its
counteracting phosphatase, its activity has a dual effect on the phosphorylation of
mitotic substrates: it directly promotes their phosphorylation and indirectly inhibits
their dephosphorylation, creating coherent feedforward loops (Novak et al., 2010).
This would also ensure that the kinase-to-phosphatase ratio changes sharply between
interphase and mitosis, and minimizes futile cycles of phosphorylation and
dephosphorylation of mitotic Cdk1 substrates, and in principle, allow a high steady

state level of phosphorylation of these substrates.

Furthermore, these coherent feedforward loops can potentially generate
ultrasensitivity in the response of the phosphorylation state of the mitotic substrates
to MPF activity. Since Cdc25 and Weel are also MPF and PP substrates, this
mechanism for generating ultrasensitivity could contribute to bistability in the
mitotic switch. However, this is unlikely to be the only source of ultrasensitivity in
these responses, and other mechanisms like multisite phosphorylation, substrate
competition and saturation effects are important, as has been proposed theoretically
(Goldbeter and Koshland, 1981; Gunawardena, 2005; Kapuy et al., 2009a; Domingo-
Sananes and Novak, 2010). In fact, experimental evidence suggests that substrate
competition and multisite phosphorylation contribute to ultrasensitivity in the
responses of Weel and Cdc25 to Cdk1-CycB, respectively (Kim and Ferrell, 2007;

Trunnell et al., 2011). However, in these experiments the proposed mechanisms have
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been unable to reconstitute in vitro the sharpness of the response, measured as the
apparent Hill coefficient. Therefore, it is possible that ultrasensitivity due to the
coherent feedforward loops created by MPF-dependent inhibition of CDK-
counteracting phosphatase activity significantly contributes to ultrasensitivity in vivo.
Furthermore, this regulation might be important for the functioning of the mitotic
switch by contributing to bistability, although this contribution still remains to be

experimentally assessed.

It is also worth noting that inhibition of PP by MPF constitutes another example of
coherent regulation of opposing enzymes, which as discussed previously seems to
have an important role in generating switch-like responses (Chapter 3 and Ferrell
2008). In fact, besides feedforward loops, this regulation also creates new feedback
loops in the network. In particular, MPF and PP are involved in a deeply antagonistic
relationship; not only do they reverse each other’s reactions, but they also form
double negative feedback loops. That is MPF inhibits PP, but PP also indirectly
inhibits MPF by activating Weel and inactivating Cdc25. This antagonism can be
thought to contribute to bistability, as it helps create two characteristically different
states in terms of kinase-to-phosphatase ratio: interphase with high PP and Weel
activities and low MPF and Cdc25, and mitosis, where Cdc25 and MPF are high and

Weel and PP have low activities.

The analysis in Section 5.3 therefore shows that down-regulation of PP by MPF
during mitosis is likely to be and integral part of the mitotic switch. As in Chapter 3,
this also highlights the importance of network architecture in generating particular
behaviours. In this case, it again shows how coherent regulation of opposing enzymes

can contribute to generating bistable switches.
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It is now known that the regulation of PP by MPF is not direct, but requires
intermediate components Greatwall and ENSA (Goldberg, 2010; Wurzenberger and
Gerlich, 2011). Although this makes the network more complex, the main conclusions
obtained by the analysis of the simple model in Section 5.3 are still valid for the model
including the Greatwall kinase, presented in Section 5.5. However, this later model is

useful to simulate and explain experimental data form Xenopus egg extracts.

It has long been known that addition of okadaic acid to Xenopus egg extracts leads to
mitotic entry and abolishes the cyclin threshold for MPF activation (Goris et al., 1989;
Félix et al, 1990; Solomon et al, 1992). These observations can be explained by
assuming that okadaic acid inhibits the phosphatase that reverses CDK
phosphorylations on Cdc25 and Weel (Novak and Tyson, 1993). This is consistent
with the identification of this phosphatase as a form of PP2A (Mochida et al,, 2009). In
this chapter, I also showed that intermediate levels of phosphatase inhibition result in
a decrease of the cyclin threshold for MPF activation. L. Krasinska and D. Fisher
verified the decrease in the cyclin threshold experimentally, by showing that addition
of concentrations of okadaic acid that do not result in mitotic entry, reduce the
amount of CycB required to bring the extract into the mitotic state (Krasinska et al,,

2011).

