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Abstract

Eukaryotic cells must coordinate growth, replication of their genetic material, and cell
division in order to generate two progeny cells from a single progenitor. M-phase is a
critical phase of this process during which newly replicated DNA is precisely segregated
into two distinct fractions, followed by cell division to produce two new daughter cells.
M-phase is a component of both the mitotic cell cycle, during which each daughter cell
should inherit an exact copy of the genetic material from the parent cell, and of meiosis,
during which each daughter should receive only half of the genetic material from the
parent cell to generate a haploid gamete. Despite these differences, both mitotic and
meiotic M-phases share many of the same regulatory components.

In this thesis we present work from four different studies in which mathematical mod-
elling is used to analyse the behaviour of the biochemical reaction networks controlling
M-phase progression in mitosis and meiosis. We firstly present a theoretical analysis of
a conserved network motif (termed here the Feedback-amplified Domineering Substrate
or FADS motif), which is responsible for creating bistable switches controlling cell cy-
cle progression at multiple points, including progression through and exit from mitotic
M-phase.

We then present three sets of work using mathematical models in combination with
data provided by experimental collaborators to examine the regulation of M-phase pro-
gression in mitosis and meiosis. We present evidence for how variations on common

regulatory themes can generate the distinct outcomes required in each case.
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Preface

This thesis comprises six chapters. The first introductory chapter provides relevant
background on the eukaryotic cell cycle and meiosis, on the biochemical regulatory
networks controlling these processes, and on the mathematical modelling approaches
which are used throughout the thesis.

Chapter 2 is a purely theoretical project, introducing a simple network motif responsi-
ble for generating a bistable switch at multiple cell cycle transitions. Chapters 3, 4 and 5
detail projects in which modelling work is combined with data provided by experimental
collaborators. These explore respectively: the CDK-dependence of APC/CC420 activity
in mitosis (Chapter 3); the role of APC/C®" in regulating Germinal Vesicle arrest and
meiotic resumption during meiosis | (Chapter 4); and the regulation of APC/C420 activ-
ity by the spindle assembly checkpoint in Meiosis | (Chapter 5). Each of these projects is
largely self-contained and includes its own sections for model description and discussion;
further concluding discussion bringing together common themes across Chapters, and
an evaluation of the techniques and approaches used, is provided in Chapter 6. A brief
overview of the experimental collaboration and of any resulting publications is included
at the beginning of each chapter.

A general description of the modelling approaches used is provided in the introduction.
This is supplemented by detailed model descriptions in each of the project chapters, which
should stand alone to describe the methods used within that chapter. Finally, code and

instructions for running each of the models used in the thesis is provided in Appendix A.

Vi
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Chapter 1

Introduction

In this introductory chapter we describe the eukaryotic cell cycle, its events, important
components, and the mechanisms of control. We will also introduce key concepts nec-
essary for understanding how these components fit together at a systems level, and
introduce the modelling tools used here to study them. The aim of this systems-level
approach is to enable us to explain complex biochemical reaction networks in a rigorous
and precise manner, identifying key network motifs and emergent properties which are

necessary for function.

1.1 The Eukaryotic Cell Cycle

The eukaryotic cell cycle is the process by which cells coordinate the events required for
growth, DNA replication, chromosome segregation and cell division to produce two new
daughter cells. During the normal mitotic cell cycle, it is essential that DNA replication
and chromosome segregation are strictly alternated, so that each daughter receives a
complete and accurate copy of the genomic information of the parent cell [1].

Precise control of this process is therefore essential to ensure that cell cycle events
are accurately completed and occur in the correct sequence. Failure to do so can lead
to problems with processes such as DNA replication, chromosome segregation or cytoki-
nesis, leading to deleterious consequences for the cell. On an organism-level scale, cell
cycle controls are closely linked to developmental pathways, so their failure can lead to
severe developmental defects in the early embryo [2, 3]. Similarly, both dis-regulation of
cell division and loss of genomic stability due to aberrant chromosome segregation are

important steps on the pathway to cancer [4, 5, 6].
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1.1.1 The cell cycle is subdivided into phases

The cell cycle comprises a series of discrete phases associated with specific cellular events
(Figure 1.1). The most significant events of the cell cycle are DNA Replication,
occurring in S-phase, and Chromosome Segregation and Cell Division, occurring
during M-phase. These phases are separated by the intervening ‘gap’ phases G1 and
G2 during which the cell undergoes growth and prepares the necessary resources for the
subsequent cell cycle phases [1].

At a molecular level, cell cycle phases are defined by the activity of specific Cell
Cycle Regulators (usually regulatory proteins or enzymes). We will discuss individual
cell cycle regulators in more detail in later sections. In general, cell cycle regulators both
initiate the cellular events associated with their specific cell cycle phase, and promote
activation of cell cycle regulators associated with the next cell cycle phase. They may
also inhibit the activity of cell cycle regulators associated with previous cell cycle phases.

By doing so they drive sequential progression through the cell cycle.

1.1.2 M-phase comprises a series of intermediate steps associ-

ated with chromosome segregation and cell division

Mitotic chromosomes comprise two identical DNA copies (Sister Chromatids) pro-
duced during S-phase. Chromosome segregation requires careful control to ensure that
each daughter cell receives a single sister chromatid from each replicated chromosome.
Central to this process is formation of the Mitotic Spindle, a network of tubulin Micro-
tubules arising from two Spindle Poles at either side of the cell. These are captured
by spindle microtubules emanating from both spindle poles (biorientation), and align at
the midpoint of the spindle prior to chromosome segregation (See Section 1.4.2).
M-phase is further subdivided into a series of intermediate steps (Figure 1.1). Dur-
ing Prophase, chromatin condenses to form discrete mitotic chromosomes and spin-
dle assembly begins. Nuclear Envelope Breakdown (NEBD) marks the beginning
of Prometaphase, during which chromosomes are captured by spindle microtubules,
causing them to biorient and align on the mitotic spindle. Metaphase occurs once all

chromosomes are correctly bioriented and aligned along the midpoint of the spindle, form-



1.1. The Eukaryotic Cell Cycle

Telophase:

- Nuclear envelope
reformation

- Cytokinesis

Anaphase:
- Chromosome
segregation

E) %
Metaphase:

- Chromosome alignment
to form the metaphase plate ﬂ

Prometaphase:
- Kinetochore capture

by spindle microtubules
S-phase:
DNA replication

c X Y <

Prophase:
- Nuclear envelope breakdown
- Chromosome condensation

Figure 1.1: Cell cycle stages and associated cellular events. Adapted from [1].

ing the metaphase plate. Once this state has been achieved, sister chromatids separate
and the resulting chromosomes are pulled towards the spindle poles during Anaphase.
This Metaphase-Anaphase (M/A) transition is an important point of regulation which
will be discussed in greater detail later. Finally, nuclear envelope reformation, spindle
disassembly and cytokinesis occur during Telophase, resulting in formation of two new
daughter cells, each with one copy of the DNA content of the parent cell [1].