[ also used this model to simulate the effect of combined inhibition of PP and MPF,
and of inhibition of PP combined with Cdc25 depletion (Figures 5.9 and 5.10). These
experiments were carried out to try to confirm that okadaic acid had an inhibitory
effect on the CDK-counteracting phosphatase, and not on a different phosphatase, and
that mitotic entry in these treated extracts depends on Cdk1 activity. In some regards,

these experiments were “unsuccessful”, because inhibition of Cdk1 or prevention of
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its activation by Cdc25 depletion did not necessarily prevent okadaic acid-induced
mitotic entry. However, the analysis of the model shows that the nonlinear character
of this system, can make the outcomes of such experiments difficult to predict, and
that if phosphatase inhibition is strong enough, even significant CDK inhibition or
Cdc25 depletion will not prevent phosphorylation of MPF substrates and mitotic
entry. Therefore, there should be caution when interpreting these types of results in

highly nonlinear biochemical systems.

[ also looked at the effects of perturbing the levels of Greatwall in the model. In
particular removal of this protein promotes the interphase state, because PP remains
active. Thus, both cyclin thresholds increase, delaying mitotic entry and causing
premature exit, and in this respect the model agrees with experimental results (Yu et
al., 2006; Zhao et al., 2008). The model in Section 5.5 also predicts that bistability in
the system can be lost due to Greatwall depletion. However, in this model bistability
depends on ultrasensitivity by the coherent feedforward loops formed by MPF-
dependent inhibition of PP. Therefore, when Greatwall is removed, ultrasensitivity in
the responses of Weel and Cdc25 to MPF is eliminated, and thus bistability is lost. In
reality, because there are other sources of ultrasensitivity in the system, it is possible
that bistability would still be present upon Greatwall depletion, although the increase
in the cyclin thresholds would still be expected. This observation could be used to
experimentally assess the contribution of ultrasensitivity by the feedforward loops to
bistability in this system. That is, if Greatwall depletion does indeed result in
complete loss of bistability, PP regulation is likely to be a significant source of

ultrasensitivity that is required for bistability in the mitotic switch.
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Another aspect of Greatwall regulation in this model is the presence of a double
negative feedback loop between Greatwall and PP. This is formed due to the
assumption that PP removes the activating CDK phosphorylations on Greatwall,
which is made for logical coherence, but has not been proved experimentally. In the
next chapter, I will discuss some evidence that suggests that PP2ZA-B558 may indeed
dephosphorylate Greatwall. Although the existence of this feedback loop is not a
requirement for bistability in the network, it can make the bistable region wider, in a
similar fashion to the positive feedback loop in the simple model with auto-regulated
PP in Section 5.3. Therefore, it is possible that it could make the mitotic switch more

robust.

One possible consequence of the existence of this double negative feedback loop
could be the existence of bistability in the response of PP to MPF, independent of MPF
regulation by Cdc25 and Weel. That is if Greatwall and PP are involved in a feedback
loop, and the response of one of them is ultrasensitive, a bistable switch independent
of tyrosine phosphorylation of CDK could be generated. Since Greatwall activity
depends on MPF, the existence of this feedback loop could result in a bistable
response of PP to MPF. Such a response could perhaps help to explain hysteresis
remaining in the system when the Weel-dependent regulation of CDK is

compromised.

One potential source of nonlinearity that could lead to bistability in the Greatwall-PP
double negative feedback loop is ENSA, since such stoichiometric inhibitors can cause
ultrasensitive responses (Novak and Tyson, 2008). This component was not
incorporated in the model for simplicity, but its inclusion could have important

consequences for the mitotic switch, and should be analysed in future work. In any
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case, the possible contributions of the Greatwall-PP double negative feedback loop to
the mitotic switch and to the dynamics of the system still need to be rigorously

assessed.

Finally, it is important to mention that so far there is evidence to support the role of
PP2A-B550 in preventing mitotic phosphorylation during interphase (Mochida et al,,
2009; Castilho et al., 2009; Krasinska et al., 2011), but its role during mitotic exit is
not clearly defined, since depletion of B558 during a mitotic block does not seem to
prevent exit (Mochida et al., 2009). This could be because a different phosphatase is
required to dephosphorylate CDK substrates immediately after mitosis, while PP2A-
B550 is required to maintain the interphase state. In fact, other PP2A regulatory
subunits, like B55a and B56, and even PP1 have been implicated in the reversal of
mitotic phosphorylations during mitotic exit, in Xenopus eggs and in other organisms
(Trinkle-Mulcahy and Lamond, 2006; De Wulf et al., 2009; Wurzenberger and Gerlich,
2011). This could create a situation analogous to the activities of the APC/C
regulators that target mitotic cyclins for degradation, where in many cells Cdc20 is
active during mitotic exit and Cdh1 active in interphase. However, if this were the
case, then the mitotic exit that takes place after B550 is probably reversible. Such a
scenario does not necessarily invalidate the picture of the mitotic switch that [ have
presented here, as the interactions are still valid. However, it may have important

consequences for the dynamics of mitotic exit, which still need to be addressed.
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5.7. Summary

In this chapter I have analysed how the changing picture of the molecular network
controlling mitotic phosphorylations can contribute to the understanding of the
mitotic switch. This field has advanced quickly in the last few years, with the
Greatwall pathway for phosphatase regulation being discovered during the course of

this work (Goldberg, 2010).