Note that the description above and Figure 1.1 refer to mitotic M-phase in a typical
animal cell. Minor differences exist in other eukaryotes, for example some cells (e.g.
yeasts) undergo a ‘closed’ mitosis where NEBD does not occur [7]. Differences also
exist between the mitotic cell cycle discussed here, and meiosis (see Section 1.5). While
much of the terminology is the same, there is a crucial difference in that rather than

alternating, a single meiotic S-phase is followed by two sequential M-phases.
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1.1.3 Checkpoints regulate passage between cell cycle phases

As discussed above, progression between cell cycle phases is driven by the activity of cell
cycle regulators, which sequentially activate each other to drive progression from one
phase of the cell cycle to the next [8]. In the simplest cell cycles (typically those of early
embryos) [9], this process occurs without significant external regulation and functions
entirely as a free-running Oscillator (see Section 1.3.3). However, this has the distinct
drawback that progression between cell cycle phases is not strictly linked to completion
of the essential cellular processes associated with each phase (growth, DNA replication,
chromosome segregation etc.). In order to ensure tight coupling between successful
completion of these events and cell cycle progression, in the vast majority of cells the
underlying oscillatory mechanism is kept in check by Cell Cycle Checkpoints [9, 10].

Multiple examples of checkpoints exist in the eukaryotic cell cycle [10]:

e Start/Restriction Point (G1/S) - Regulates entry into the cell cycle in response to

nutrient availability (yeast) or growth factor signalling (mammals).

e Cell Size Checkpoint - Coordinates cell size (growth) with cell division in order to
maintain constant cell size between generations. The cell cycle transition at which

this acts varies between species.

e DNA Damage Checkpoint (G2/M) - Unreplicated DNA or unrepaired DNA dam-
age activates this checkpoint to prevent entry into mitosis. This ensures that DNA
replication is completed prior to the onset of chromosome segregation. DNA dam-

age during G1 is also able to block the G1/S transition to prevent replication of
damaged DNA.

e Spindle Assembly Checkpoint or SAC (M/A) - Blocks chromosome segregation

until all chromosomes are correctly bioriented on the mitotic spindle.

Each of these checkpoints monitors a cellular event necessary for successful cell cycle
progression, and delays the relevant cell cycle transition until the checkpoint is satis-
fied. While most of these checkpoints are common to many species, the significance of
each checkpoint for overall control of the cell cycle varies depending on species-specific

requirements.



1.2. Cell Cycle Regulators

Cyclin Class CDK Cyclin
Gl Cdk4, Cdk6  Cyclin D
G1/S Cdk2 Cyclin E
S Cdk2, Cdkl Cyclin A
M Cdk1 Cyclin B

Table 1.1: Table showing the major mammalian CDKs and their associated cyclins [1].

1.2 Cell Cycle Regulators

As mentioned above, progression through the cell cycle is driven by the activity of cell
cycle regulators. In this section we introduce two of the ‘master regulators’ of cell
cycle progression, namely Cyclin-dependent Kinases (CDKs) and the Anaphase-
promoting Complex or Cyclosome (APC/C). These two regulators constitute the
major driving forces promoting progression into and exit from M-phase respectively [11,

12].

1.2.1 Cyclin-dependent Kinases

CDKs are a family of related enzymes which are responsible for driving cell cycle progres-
sion from G1 through to metaphase [8, 13, 14]. They do so by phosphorylating a wide
range of target proteins to initiate specific cell cycle events [15]. In yeast, a single CDK
(Cdk1) is responsible for the entire cell cycle, while multiple homologues of Cdkl have
been identified in mammalian cells [13]. CDK activity is dependent on the availability
of a regulatory Cyclin subunit, the availability of which varies throughout the cell cycle

in response to protein synthesis and degradation. [16, 11].

CDK activity drives progression through the cell cycle

Specific CDK:Cyclin Complexes are associated with particular cell cycle phases or
transitions. Cyclins can be categorised accordingly as G1-, G1/S-, S- or M-Cyclins,
aiding comparison between species and providing useful simplification when considering

cyclins or CDKs with overlapping function within the same organism. A summary of
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APC/C  G1/S-CDK S-CDK M-CDK APC/C

JeNVaE

Figure 1.2: Sequential activation and inactivation of CDK:Cyclin complexes drives progression through
the cell cycle. Adapted from [1].

Activity / a.u.

the major mammalian CDKs and their associated cyclins is given in Table 1.1. While
sufficient for this discussion, this classification is a necessary simplification. Loss of a
single CDK or cyclin is rarely lethal at a cellular level due to redundancy in function
between cyclins and CDKs associated with different cell cycle phases [14].

Progression through interphase and entry into M-phase is driven by sequential ac-
tivation of CDKs associated with each cyclin type (Figure 1.2). The activity of each
CDK:Cyclin complex promotes accumulation of the next cyclin in the sequence, while
turning off the activity of preceding cyclins. Ultimately, Cdkl in complex with Cyclin B
(Cdk1:CycB) promotes activation of APC/C, promoting cyclin degradation and resetting

the system for transition into G1.

Inhibitory phosphorylation regulates CDK activity and contributes to positive
feedback loops
In addition to regulation by cyclin availability, Cdk1 itself is regulated directly by inhibitory
phosphorylation of specific tyrosine and threonine residues [17, 18]. This inhibitory
phosphorylation contributes to maintaining the cell in G2 until its removal triggers the
G2/M transition and mitotic entry [17], though other factors may also contribute [18].
Phosphorylation is catalysed by the Weel and Mytl kinases, and dephosphorylation by
the Cdc25 phosphatase [18].

Release from G2 arrest is initiated following successful completion of DNA replication
and loss of signalling associated with DNA damage response pathways which are beyond

the scope of this thesis [19]. Crucially however, this kinase/phosphatase pair are also
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Figure 1.3: Wiring/influence diagram showing the regulation of inhibitory phosphorylation of Cdk1.
Active (unphosphorylated) Cdkl catalyses activatory and inhibitory phosphorylation of Cdc25 and Weel
respectively.

subject to direct regulation by CDK-dependent phosphorylation. Phosphorylation of
Cdc25 is required for its activation, while phosphorylation of Weel is inhibitory [17,
19]. This results in two positive feedback loops (one positive-positive and one double-
negative) between CDK and the enzymes responsible for its phosphorylation state (Figure
1.3). The existence of these feedback loops contributes to switch-like activation of CDK

at mitotic entry [18].

Cyclin-dependent Kinase Inhibitors (CKls) block CDK activation

CDK activity is also regulated by specific stoichiometric inhibitors (CKIls), which bind
and inhibit CDK:Cyclin complexes [20, 21]. A major role of CKls is to inhibit CDK
activity during G1. For example, in budding yeast the CKI Sicl inhibits S-phase and
M-phase CDK:Cyclin complexes (Clb1:6) [22].

1.2.2 Protein Phosphatases

The stability of protein phosphorylation to spontaneous hydrolysis means that regulated

dephosphorylation by protein phosphatase enzymes is essential to consider alongside
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CDK-dependent phosphorylation. This is particularly relevant during late mitosis, where
reversal of mitotic phosphorylation events is required in order to ‘reset’ the cell for entry

into G1. Here we discuss two of the major mitotic exit phosphatases, PP1 and PP2A.

Protein Phosphatase 1 (PP1)

PP1 is a serine/threonine phosphatase responsible for dephosphorylation of proteins
implicated in diverse cellular pathways including glycogen metabolism, protein synthesis,
cytoskeletal organisation, and ion channel function [23]. Of most relevance here is its
role in dephosphorylation during mitotic exit, discussed in more detail in Section 1.4.7. It
performs its diversity of functions via association with specific PP1-interacting Proteins
(PIPs). These bind to PP1 and restrict its activity to a specific subset of substrates [24].