I have shown that inhibition of CDK-counteracting phosphatase activity during
mitosis may contribute to bistability and functionality of the mitotic switch. In a
general framework, [ have shown that coherent feedforward loops in biochemical
networks can create ultrasensitive responses. This mechanism could be important in

generating nonlinearity in many other biological systems.

[ also analysed a model of the mitotic switch including Greatwall as the kinase
responsible for regulating the activity of the CDK-counteracting phosphatase. Like in
the simple models analysed before, bistability and nonlinearity in this model are
generated by the network’s architecture, in particular by the presence of interlinked
feedback and feedforward loops. This model can qualitatively explain data obtained
from Xenopus egg extracts, including the effects of the phosphatase inhibitor okadaic
acid, combination of phosphatase inhibition and CDK inhibition or Cdc25 depletion,
and changes in the concentrations of the CDK-counteracting phosphatase and

Greatwall.

In the next and final chapter of this thesis, I will discuss some more general
implications of the previous chapters. I will also draw on the results from the

previous chapters to propose a revised model of the mitotic switch.

163



Chapter 6. General discussion

Chapter 6.

General discussion

6.1. Overview

In this thesis, I have developed different models of a relatively simple system, the
mitotic switch that controls mitotic entry in most eukaryotic cells. The analysis of
these models have been mainly concerned with understanding how bistability arises
in this system and analysing factors that may affect this property, such as network

architecture and sources of ultrasensitivity.

Since | have already discussed specific issues and future prospects relating to
individual chapters, in this final discussion I aim to bring together concepts and ideas
relevant for all the work presented previously. Based on properties studied so far and
experimental evidence I will also propose an updated model of the network
controlling the mitotic switch, which is a hypothesis awaiting experimental

verification, and a starting point for future theoretical analysis.

6.2. General remarks and conclusions

The importance of decision-making and switches has long been familiar in biological

systems. Sigmoid or ultrasensitive responses have long been recognized as
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mechanisms through which a small change in a system property or signal could
generate a large response (Koshland et al, 1982). A few mechanisms have been
proposed to generate sigmoid responses in biochemical reaction networks, such as
cooperativity in multi-subunit and allosteric proteins, enzyme saturation, which leads
to zero-order ultrasensitivity, and multistep effects in mechanisms like multisite
phosphorylation and signalling cascades (Goldbeter and Koshland, 1981; Koshland et
al., 1982; Ferrell, 1996; Markevich et al., 2004; Gunawardena, 2005). In this thesis, |
have shown that network motifs, such as coherent feedforward loops and positive
feedback loops are a potential source of ultrasensitivity (Chapters 3 and 5 and Chang
et al. 2010; Novak et al. 2010). This source of ultrasensitivity is related to multistep
effects described previously (Koshland et al.,, 1982), as it relies on the action of one
effector at several places in a reaction network. However, it is important to recognise
the importance of this source of nonlinearity in biological systems. Even though their
individual contributions may be small, the abundance of such motifs in these

networks may make these sources significant nonetheless.

Ultrasensitive responses are in turn important for generating bistability (Tyson et al.,
2003; Ferrell and Xiong, 2001; Angeli et al., 2004), which seems to be an important
property of efficient and irreversible biological switches. As mentioned in Chapter 3,
bistability is not exclusive to the mitotic switch, and has been found in other systems
across very different organisms (Ninfa and Mayo, 2004; Pomerening, 2008).
Bistability is probably more common than it is presently realised and it may have a
role in most irreversible transitions in cells, such as developmental and
differentiation switches. It probably also has an important role in ‘reversible’

decisions that show hysteresis, like some responses to environmental and internal
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changes. Understanding these systems is therefore important if we ever want to

manipulate them for therapeutic or engineering purposes.

In Chapter 4 I explored how multisite phosphorylation can create ultrasensitive
responses, following on work by us and others (Gunawardena, 2005; Kapuy et al,,
2009a; Wang et al, 2010). However, systems of multistep modifications can
potentially be extremely versatile, and can create not only monotonic responses, but
also bell-shaped curves and potentially even more complex responses (Chapter 4,
Salazar et al. 2007, 2009). Although it remains to be explored whether these complex
responses occur in real biochemical systems, mathematical models have proved very
useful in the analysis of the potential of these multisite phosphorylation mechanisms.
Furthermore, these models can also be used to predict the effects of changes in
regulation and mutation of phosphorylation sites as [ showed in Chapter 3. This
includes the demonstration that mutations of individual, biologically relevant,
phosphorylation sites can have little impact on the functioning of the system as a
whole (Chapter 4, Wang et al. 2010). These mathematical models may also prove
useful in trying to decipher the actual mechanisms for multisite phosphorylation that
take place in cells, by understanding particular properties of individual mechanisms,
such as the distribution of different phosphoforms and helping to make testable

predictions.

In Chapters 3 and 5 I showed that network architecture can be important for
bistability, not just due to the presence of positive feedback, but also because it can
create ultrasensitivity due to the nonlinear interactions between components. In
particular, coherent regulation of opposing enzymes could be an important

regulatory motif, as was also proposed by Ferrell (2008). This type of regulation may
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have a role in creating efficient and robust switches, and perhaps in some cases
preventing unwanted futile cycles (Goldbeter and Koshland, 1987). It may also have
important dynamical consequences, such as accelerating responses and transition

times, but this remains to be studied.

Coherent regulation of enzymes in a network creates interlinked feedback loops and
coherent feedforward loops, which I have shown can be a source of ultrasensitivity
and therefore contribute to bistability. Thus, ultrasensitivity dependent on network
architecture could on its own be enough to give rise to bistability in the presence of
positive feedback loops. Indeed, the possibility of bistability arising from multiple,
interlinked positive feedback loops was shown in parallel to this thesis (Chang et al,,
2010), while I have shown here the importance of coherent feedforward loops.
However, the existence of this source of ultrasensitivity does not rule out important
roles of other mechanisms, such as multistep effects due to covalent modifications
and signalling cascades, zero-order ultrasensitivity, cooperativity and sequestration
effects. In fact, it is likely that different mechanisms contribute to create efficient

biological switches.

Because of its remarkable properties, coherent regulation of opposing enzymes is
likely to be widespread in biochemical networks. For almost any process that takes
place in a cell, there is an opposite and counteracting process; synthesis is reversed
by degradation, phosphorylation by dephosphorylation, binding by unbinding, etc.
Most of these processes are regulated, and coherent regulation of opposing processes
may provide robustness, along with other interesting properties shown in this thesis
and by us and others (Goldbeter and Koshland, 1987; Ferrell, 2008; Chang et al,,

2010; Novak et al.,, 2010). Based on these ideas about the importance of coherent
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regulation, in the next section I describe potential additions to the mitotic switch

network.

6.3. Revised model of the network controlling the mitotic switch

The picture of the molecular network controlling the mitotic switch has changed and
grown over the past few years, with the incorporation of the regulation of CDK-
counteracting phosphatase activity. As | explained in Chapter 5, in Xenopus egg
extracts Cdk1-CycB indirectly down-regulates its counteracting phosphatase, PP2A-
B559, by activating Greatwall and ENSA (Cdkl — Greatwall — ENSA 4 PP2A), while
PP2A-B550 also indirectly inhibits Cdk1-CycB, by activating Weel (PP2A — Weel H
Cdk1l) and inhibiting Cdc25 (PP2A 4 Cdc25 — Cdk1l) (Figure 6.1). These double
negative feedback loops between Cdk1-CycB and PP2A-B559, together with the
Cdc25-Cdk1 positive and Weel-Cdk1 double negative feedback loops, help create two
characteristically different states: interphase where PP2A-B558 and Weel activities
are high and Cdk1, Cdc25, Greatwall and ENSA activities are low and Cdk1 substrates
remain dephosphorylated. In contrast, in mitosis, the opposite is true: Cdk1, Cdc25,
Greatwall and ENSA activities are high and Weel and PP2A-B559 activities are low,
resulting in phosphorylation of Cdkl substrates. Since it seems that besides B559,
other PP2A regulatory subunits of the B55 family are involved in reversing Cdk1-
dependent phosphorylation (Wurzenberger and Gerlich, 2011), in the following I
refer to the Cdk1-counteracting phosphatase as PP2A-B55. The fact that the Cdk1-
CycB counteracting phosphatase PP2A-B55 is regulated in a cell cycle-dependent

manner can explain recent biochemical data and provides a better description of
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mitotic control. Furthermore, the fact that it affects the feedback loops controlling
Cdk1 activation makes this phosphatase and its regulation an integral component

that shapes the mitotic switch. However, the present model is still not complete.

To fully describe a network with reversible phosphorylation each phosphoprotein
must be targeted by at least one kinase and one phosphatase. So far, we know that
Weel and Cdc25 target Cdkl, while Cdk1-CycB and PP2A-B55 target Weel and
Cdc25. However, we also know that Cdk1l phosphorylates Greatwall and Greatwall
phosphorylates ENSA, but the respective counteracting phosphatases have not yet
been identified, although some hypotheses about the nature and regulation of these

phosphatases can be proposed.