In addition to restrictions on its activity imposed by PIP binding, PP1 is also regulated
by a stoichiometric inhibitor (Inhibitor-1) and by CDK-dependent phosphorylation [25,
26]. PP1 activity is responsible both for the auto-dephosphorylation of CDK target
sites on PP1, and for dephosphorylation and inactivation of Inhibitor-1, so that PP1 is
self-activating once CDK activity drops below the level needed to maintain inhibition

[26].
Protein Phosphatase 2A (PP2A)

Protein Phosphatase 2A (PP2A) is a serine/threonine phosphatase responsible for de-
phosphorylation of a wide range of cell cycle targets [27]. Its catalytic subunit has
an intrinsic substrate specificity for phospho-threonine over phospho-serine, providing a
potential mechanism for ordered dephosphorylation of substrates based on their phospho-
site [28, 29, 30].

PP2A is a heterotrimeric complex comprising structural and catalytic subunits (PP2Ax
and PP2Ac¢), in association with a regulatory PP2Ag subunit which provides substrate
specificity. PP2Ag also determines the temporal and spatial pattern of PP2A activity
via interaction with specific regulators. B55 and B56 are two of the most significant
regulatory ‘B’ subunits involved in reversal of mitotic phosphorylation events following

anaphase, and this is discussed in more detail in Section 1.4.7.
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Figure 1.4: Diagram showing role of E1, E2 and E3 enzymes in substrate (S) ubiquitination. (Ub),
refers to a poly-ubiquitin chain of length n. As a starting point n = 0, in which case ubiquitin is ligated
directly to a lysine residue on the substrate. See text for further details. Adapted from [34].

1.2.3 Anaphase-promoting complex or Cyclosome

While CDK activity promotes progression through interphase and into mitosis, the main
driver of chromosome segregation and exit from mitosis is APC/C activity. The APC/C
is a large protein complex which catalyses Ubiquitination of specific target proteins
[31]. Its initial activation drives the M/A transition, leading it to be referred to as
the ‘Anaphase-Promoting Complex’ [32]. Control of APC/C activation at M/A is the
responsibility of the Spindle Assembly Checkpoint (SAC), which inhibits APC/C until
all chromosomes are correctly aligned on the mitotic spindle [33] (See Section 1.4.3).
Following mitotic exit, APC/C activity remains high during G1 until it is inactivated by

rising CDK activity at the G1/S transition.

APC/C targets its substrates for proteasomal degradation

APC/C is part of the Ubiquitin Proteasome System, responsible for regulated degra-
dation and turnover of cellular proteins [35]. Central to this system is the Proteasome, a
large multi-subunit particle which catalyses the ATP-dependent unfolding and proteolysis
of substrate proteins identified by post-translational ubiquitination [36].

APC/C is not unique in targeting proteins to the proteasome: around 600 putative
RING-family ubiquitin ligases may be responsible for ubiquitination reactions in human
cells, many of which are involved in proteasomal targeting [37]. Nevertheless, APC/C is
essential for cell-cycle specific degradation of its target proteins [31]. The other major cell
cycle-specific ubiquitin ligase is the Skpl—Cullin—F-box (SCF) complex, responsible
for ubiquitination of phosphorylated target proteins between G1 and early M-phase [34].

Ubiquitination reactions involve 3 separate enzymes: a Ubiquitin Activating En-
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zyme (E1), which uses ATP hydrolysis to covalently attach ubiquitin to itself (Reaction
1 in Figure 1.4); a Ubiquitin Conjugating Enzyme (E2) which transfers the activated
ubiquitin from the E1 enzyme to itself and presents it to the ligase (Reaction 2); and
the Ubiquitin Ligase (E3) which transfers the ubiquitin from E2 to a lysine residue on
the target protein (Reaction 3) [34, 38]. It is this 3rd class of enzymes, of which APC/C
and SCF are members, which is mainly responsible for conferring substrate specificity on
the reaction [38].

The presence of lysine residues on the ubiquitin molecule which can themselves act
as E3 targets provides additional signalling complexity by allowing for creation of poly-
ubiquitin chains (Reaction 4) prior to substrate release (Reaction 5). Addition of up to
four ubiquitin molecules greatly enhances proteasomal degradation of the target [38].
Polyubiquitination also provides capacity for further regulation via the action of deubig-
uitinating enzymes in reducing chain length [39].

In most cases in this thesis we assume that APC/C-dependent ubiquitination is syn-
onymous with degradation of the target protein. This is a useful simplification, and
under normal conditions should provide a reasonable approximation of the true situa-
tion. However, it is worth noting that while much progress has been made in mapping out
the landscape of ubiquitin signalling, defining how a specific ubiquitin signal ultimately

relates to target degradation (the so-called ‘ubiquitin code’) remains highly complex

36, 38].

APC/C-dependent degradation of Securin and CycB drives chromosome seg-
regation and mitotic exit

Cyclins are an important target of the APC/C, hence its alternative designation as the
‘Cyclosome’ [40]. In particular, destruction of the M-phase Cyclin B (CycB) during
late mitosis drives mitotic exit [41]. The other major APC/C target is Securin, a
stoichiometric inhibitor of the enzyme Separase, which is responsible for cleaving the
Cohesin proteins maintaining cohesion between sister chromatids (see Section 1.4.2)
[42]. By destroying securin and thereby activating separase, APC/C activity initiates
chromosome segregation at M/A. Similarly, APC/C-dependent cyclin degradation leads

to loss of CDK activity and mitosis-specific phosphorylation. Together, these two effects

10
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of APC/C are responsible for driving the events of mitotic exit [43, 44].

APC/C co-activators are required for substrate recognition

Apo-APC/C is not active in isolation, requiring one of two co-activators for substrate
recognition [45]. The major mitotic APC/C co-activators are Cdc20 and Cdhl (also
called Fzrl) [31]. While similar in structure and function, these co-activators differ

CCdc20 is

in their regulation and the timing of their activity during the cell cycle. APC/
responsible for initial APC/C activation at the M /A transition, while APC/C replaces
it during late mitosis and into the subsequent G1-phase [46].

APC/C:co-activator complexes recognise substrates via specific amino acid sequences
in the target protein known as Degrons. Important degron sequences include the KEN-
box [47], D-box [48], and ABBA motif [49]. Despite their role in substrate recognition,
addition of a degron sequence alone is insufficient to target a protein to the APC/C,
suggesting that additional sequence elements are also required [50].

While CycB and Securin are the major APC/C substrates involved in bringing about
the M/A transition, other cell cycle-related substrates are also recognised and targeted

for degradation. These include the S-phase Cyclin A (CycA), which is recognised by
APC/C 420 [49], and Cdc20 itself, which is targeted for degradation by APC/CCM[47].

APC/CC4<20 js active during early mitosis and is subject to checkpoint inhibition

APC/CC4e20 gybstrates can be divided into two categories: early substrates which are
degraded during prometaphase (following NEBD) in a SAC-independent manner, and late
substrates which are degraded during metaphase and anaphase only after termination
of SAC signalling. Examples of the early substrates include Nek2A and CycA [51, 52].
Securin and CycB are both late substrates, and are the only substrates for which APC/C-
dependent degradation is essential for normal cell cycle progression [53].

The factors which determine the ability of Cdc20 to promote degradation of early
substrates (in particular CycA) but not late substrates during a SAC arrest are of con-
siderable interest in understanding the mechanism of SAC action. CycA binds Cdc20
during G2-phase, prior to APC/C activation [54]. Binding of the CDK accessory subunit
Cks to this complex is also required to target CycA to the APC/C [54, 55].

11
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Figure 1.5:  Summary of CDK-dependent pathways regulating APC/C activity in M-phase. Arrows
indicate activatory interactions, bars indicate inhibition. Merging arrows indicate complex formation.

APC/C®d1 js active during late mitosis and promotes degradation of Cdc20

Cdh1 substrate specificity is similar but not identical to that of Cdc20. While it has
previously been proposed that D-box and KEN-box degrons are associated with Cdc20-
and Cdhl-dependent degradation respectively, it is now clear that both degrons can
contribute to recognition by either co-activator [31, 56]. Perhaps of most significance,
Cdh1 promotes ubiquitination and degradation of Cdc20, thereby promoting a distinct
handover between the two co-activators once it becomes active in late mitosis [56].
Degradation of the major APC/C substrates Securin and CycB is catalysed by both
APC/CC4<20 and APC/C%dN [57, 58].

APC/C is subject to multiple forms of CDK-dependent regulation

Both the APC/C core and its co-activators are CDK targets, but with opposite effects:
phosphorylation of the APC/C core is required for APC/C4?0 activity (though not
APC/C activity) [59, 60], while Cdhl and Cdc20 are phosphorylated by CDKs at
multiple sites, blocking their ability to activate APC/C [60, 61, 62]. CDK activity also
influences APC/C? via its role in activation of the mitotic checkpoint (See Section
1.4). These pathways are summarised in Figure 1.5.

The APC/C core is phosphorylated at multiple sites across its different subunits
over the course of mitosis [63]. Phosphorylation by CDK and Polo-like kinase 1 (Plk1) are
required for full activation of APC/C42° but only CDK phosphorylation is essential for

activity [63, 64]. Comparison of the X-ray structures of phosphorylated and unphospho-

12
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rylated APC/C reveals that an Auto-inhibitory Loop of the Apcl subunit, containing
multiple CDK target sites, blocks the co-activator binding site of APC/C when in its un-
phosphorylated form, thereby preventing Cdc20 binding. An additional phosphorylated
domain on the Apc3 subunit is responsible for enhancing CDK-dependent phosphoryla-
tion of the Apcl loop [64, 65, 66]. The unphosphorylated auto-inhibitory loop does not
inhibit Cdhl binding to the APC/C core, possibly due to stronger interactions of Cdhl
with the core out-competing the loop for binding at the co-activator site [64].

In contrast, CDK-dependent phosphorylation of Cdc20 and Cdh1 is inhibitory
for APC/C activity. Cdc20 phosphorylation by Cdk1:CycB reduces its ability to act as
an APC/C co-activator in vitro [67]. Loss of phosphorylation from a Cdc20 N-terminal
fragment correlates with its association with the APC/C in Xenopus egg extracts, and an
alanine mutant of the same construct will strongly out-compete the wild-type sequence
for APC/C binding [62]. Cdc20 phosphorylation in vivo peaks in G2 and declines during
G2/M [68]. These early phosphorylation events are the result of Cdk2:CycA activity, and
this is important to prevent premature APC/C420 activity prior to mitotic entry [69].
Cdc20 phosphorylation has also been reported to be required for its effective inhibition
by the SAC, however the mechanism by which this occurs remains unclear [70, 71].

Phosphorylation of Cdh1 is similarly inhibitory for its ability to activate APC/C [60,
61]. Cdhl exists primarily in phosphorylated form from G1/S through to late mitosis,
where it becomes active during mitotic exit and into G1 [60].

The requirement for both CDK-dependent phosphorylation on APC/C and loss of
CDK-dependent phosphorylation on Cdc20 presents an apparent difficulty for explaining
how APC/CC420 activation can occur at M/A, and strongly suggests that significant
differences in phosphorylation and dephosphorylation kinetics between the sites on the
two species must exist. The Residue-specificity of the two species suggests that
this is the case: the key phosphorylation sites on APC/C are Serine, while those on
Cdc20 are Threonine [30]. This is significant since PP2A-family phosphatases (see
Section 1.2.2) show a marked preference for phospho-threonine sites over phospho-serine
[28, 29, 30]. These differences in the CDK-dependence of Cdc20 and APC/C activity

have been proposed to contribute to cell cycle oscillations in Xenopus extract [72].

13
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Since APC/C%4"! does not require APC/C phosphorylation for activity, this difficulty
does not exist when explaining the ability of dephosphorylated Cdh1 to activate APC/C.
The late activation of Cdhl relative to Cdc20 means that its activity peaks at a time

when the level of CDK-dependent phosphorylation in the cell is lower.

APC/C is regulated by stoichiometric inhibitors

Stoichiometric inhibitors provide another mechanism for APC/C regulation. These in-
clude the G1/S regulator Emil, and the Mitotic Checkpoint Complex (MCC), the
major effector of the Spindle Assembly Checkpoint (see Section 1.4.3).

Emil is a stoichiometric inhibitor of the APC/C®" complex which becomes active
at the G1/S transition. By preventing CycB degradation, it allows for a rise in CDK
activity to promote S-phase entry [73]. Recently, Emil has been shown to undergo
APC/C%_dependent degradation, so that it acts as both a substrate and an inhibitor
of APC/C" [74]. The related inhibitor Emi2 inhibits APC/C activity following the

first meiotic division (see Section 1.5.2).

1.3 Systems Biology of the Cell Cycle

A simple description of the function of individual cell cycle regulators is insufficient to
properly describe the behaviour of the cell cycle regulatory system. Regulators do not
exist in isolation but participate in positive and negative interactions with other regulators
to create a series of feedback loops. Understanding the behaviour of the resulting system
requires a robust mathematical analysis. While the specific molecular details vary in each
case, important similiarities exist both between organisms and between different phases

within the cell cycle.

1.3.1 Biochemical Network Motifs

Much of the complex behaviour associated with biochemical reaction networks can be
distilled down to a simpler series of recurring Network Motifs [75]. By network motif
we mean a fixed pattern of interactions which is repeated in multiple systems at higher
frequency than would be expected from a purely random network configuration of the

same size. Separate incidences of a motif share the same network structure, but use a
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Rt

Figure 1.6: Examples of positive (blue) and negative (red) feedback loops. (A, B) One-component
system with positive feedback (auto- actlvatlon) (A) and negative feedback (auto |nh|b|t|on) (B). (C, D)

Two-component positive feedback loops: mutual activation (C) and mutual inhibition (double-negative
feedback) (D). (E) Two-component negative feedback loop.

different set of components in each case. Understanding these generic motifs can there-
fore provide insight into a number of related biological examples. The most elementary
motifs we will consider are Positive and Negative Feedback Loops, combinations of

which give rise to much of the complex behaviour associated with the cell cycle.

1.3.2 Positive and Negative Feedback

Positive Feedback is a network motif in which activity of a component of the system
has an activating effect on itself. Conversely, Negative Feedback is a network motif
in which activity of a component has an inhibitory effect on itself.

The simplest case of either positive or negative feedback is a one-component system
which directly activates or inhibits itself (Figure 1.6A, B). In more complex systems,
positive or negative feedback can arise from a series of interactions between different

components. For example, positive feedback can arise in a two-component system either
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through mutual activation (Simple positive feedback, Figure 1.6C) or through mutual
inhibition (Double-negative feedback, Figure 1.6D), while two-component negative
feedback would require that one component act as an activator, and one as an inhibitor
(Figure 1.6E). In general, any system of interactions between multiple components which
forms a closed loop will produce positive feedback if the total number of negative in-
teractions is even, and negative feedback if the total number of negative interactions is
odd.