In the model of the mitotic switch including Greatwall, presented in Chapter 5, I
suggested that since Greatwall is a Cdk1 substrate, it might be dephosphorylated, and
thus inactivated, by the Cdk1 counteracting phosphatase PP2A-B55 (Figures 5.7A and
6.1). As mentioned there, if this were the case, Greatwall and PP2A-B55 would be
involved in a double negative feedback loop, since Greatwall inhibits PP2A-B55
though ENSA (Greatwall=ENSA 4 PP2A) and PP2A-B55 counteracts Greatwall
activation by Cdkl (PP2A 4 Greatwall). This double negative feedback loop could
further sharpen the ultrasensitive response of Cdkl substrates, making the mitotic

switch more robust (Chapter 5, Novak et al. 2010)

Although it is not known whether Greatwall is a PP2A-B55 substrate, some evidence
suggests that this may indeed be the case. Some clues come from experiments
showing that Greatwall becomes phosphorylated at very low Cdkl activity,
suggesting it may have an inhibitory effect on its counteracting phosphatase. For

example, PP2A inhibition by addition of microcystin or phosphorylated ENSA to
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Cdc25-depleted interphase-arrested (cycloheximide blocked) frog egg extracts causes
mitotic-like Greatwall phosphorylation (Gharbi-Ayachi et al, 2010). Under these
conditions, CycB levels are low and the few Cdk1-CycB dimers are inhibited by Weel-
dependent phosphorylation. Therefore if another phosphatase, not inhibited by
microcystin or ENSA were responsible for Greatwall inhibition, Greatwall should
remain dephosphorylated after PP2A-B55 inhibition. A related observation is that
activated (phosphorylated) Greatwall induces mitosis in interphase extracts in the
presence of the CDK inhibitor roscovitine (Castilho et al., 2009). As in the previous
argument, this suggests that active Greatwall inhibits its own phosphatase, that is, the
one that normally keeps Greatwall dephosphorylated in interphase, because
otherwise active Greatwall would be quickly dephosphorylated and inactivated when
placed into an extract where its activating kinase, Cdk1, is inhibited. This again points
to PP2A-B55, because it is known that Greatwall inhibits it through ENSA. Another
possibility would be that Greatwall inhibits yet another phosphatase that
dephosphorylates Greatwall. However, another key observation that suggests that
PP2A dephosphorylates Greatwall is the physical interaction of the two proteins
(Vigneron et al,, 2011). Since Greatwall indirectly regulates PP2A- B55 through ENSA,
and there are no obvious Greatwall-phosphorylation sites on PP2A, the interaction
could indicate that PP2A binds to phosphorylated-Greatwall in order to

dephosphorylate it.

The other unknown phosphatase in the mitotic control switch is the Greatwall
counteracting  phosphatase  that  dephosphorylates ENSA. Reversible
phosphorylation/dephosphorylation of ENSA is well established, since ENSA is

phosphorylated during M-phase in Xenopus extracts but not in interphase, while its

170



Chapter 6. General discussion

amount remains constant throughout the cell cycle and the phosphorylated form does
not seem to be specifically targeted for degradation (Mochida et al, 2010).
Furthermore, thio-phosphorylated (stably phosphorylated) but not phosphorylated
ENSA can stabilize M-phase of CSF extracts or induce M-phase in interphase extracts
in the absence of Greatwall (Gharbi-Ayachi et al., 2010). This indicates that ENSA is
rapidly dephosphorylated by an unknown phosphatase in the absence of its kinase

Greatwall.

The activity of the Greatwall counteracting phosphatase acting on ENSA is crucial for
the cell cycle control system, and we can anticipate that perturbations to this activity
could have very similar effects to perturbations to the Cdkl-counteracting
phosphatase. For example, inhibition of this phosphatase in interphase could lead to
mitotic entry, similar to addition of okadaic acid or removal of PP2A-B55 in
interphase, because a small amount of Greatwall activity could activate ENSA. By the
same logic, enhanced ENSA dephosphorylation in interphase could delay mitotic
entry. On the other hand increased activity of the ENSA phosphatase in mitosis could
result in premature mitotic exit, due to activation of PP2A-B55 and consequent
inhibition of Cdk1-CycB, while its depletion in M-phase could delay or block mitotic
exit because PP2A-B55 activation gets compromised. Although cell cycle regulation of
the phosphatase that inactivates ENSA is not a necessary requirement by the control
system, this is a possibility that must be considered. Using the ideas about coherent
regulation developed in the previous chapters, I can propose that it is likely that the
activity of the Greatwall-counteracting phosphatase is inhibited during mitosis,
similar to that of the CDK-counteracting phosphatase. Furthermore, this inhibition is

likely to be exerted, directly or indirectly, by Cdk1-CycB.
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The remaining question is the identity of this phosphatase that acts on ENSA, the
Greatwall-counteracting phosphatase. Greatwall belongs to a different family of
protein kinases from the CDKs, known as the AGC serine/threonine kinase family (Yu
et al, 2004). Since Greatwall phosphorylates completely different sites than Cdk1-
CycB, it is unlikely that the same phosphatase dephosphorylates sites targeted by
these kinases, arguing against PP2A-B55 as a candidate. The characteristics of the
ENSA phosphatase mentioned above, suggest that PP1 could be responsible for ENSA
dephosphorylation. This would explain data that indicates that PP1 activity is
required for dephosphorylation of mitotic proteins at mitotic exit (Walker et al,,

1992; Wu et al.,, 2009).