The uses of positive and negative feedback loops in biological systems are numerous
and varied [76]. Positive feedback loops can contribute to signal amplification, while
negative feedback is important for processes such as homeostasis and signal adaptation.
Two of the most significant system behaviours associated with cell cycle network motifs
are the Cell Cycle Oscillator and the Bistable Switch, which are discussed in detail

below.

1.3.3 The Cell Cycle Oscillator

An oscillatory system displays periodic changes in the activity of its components. Simple
cell cycles can operate entirely as autonomous biochemical oscillators, without the re-
quirement for additional input from internal or external signals. In particular this applies
to early embryonic systems where large cells with low nuclear:cytoplasmic ratio undergo
rapid cycles of cell division uncoupled from requirements for growth or regulation from
the comparatively small nuclear volume [78]. The classic example of such a system is
the Xenopus laevis embryo, which displays oscillatory behaviour even in an enucleated
extract [79].

One mechanism to generate an oscillator is to couple a positive feedback loop to
a negative feedback loop (Figure 1.7A). The positive feedback loop allows the system
to adopt one of two possible states, depending on whether the loop is in an ‘on’ or
‘off’ state. The negative feedback loop then constantly promotes the transition to the
opposite state [76].

This mechanism is responsible for the cell cycle oscillations observed in Xenopus ex-

tract. In this system, CDK:Cyclin (also known as Maturation/M-Phase—Promoting
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Fraction of total Cdc2

time (min)

Figure 1.7: (A) Influence diagram for a generic positive-negative feedback oscillator. (B) Influence dia-
gram for the cell cycle oscillator, an example of a positive-negative feedback oscillator. (C) Timecourse
simulation of the network in (B), showing periodic oscillations in MPF. Figure (C) is reproduced with
permission from the Journal of Cell Biology, https://www.doi.org/10.1242/jcs.224501 [77].
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Factor or MPF) and APC/C activities are linked to produce a biochemical oscillator
(see influence diagram Figure 1.7B). As discussed earlier (Section 1.2.1), CDK activity is
at the centre of positive feedback loops involving addition and removal of inhibitory phos-
phorylation from Cdkl by Weel and Cdc25 respectively. At the same time, a negative
feedback loop exists between CDK and APC/C, since CDK-dependent phosphorylation
is required for APC/C activity, while APC/C inhibits CDK activity via CycB degrada-
tion (see Section 1.2.3). Combining these effects in a mathematical model produces an
oscillating system which is consistent with the experimentally observed behaviour of the
extract (Figure 1.7C) [77].

While Xenopus extract is an atypical system in which oscillations of the cell cycle
components themselves are uncoupled from regulation by external events, its oscillatory
behaviour is nonetheless relevant to a more general consideration of cell cycle events in
other systems. The same components are also present in these cases, so the principles of
an underlying oscillatory system remain the same. However, two important differences
exist between the model Xenopus oscillator and a ‘normal’ cell cycle. Firstly, there are
additional components operating in sequence (for example multiple CDK:Cyclin com-
plexes), so the overall oscillatory mechanism is more complex. Secondly, rather than
operating as a free-running oscillator, in a normal cell cycle the system is regulated by
a series of cell cycle checkpoints (Section 1.1.3). These act as breaks in the oscillatory

regime, during which further progression is delayed until a specific condition is satisfied.

1.3.4 Bistable Switches

Related to the idea of both cell cycle oscillators and checkpoints is the concept of a
bistable switch. Bistability refers to the ability of a system to exist in either of two
possible Stable Steady States for a fixed set of parameter values. This is illustrated on
a Bifurcation Diagram (Figure 1.8), which plots the equilibrium points of the system
as a function of one of the system parameters. The equilibrium points discussed in this
thesis are principally stable and unsteady steady states (formally, stable and unstable
nodes), however other equilibrium points such as saddle nodes or limit cycle foci are also

possible. The process for generating a bifurcation diagram is discussed in more detail in
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Figure 1.8: An example bifurcation diagram. Solid lines: stable steady states, Dotted line: unstable
steady state. The shaded region shows the values of the bifurcation parameter for which two stable
steady states exist, and in which the system is therefore bistable. Arrows represent example trajectories
through the state-space.

Section 1.6.3.

The parameter chosen could represent a signal that changes to promote transition
from one cell cycle stage to the next, for example the level of growth factor stimulation.
For a given value of this signal parameter on the x axis, the bifurcation diagram displays
the stable and unstable steady states of the system (solid and dashed curves respectively).
A bistable system is one in which for certain values of the input parameter there exist
two stable steady states, separated by an unstable steady state. This bistable region is
indicated by the shaded area on Figure 1.8.

The unstable steady state does not represent an attainable physiological state, but
instead marks the threshold separating regions of state-space from which the system
will tend towards either of the two stable steady states (example trajectories shown by
arrows in Figure 1.8).

Bistable systems such as this can display switch-like transitions between one state
and the next in response to increase or decrease in an input signal. In the context of
the cell cycle, these states can correspond to different cell cycle stages, where the input
signal controlling the transition will either be an upstream cell cycle event itself, or the

activity of an associated cell cycle regulator. Where each cell cycle stage is a different
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state of a bistable system, this allows for switch-like transitions between states which

are robust to perturbations to the input signal.

Requirements for Bistability

Bistability is an emergent property of systems which fulfil specific criteria. In such
systems, there will exist certain parameter regimes in which a bistable state emerges.
One essential requirement is for a positive feedback (or double-negative feedback) loop
[80]. The presence of a positive feedback loop presents two possible options for the
state of the system. For example, for a double-negative feedback loop (Figure 1.6D),
where when one component is active, the other will tend to be inactive, and vice versa.
Conversely, for a simple positive feedback loop (Figure 1.6C), the two options are for
both components to be on, or both to be off. However, positive feedback alone is
insufficient to produce a bistable system, since it does not guarantee the stability of
the states described above. There is an additional requirement for a Non-linear or
Ultrasensitive signal-response curve as part of the system. This can stabilise the two
possible outcomes by separating them in state space without allowing either for one to
dominate over the other, or for the system to stabilise at an intermediate point. These
requirements for bistability, and their implications for the structure of cell cycle network

motifs, are discussed in more detail in Chapter 2.

1.4 Mitosis and the Mitotic Checkpoint

Having introduced in general terms the basic functions of the cell cycle and its mecha-
nisms of control, we will now consider in more detail the regulation of mitosis, since this
will form one of the major topics of this thesis. In particular, we focus on the regulation
of APC/C activation at the M/A transition, and the role of checkpoint mechanisms in

preventing APC/C activation prior to this point.

1.4.1 Mitotic Checkpoint Overview

Correct chromosome alignment is the result of the physical movement of condensed
mitotic chromosomes by the action of Spindle Microtubules (MTs) emanating from

the spindle poles. Attachment of microtubules to the DNA occurs via the Kinetochore
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(KT) associated with the centromere of each sister chromatid.

The Mitotic Checkpoint (MC), or Spindle Assembly Checkpoint (SAC), is the
cell cycle checkpoint responsible for ensuring that chromosomes are correctly bioriented
and aligned on the mitotic spindle prior to APC/C activation at the M/A transition. To
do so, it must identify Unattached Kinetochores (uKT), identify and eliminate incor-
rect attachments while stabilising correct attachments, and prevent APC/C activation
until the checkpoint has been satisfied. These functions constitute distinct signalling
modules, connected via common input and output pathways [81].