If PP1 were indeed responsible for ENSA dephosphorylation then even more
feedforward and feedback loops are created in the network, especially because PP1 is
inhibited by Cdk1 (Dohadwala et al., 1994; Wu et al,, 2009). In this case, Cdk1 down-
regulates PP2A-B55 via two redundant arms; activation of Greatwall increases ENSA
phosphorylation while inhibition of PP1 reduces ENSA dephosphorylation, which
results an efficient ENSA phosphorylation and thus PP2A-B55 inhibition via a
feedforward loop at mitotic entry. Furthermore, if Cdk1 phosphorylates PP1, then the
obvious assumption is that PP2A-B55 acts as the Cdk1-counteracting phosphatase,
which removes these inhibitory phosphates from PP1. This would create a positive
feedback loop between PP2A-B55 and PP1, because PP2A activates PP1, while PP1

inhibits ENSA, thus activating PP2A (PP2A — PP14 ENSA - PP2A) (Figure 6.1).
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N
| MPF |
N

Downstream
substrates

Figure 6.1. Interaction diagram for the proposed model of the network controlling the mitotic
switch. In this model, all the molecules are phosphorylated by a regulated kinase and
dephosphorylated by a regulated phosphatase. Hypothetical links in the network are shown

in dashed lines.

All the players of the mitotic control switch described above, along with proven and
suggested links between them are shown schematically in Figure 6.1. The proposed
network has a striking symmetry in the interaction pattern of the mitotic regulators.
All of the components are coherently regulated and every kinase is counteracted by a
phosphatase. The mitotic regulators can be divided into two major groups, which
have an antagonistic relationship with each other (Figure 6.2A). One group contains
Cdk1, Cdc25, Greatwall and ENSA, which directly or indirectly increase the
phosphorylation of downstream Cdk1 target proteins and thus promote M-phase.
Therefore, I refer to this group as the Mitosis Promoting Factors, MPFs, to reflect the
fact that not only Cdk1-CycB can promote the mitotic state. The members of the other
group, Weel, PP2A-B55 and PP1 have an opposite effect; they directly or indirectly

decrease the mitotic phosphorylations by Cdkl and thus promote interphase.
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Therefore, I refer to this group as the Interphase Promoting Factors, [PFs. The central
nodes in the two groups are Cdkl and PP2A-B55, which directly influence the
phosphorylation state of the downstream Cdk1-CycB/PP2A-B55 target protein that
actually carry out mitosis. Besides having a negative effect on the other group, each
member of a group promotes the activity of the other proteins in its own team via
positive feedback loops (Figure 6.2A). This positive feedback is often direct, as is the
case of Cdkl and Cdc25 (Cdkl — Cdc25 — Cdk1). However it can also be exerted
though a long positive feedback that might contain an even number of inhibitory
steps, like in the case of Cdk1l and Greatwall: Cdk1l — Greatwall — ENSA { PP2A A
Cdc25 — Cdkl. Similarly, for the IPF members a relatively short positive feedback
loop could connect PP2A-B55 and PP1, as described above (PP2A — PP1 4 ENSA A
PP2A) while there is a long positive feedback loop between PP2A-B55 and Weel

(PP2A — Weel 4 Cdkl — Greatwall = ENSAH PP2A).
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Figure 6.2. A. Scheme showing general relationships between MPFs and IPFs. Dashed lines
indicate general relationships, not particular reactions. B. Schematic diagram of the mitotic
switch showing the phosphorylation of mitotic substrates with respect to the cyclin level.
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In this picture, self-activation and mutual inhibition between MPFs and IPFs could
create robust bistability in the system, leading to the two characteristically different
stable states, mitosis and interphase, which can be observed in the phosphorylation
state of downstream Cdk1-CycB/PP2A-B55 substrates, as is shown schematically in
Figure 6.2B. When IPFs are active and MPFs are inactive, the kinase-to-phosphatase
ratio (Cdk1-CycB/PP2A-B55) is low and the downstream substrates remain in a
dephosphorylated state, characteristic of interphase. The other possible state occurs
when MPFs are high and IPFs are low, leading to a high kinase-to-phosphatase ratio
and phosphorylation of mitotic phosphoproteins, the hallmarks of mitosis. Under
normal circumstances, an intermediate situation where IPFs and MPFs are both
partially active and most substrates only partially phosphorylated, is unstable and
almost impossible to maintain. This is because as soon as one of the sides gains an
upper hand, its self-activation, and inhibition of the competing side always takes the

system to one of the two stable states.