To prevent APC/C activation, MC signalling results in formation of a stoichiomet-
ric APC/C inhibitor, the Mitotic Checkpoint Complex (MCC). Unattached kineto-
chores act as a site for catalytic assembly of MCC complexes, directly linking KT:MT
attachment status to APC/C inhibition. A separate Error Correction (EC) pathway
is responsible for the removal of incorrect KT:MT attachments. Each of these elements
is discussed in more detail below.

The exact relationship between the EC and the attachment monitoring and MCC
assembly pathways of the MC is the subject of ongoing debate (see below). This can
make terminology confusing, since depending on the exact definition EC may or may not
be referred to as a separate pathway from the MC/SAC. For the purposes of this thesis,
we use Spindle Assembly Checkpoint to refer only to the attachment sensing and
MCC generating pathways, but Mitotic Checkpoint to describe the entire checkpoint
apparatus including EC. However, note that this is not a universally accepted use of
these terms in the literature. Below, we first discuss the core SAC pathways, and then

expand this to include EC.

1.4.2 Molecular Events of Chromosome Segregation

Before discussing further the mechanisms by which the SAC detects and responds to
chromosome attachment status, we first revisit the mechanisms of chromosome segre-
gation, and explain the molecular actors underpinning these chromosomal-level events,
since these provide the physical link between attachment status and cell cycle progres-

sion.
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Sister chromatid cohesion is maintained by cohesins and abolished by separase
activation at M/A

Essential to the process of accurate chromosome segregation is the ability to maintain
a physical link between sister chromatids prior to anaphase. At a molecular level, these
events can be explained by the action of ring-shaped Cohesin proteins, which encapsulate
both sisters to prevent their dissociation [82]. Cohesins are loaded onto DNA prior to
S-phase (during G1 in budding yeast, but the preceding telophase in vertebrates) [83].
However, this initial loading produces only a transient association with chromosomes, and
it is only during S-phase that cohesion is robustly established between newly replicated
DNA strands via a mechanism involving acetylation of the cohesin Smc3 subunit [83, 84].
In metazoa most cohesin is lost from chromosome arms early in mitosis via the ‘Prophase
Pathway’, however a core of centromeric cohesin persists to maintain cohesion into
metaphase [85].

Once established, cohesion is maintained during prophase and prometaphase as chro-
mosomes condense and align on the spindle. In order to subsequently separate the sister
chromatids at anaphase, cohesins must be cleaved by the enzyme Separase [42]. Prior
to this point, Separase is held in an inactive complex by its stoichiometric inhibitor Se-
curin [86, 87]. Securin is an APC/C substrate (Section 1.2.3), so securin degradation
and separase activation are tightly coupled to the activation of APC/C420 at the M/A

transition [88, 89].
Kinetochore complexes link chromosomes to spindle microtubules

The kinetochore is a large multi-protein complex which assembles at the centromeric
regions of eukaryotic chromosomes. Its structure has been recently subject of a com-
prehensive review [90], and is beyond the scope of this thesis, so here we highlight only
those points which are necessary for subsequent discussion of its role in the mitotic
checkpoint.

The kinetochore structure can be subdivided into ‘inner’ and ‘outer’ modules. The
Inner Kinetochore mediates kinetochore:centromere binding, and is centred around the
interaction between the centrosome-specific CENP-A nucleosome, and the Constitutive

Centromere-Associated Network (CCAN), a complex of Centromeric Protein (CENP)
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subunits which defines the inner kinetochore [91, 92, 90].

The Outer Kinetochore mediates KT:MT interactions, and predominantly com-
prises the KMN (Knl1, Mis12, Ndc80) complex [93, 92, 90]. Of these, Ndc80 is the
major site of microtubule interaction [93], while Mis12 contains binding sites for in-
ner kinetochore components, Ndc80, and Knll [90]. Knll is an important signalling
platform, containing binding sites for mitotic phosphatases and SAC components [90].

The outer kinetochore proteins are phosphorylated at multiple sites during mitosis,
which is important for checkpoint function. Phosphorylation of Ndc80 by the kinase

Aurora B (AurB) inhibits microtubule binding [94, 93].

Correct kinetochore:microtubule attachment generates tension across the kine-
tochore
The mitotic spindle comprises thousands of microtubules arising from two Spindle Poles
on opposite sides of the cell [95]. In many cells, spindle poles are associated with
Centrosomes, sub-cellular structures which direct microtubule organisation. However
in others, for example mammalian oocytes, spindle poles are acentrosomal [96].
Microtubules are dynamically unstable structures which arise from the polymerisation
and depolymerisation of af-tubulin monomers. Each tubulin monomer, and by exten-
sion the microtubule as a whole, has a plus end and a minus end, with polymerisation
proceeding by addition of new monomers to the plus end of an existing microtubule [97].
Capture of kinetochores by the plus ends of spindle microtubules generates KT:MT
attachments [90]. Following cohesin cleavage at anaphase, sister chromatids are pulled
to opposite spindle poles via these attachments. This therefore requires a specific attach-
ment geometry, since the two sister kinetochores must each be captured exclusively by
MTs arising from opposite spindle poles (Amphitelic Attachment) in order to achieve
correct alignment of chromosomes on the spindle. Correct attachments can be charac-
terised by the existence of Tension as a result of the opposing pulling forces acting on
the sister kinetochores. Attachment to a single spindle pole, or attachment of a single
kinetochore to both spindle poles, does not result in generation of the correct tension.
Incorrect attachments are recognised and eliminated by the Error Correction pathway

(Section 1.4.4).
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Drug Mechanism Spindle Formation Attachment
Nocodazole (Noc) [98] Blocks tubulin polymerisation No Spindle No Attachment
Monastrol [99] Inhibits kinesin Egb Monopolar spindle  Tensionless attachment
Taxol [98] Stabilises Microtubules Multipolar Spindle  Incorrect Attachment

Table 1.2: Table showing commonly used spindle poisons, their effects on spindle formation and KT:MT
attachment status.

Experimental assays of mitotic checkpoint function often make use of drugs which
disrupt spindle formation (Spindle Poisons) in order to generate attachment defects
and activate the checkpoint [98]. Different drugs have a range of effects on spindle
formation, which influences how they activate the SAC and EC pathways. Table 1.2

gives a summary of some of the major spindle poisons used experimentally.

1.4.3 The Spindle Assembly Checkpoint

As discussed above, the key features of the SAC (as distinct from EC) are to detect
unattached kinetochores and to prevent APC/C activation in response. This is achieved
by formation of the APC/C inhibitor MCC, which is assembled at unattached kineto-

chores.

MCC is the SAC effector

Formation of MCC is essential for the SAC to inhibit APC/C®4%0 activity prior to
anaphase. However, the exact mechanisms by which this inhibition is achieved are
less clear due to ambiguity surrounding the role of Cdc20, which in addition to its role
as APC/C co-activator is also an essential component of the MCC.,

MCC comprises 4 subunits: Mad2, Cdc20, BubR1 and Bub3 [100]. Of these, Bub3
forms a sub-complex with BubR1 and is non-essential for MCC function. Mad?2 possesses
two distinct conformations: an inactive ‘open’ (0-Mad2) form, and an active ‘closed’
(c-Mad2) form which is able to bind ligands including Cdc20 and the upstream SAC
regulator Mad1 [101, 102]. Formation of the MCC therefore requires a conformation

change from o0-Mad2 to c-Mad2. This change is catalysed by a second Mad2 molecule
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Figure 1.9: Diagram showing pathways of MCC assembly at the kinetochore. (A) Unattached kine-
tochores allow MPS1 binding and phosphorylation of target proteins. This recruits SAC components
to the kinetochore and activates Madl, allowing MCC assembly to occur. (B) Microtubule binding
displaces MPS1. Dephosphorylation by PP2A:B56 silences SAC signalling.

in complex with Mad1. This Madl:c-Mad2 complex binds free 0o-Mad?2 and catalyses its
interconversion via formation of an o-Mad2:c-Mad2 dimer [103, 104, 105]. Formation
of c-Mad2 accelerates the assembly of Mad2:Cdc20 complexes, the rate-limiting step
for MCC assembly [106]. Subsequent binding of BubR1:Bub3 to the c-Mad2:Cdc20
stabilises the complex and results in formation of the full MCC inhibitor. This interaction
also prevents further downstream c-Mad2:0-Mad2 dimerisation which could result in
ectopic SAC activation away from the kinetochore [107]. MCC assembly reactions are

summarised in Figure 1.9A.

Attachment monitoring depends on MPS1-directed MCC assembly at unattached
kinetochores

The monitoring of KT:MT attachment status is closely coupled to the formation of
MCC (Figure 1.9). Unattached kinetochores are the site for catalytic assembly of MCC,
and SAC components are recruited to kinetochores at the onset of prometaphase. As
attachments are made, their localisation then decreases [33]. Attachment sensing centres
on competition between spindle microtubules and the SAC kinase MPS1 (Monopolar

Spindle-1) for binding to the outer kinetochore component Ndc80 [108, 109].
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MPSL1 is, as the name suggests, essential for spindle pole body duplication in yeast
[110, 111], and is likewise involved in duplication of the functionally equivalent centro-
some in higher eukaryotes [112, 111]. However, it is its essential role in pathways of MCC
assembly which explains the significance of its kinetochore localisation for attachment
sensing [113, 114].

MPS1-dependent phosphorylation is required for kinetochore localisation and acti-
vation of multiple SAC targets. Firstly, MPS1 phosphorylation of MELT motifs in
the kinetochore component Knll recruits the Bub1:Bub3 complex to the kinetochore
[115, 116, 117]. Bubl:Bub3 promotes localisation of other SAC proteins, including
Madl, BubR1, Mad2 and Cdc20, allowing MCC assembly to occur [118]. In addition to
its phosphorylation of Knll, MPS1 also directly phosphorylates Bubl and Madl [119].
Bubl phosphorylation is required for Bubl:Mad1l binding, and this interaction is essen-
tial for SAC function [119]. Pre-incubation of the Madl:c-Mad2 complex with MPS1
greatly enhances its ability to catalyse formation of the Cdc20:c-Mad2 complex required
for MCC formation [120].

Displacement of MPS1 following KT:MT attachment prevents assembly of SAC com-
ponents and downstream signalling. In the absence of continued MPS1 activity, BubR1-
dependent recruitment of PP2A:B56 ensures rapid turnover of MELT-repeat phospho-
rylation to silence further SAC signalling [121]. In this way, the attachment status of
individual chromosomes is directly linked to their ability to generate an inhibitory MCC
signal.

An outstanding question is to what extent this attachment status is an all-or-nothing
response for a given kinetochore. While in yeast each kinetochore contains a binding
site for a single microtubule, in higher eukaryotes each kinetochore can support mul-
tiple microtubule attachments, meaning that it does not have a single ‘attached’ or
‘unattached’ state but rather a range of states with varying levels of attachment [122].

How this relates to the activation status of the SAC is unclear.

Multiple mechanisms may contribute to APC/C inhibition by MCC

The structure and function of MCC immediately present two distinct mechanisms by

which it can inhibit APC/CCdczo. Firstly, incorporation of Cdc20 into MCC acts to
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sequester Cdc20 and reduce the amount available to act as an APC/C co-activator.
Secondly, direct binding of MCC to APC/C allows it to act as a stoichiometric inhibitor.
The relative contribution of these two mechanisms to APC/C inhibition by MCC is
unclear.

Adding further to this picture is the recent discovery that MCC contains a bind-
ing site for an additional molecule of Cdc20 [123]. This presents the possibility either
for additional sequestration (via formation of a free MCC:Cdc20 complex), or for tar-
geted inhibition of APC/C420 complexes via the additional Cdc20:MCC interaction in
preference to unproductive APC/C:MCC binding. Structures of the APC/C¢4<20:MCC
complex reveal distinct binding sites on both APC/C and MCC for the co-activator
Cdc20 (Cdc204) and the inhibitory Cdc20 within MCC (Cdc20y) [124, 125].

An additional puzzle is that a significant fraction of the APC/C population appears
to exist in an unbound form (apo-APC/C) during checkpoint arrest, and therefore is
not interacting with either its Cdc20 co-activator or MCC inhibitor [126, 127]. This
is surprising since the existence of an APC/C®29:MCC complex implies that Cdc20
should be in sufficient excess over APC/C that it can provide both the co-activator and
a stoichiometric amount of inhibitor to keep all Cdc20 inhibited. That APC/C remains
unbound in this case suggests either that some other factor is responsible for inactivating
a fraction of the APC/C pool, or that the Cdc20 pool is limiting for APC/C®420 complex
formation. In the latter case, preferential formation and binding of MCC would be needed
to ensure that sufficient inhibitor exists to bind to any APC/C42% complexes that do

form.

1.4.4 Error Correction

Kinetochore attachment state is not the only marker that the checkpoint system must
monitor in order to ensure correct chromosome segregation at anaphase. Incorrect
attachments (e.g. attachment of kinetochores to the same spindle pole) must also
be avoided. An Error Correction (EC) pathway exists to recognise and destabilise such

incorrect attachments, while permitting correct (amphitelic) attachments to persist.
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Aurora B regulates stability of KT:MT attachments

The process of EC involves Tension Sensing across the kinetochore, and the destabil-
isation of attachments which do not produce the tension expected from an amphitelic
attachment [128]. Central to this process is Aurora B (AurB), which is responsible
for regulating the stability of KT:MT attachments (The Aurora kinase Ipll performs
this function in budding yeast [129]). Loss of AurB results in stabilisation of incorrect
attachments, overriding SAC arrest in cases where it is induced by incorrect attachments
(for example those resulting from abnormal spindle formation in taxol or monastrol), but
not where it is induced by lack of attachment (for example in nocodazole) [130, 131].

Overexpression of AurB on the other hand leads to continuous disruption of attachments

[132].

Tension-dependent changes in kinetochore structure control access of AurB to
its target proteins
AurB phosphorylates multiple targets within the kinetochore in vivo, and is implicated
in multiple pathways relating to chromosome alignment and segregation [133]. The pro-
posed mechanism for tension sensing involves the spatial separation between AurB and its
substrates at the outer kinetochore. AurB-dependent phosphorylation of KMN network
components is responsible for the destabilisation of KT:MT interactions, and phospho-
rylation at these sites is increased in the absence of tension [134]. Microtubule-induced
tension produces an increase in both the inter-kinetochore distance (distance between
the inner kinetochore proteins of the two sister chromatids), and the intra-kinetochore
stretch (the distance between the furthest ends of the inner and outer kinetochores)
[135, 133]. AurB itself is located at the inner kinetochore through its association with
the Chromosome Passenger Complex (CPC) [133], and this tension-dependent change
in distance is proposed to regulate its interaction with its substrates at the outer kine-
tochore [136].