Which state is actually occupied by the mitotic control system is determined by an
upstream regulator of Cdk1 activity, the CycB level. Normally, at low CycB levels IPFs
win over MPFs and interphase is manifested. Increasing CycB strengthens MPFs and
when the cyclin threshold for activation of MPFs and inactivation of IPFs is crossed
(the ON threshold), the downstream substrates are phosphorylated. Since the MPFs
help each other besides down-regulating the IPFs, the M-phase state is self-stabilized.
As a consequence of this self-stabilization hysteresis is present in the system, and if
CycB levels decrease once the control system is in M-phase, MPFs stay active and the
downstream targets remain phosphorylated. Dephosphorylation of the downstream

targets requires that CycB levels drop below the cyclin threshold for inactivation of
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MPFs and activation of IPFs (the OFF threshold). At this stage, Cdk1 eventually loses

its power struggle to keep the MPFs active and the IPFs win.

The horizontal movement of the mitotic control system along the diagram on Figure
6.2B depends on the relative rate of CycB synthesis and degradation. If rate of
synthesis exceeds the rate of degradation, the system moves to the right because the
CycB level increases. If the system is in the interphase, it will move along the lower
branch until CycB levels surpass the ON threshold, at which point it jumps to the
mitosis state, leading to phosphorylation of the Cdk1-CycB/PP2A-B55 substrates. If
degradation is faster than synthesis, the CycB level will decrease and the system
moves to the left. Sooner or later, this will take the system back to the interphase
state, once the OFF threshold is crossed. If synthesis and degradation are balanced,
the system settles into one of the stable steady states. Which steady state is occupied
depends primarily on the cyclin levels. However, due to the occurrence of hysteresis,
if the CycB level is between the two thresholds, then the final state depends on where

the control system was before — its history.

In this revised view of the mitotic control network, the discrete separation between
the interphase and M-phase and the CycB thresholds for mitotic entry and exit are
systems-level properties, arising from the underlying interconnected network, and
creating a very robust switch. However, the high connectivity of the network also
allows the possibility that modifications of the components and their regulation have
significant effects on these systems-level properties. For example, weakening of any
of the IPFs, or strengthening of the MPFs, should reduce both CycB thresholds and
thereby makes the M-phase state preferable, even at low CycB levels. The opposite is

also true, and strengthening of IPFs or weakening of MPFs should increase the CycB
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thresholds and destabilizes the mitotic state, making interphase preferable even at

high CycB levels.

Because of these effects on the CycB thresholds, external intervention can allow the
mitotic control system to change between interphase and M-phase at constant CycB
level by manipulation of the CycB thresholds. Significant amounts of experimental
evidence support this idea that modifications of the system change the thresholds.
For instance, depletion of the MPFs Cdc25, Greatwall and ENSA in interphase blocks
the G2/M transition even at high CycB levels (Zhao et al., 2008; Mochida et al., 2010;
Lorca et al, 2010). In contrast, their depletion in M-phase can cause
dephosphorylation of mitotic substrates and destabilization of M-phase (Yu et al,,
2006; Lorca et al,, 2010). On the other hand, depletion or inhibition of the IPFs, PP2A-
B55 and Weel in interphase can result in premature mitotic entry (Yu et al., 2004;
Mochida et al.,, 2009; Lorca et al., 2010). Inhibition of PP1 blocks exit from M-phase
(Wu et al., 2009), but strangely depletion of B550 only seems to block mitotic exit
when its performed in the previous interphase but not in mitosis (Mochida et al,,

2009).

In summary, Figure 6.1 presents an up-to-date picture of the molecular interactions
that constitute the mitotic switch, based on recent experimental data with frog egg
extracts and the proposed coherent interactions between its components. This
mitotic switch determines the time of mitotic entry, i.e. the length of G2 phase. Mitotic
entry happens when the CycB level meets the ON threshold of the switch. The
threshold is determined by the strength of the regulatory interactions and feedback
loops in the network in Figure 6.1. These interactions are influenced by different

surveillance mechanisms like DNA replication and/or cell size checkpoints, which can
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shift the position of the turn-on threshold by affecting the abundance or activity of
one or several components of the switch. Active checkpoints keep the turn-on
threshold at a high (physiologically unreachable) CycB level, making it impossible for
the cell to enter M-phase. The ON threshold decreases during the process of
checkpoint silencing, and once CycB and threshold meet, commitment for mitotic

entry takes place.

Thus, the mitotic switch can flip when CycB reaches the required level, when the
threshold drops below the CycB level, or an intermediate situation. Which of these
scenarios actually takes place will most likely depend on the particular cell type,
organism and environmental context. Furthermore, despite the conservation of many
features of the network controlling the mitotic switch from yeasts to man (Goldberg,
2010; Wurzenberger and Gerlich, 2011), the relative contributions, and perhaps even
identity, of individual components might be quite variable, and it is possible that
some components are yet to be discovered. However, regardless of these differences,
it is important to keep in mind that the length of G2 is determined by all the
components of the network of Figure 6.1 and the rate of CycB accumulation, and as
we have seen, it is difficult to decide which parts are more important in an absolute
sense. Understanding the similarities and differences between different organisms
and cell types will require careful quantitative measurements and provide interesting

topics for further research.

178



Chapter 6. General discussion

6.4. Future perspectives

As mentioned previously, the network proposed in Figure 6.1 is a hypothesis that
requires experimental verification. A critical point at this stage is the identification of
the phosphatase that dephosphorylates ENSA. The role of PP1 as the Greatwall-
counteracting phosphatase could be assessed by showing it can dephosphorylate
ENSA in vitro and seeing whether its depletion or inhibition, using specific PP1
inhibitors, such as PP1 inhibitor-2 (Virshup and Shenolikar, 2009), prevents ENSA
dephosphorylation. Previous work suggests that PP1 is important for mitotic exit
(Walker et al, 1992; Wu et al, 2009), but its role in mitotic entry should be
reassessed, as it could yield clues about the involvement of this phosphatase in the
mitotic switch. Experiments with purified components could also help to establish
whether PP2A-B55 is responsible for removal of Cdk1l-dependent phosphorylations
on Greatwall and potentially on its counteracting phosphatase, although further
verification might be needed. It is important to note that interpretation of results
from experiments in this network can be difficult, due to the many connections

between the different components.

Mathematical analysis of the proposed network could help this endeavour by making
useful predictions about the effects of perturbations to the mitotic switch. Analysis of
the network in Figure 6.1 could also be used to understand how it can generate a
robust, bistable switch, and whether it has any advantages compared to a simpler
network with perhaps less regulatory links. It will be also interesting to study
whether incorporation of the proposed components and links can help to explain

more recent experimental findings.
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A combination of experimental and theoretical work will be required to complete our
understanding of the mechanisms responsible for ultrasensitivity, and ultimately
bistability in this system, as demonstrated by recent work (Sha et al, 2003;
Pomerening et al, 2003, 2005; Kim and Ferrell, 2007; Pomerening et al., 2008;
Trunnell et al,, 2011). An interesting goal of this analysis would be the reconstitution
of the mitotic switch in vitro using purified components. This could potentially
guarantee a comprehensive understanding of at least the basics of this important

system.

The mathematical models presented here could also be extended into more complete
models of simple cell cycles (like embryonic cell cycles), or used as modules in models
of more complicated cycles (like fission yeast and mammalian cell cycles). Further
work could also focus on understanding dynamical and stochastic properties of the
models presented in this thesis. This is important for understanding the functioning
of the mitotic switch, but also to appreciate general properties of the mechanisms
that create nonlinearity. There has been interest in the dynamics and robustness of
systems with multisite phosphorylation, positive feedback loops and coherent
feedforward loops (Mangan and Alon, 2003; Alon, 2007a; Brandman and Meyer,
2008; Salazar et al, 2010), but it would be interesting to analyse their roles in

systems with bistable switches.

Finally, as I have shown here, it seems that there can be many sources of
ultrasensitivity and nonlinearity in biochemical systems. There has been some
analysis of how these different sources can be combined (Goldbeter and Koshland,
1984), but most current work focuses on single mechanisms. In the future, further

work should address this issue, to understand whether combination and coordination
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of different mechanisms can potentially add robustness and improve the functioning

of biochemical systems.

6.5. Final remarks

In this thesis, I have analysed several mechanisms that may contribute to bistability
in the mitotic switch. In doing so, I have also analysed some general principles and
mechanisms that can contribute to bistability in biochemical systems. Many other
studies have also analysed the emergence of bistable switches form a theoretical
perspective and experimentally shown the existence of bistability in several
biological systems (reviewed in Thomas, 1998; Tyson et al., 2003; Ninfa and Mayo,
2004; Slepchenko and Terasaki, 2004; Dubnau and Losick, 2006; Mitrophanov and
Groisman, 2008; Pomerening, 2008; Ferrell et al., 2009). Together, this suggests that
bistability is likely to be a common property that is relatively easy to achieve in

biochemical reaction networks.

[ also hope that the work shown here highlights the importance of theoretical
modelling in biology. By thinking of different systems using a common framework,
mathematics can help uncover common ‘design’ principles in biology. This provides a
deeper understanding of biological systems, and should deliver a means for faster,

more targeted and more efficient biological research.
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