One problem presented by the tension-sensing error correction model is that to gen-
erate tension, both kinetochores must become attached, yet attachment at a single
kinetochore (monotelic attachment) will not generate tension and so should activate the

error correction machinery [137]. Models have been presented to resolve this paradox,
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using a time delay in activation of error correction to provide time for a second attach-
ment to take place in the time window before the monotelic attachment is destabilised

[138, 139].
The mechanistic link between EC and SAC activation is unclear

The end result of activating error correction at a kinetochore is destabilisation of the
attachment, resulting in an unattached kinetochore. The extent to which attachment
status and intra-kinetochore tension are each responsible for the downstream activation
of the SAC has been subject to significant debate in the field [137, 140]. There are two
broad models for how this process works. In one, the SAC is activated only by unattached
kinetochores, in which case the role of EC in activating the SAC is to generate these
unattached kinetochores. Alternatively, the SAC may be activated directly by tensionless
kinetochores, regardless of their attachment status.

A further sub-question for this second model is whether lack of tension is always a
pre-requisite for SAC signalling. Insight into this latter question has been provided by
the discovery of the competition-driven mechanism for attachment sensing (see Section
1.4.3). This model contains no intuitive mechanistic basis for a tension requirement for
SAC signalling. This hypothesis has been confirmed experimentally by generating stable
KT:MT attachments in the absence of tension, in which case the SAC still gets satisfied
[141, 142, 122]. This suggests that lack of tension alone is insufficient to activate the
SAC in the absence of unattached kinetochores, and that the presence of unbound Kmn1l
to act as a binding site for MPS1 is an essential requirement for SAC signalling.

However, this does not exclude the possibility that in the absence of stable KT:MT
attachments, lack of tension can contribute to enhancing SAC signalling beyond its role
in generating unattached kinetochores through EC. Furthermore, the experiments above
present an extreme case where all MT binding sites on the KT are occupied by stable
long-lived interactions. In a normal cell, dynamic KT:MT interactions [122] may mean
that even on an apparently ‘attached’ kinetochore there exists sufficient turnover of free
sites to support SAC signalling in response to an appropriate stimulus.

Complicating matters is the role of the AurB kinase in SAC signalling. As discussed

above, AurB is the key effector of the tension-sensing mechanism. Yet it is also has a
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direct role in the SAC independently of EC, as shown by the ability of AurB inhibition
to suppress SAC signalling in nocodozole, where the absence of any KT:MT interactions
eliminates any effect of EC [143, 144]. However, the mechanistic basis for this effect

remains unclear [145].

1.4.5 CDK-dependence of SAC signalling

We have already discussed the general role of CDK activity in cell cycle control, and in
APC/C activity regulation (Section 1.2.1). However, CDK activity also plays a crucial
role in regulation of the SAC. Without CDK activity, the SAC does not become active
even in the complete absence of KT:MT attachment [146].

For the purposes of this discussion we must distinguish between two different modes
of SAC activity. The SAC can be active, in the sense of monitoring for unattached
kinetochores, irrespective of whether or not any unattached kinetochores exist. However
it will only be active, in the sense of generating MCC to inhibit APC/C, when it is both
active in the first sense and is in the presence of unattached kinetochores. We refer to
the SAC in the first state as ‘Licensed’, and to the SAC in the second state as ‘Active’.
SAC licensing is a necessary but not sufficient condition for SAC activity, which requires
further stimulus in the form of unattached kinetochores. In this context, CDK activity
is essential for SAC licensing.

This CDK requirement for SAC licensing creates a positive feedback loop between
Cdk1:CycB and APC/C%420 since Cdk1:CycB indirectly inhibits APC/C®420 by promot-
ing formation of its MCC inhibitor, while APC/C420 promotes degradation of CycB
(Figure 1.10). This positive feedback loop contributes to the irreversibility of check-
point signalling, since once the SAC has been satisfied, the activation of APC/C will
lead to loss of CDK activity and revoking of the SAC license, preventing reactivation
in anaphase. If this feedback loop is removed by expressing non-degradable CycB in
mouse embryos, cohesin cleavage results in checkpoint reactivation, preventing further
progression through mitotic exit [147].

The mechanism or mechanisms for CDK-dependence of SAC licensing is discussed in

greater detail in Chapter 3.
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Figure 1.10:  Generic SAC influence diagrams. Solid arrows: activatory interactions. Solid bars:
inhibitory interactions.

1.4.6 Checkpoint Reactivation

Linked to the idea of a CDK:SAC:APC/C positive feedback loop is the concept of Check-
point Reactivation. This refers to the ability of the cell to resume mitotic checkpoint
signalling during late metaphase or early anaphase in response to a renewed kinetochore
signal. This is not a normal state of the system, and in the absence of other experimen-
tal perturbation, formation of unattached kinetochores sufficiently late in metaphase will
not delay checkpoint progression [148]. This implies that mechanisms exist to turn off
the checkpoint during the M /A transition, creating an irreversible transition between the
two states.

Related to this is the so-called ‘Anaphase Problem’ [149, 150]. This refers to the
apparent paradox that the state of chromosome attachment during anaphase is effec-
tively identical to that in prometaphase, since following cohesin cleavage each daughter
chromosome retains only a single kinetochore, and is not under tension (Figure 1.11).
If the Error Correction pathway detects and destabilises tensionless kinetochores, then
this loss of tension should cause destabilisation of KT:MT attachments and reactivation
of the SAC, preventing progression through anaphase. In order to resolve this, some

mechanism must exist to inactivate EC at anaphase.
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Figure 1.11: The anaphase problem. During prometaphase, the existence of mono-orientated kineto-
chores stimulates the mitotic checkpoint (A). Biorientation at metaphase places the kinetochore under
tension and satisfies the checkpoint (B). Cohesin cleavage at anaphase causes chromosomes to separate,
again becoming mono-oriented. However this does not cause reactivation of the checkpoint (C).

A variety of mechanisms may be responsible for preventing reactivation of the check-
point during anaphase. AurB localisation is controlled by its association with the CPC,
which relocalises to the central spindle at M/A via the action of the kinesin MKlp2 [151].
Depletion of MKIp2 results in retention of AurB at the kinetochore during anaphase, and
recruitment of SAC components including MPS1 and BubR1 [152]. Crucially however,
this does not result in a noticeable change in the rate of CycB degradation, or a delay
in mitotic exit [152], suggesting that other factors must be responsible for the inability
of the checkpoint to reactivate and inhibit APC/C in this case.

The CDK-dependence of SAC signalling described in the previous section provides
another mechanism for checkpoint irreversibility [147]. Since CDK activity is lost at
anaphase due to APC/C¢4<?_dependent cyclin degradation, this should prevent further
activation of the checkpoint. However, the exact point or points at which CDK activity
acts are less clear. Previous modelling work suggests that a system where CDK pro-
motes both EC (AurB) and SAC (MCC) pathways independently is most consistent with
experimental results [153].

Note that the assumption that checkpoint reactivation during anaphase will have a
disruptive effect on mitotic progression assumes that SAC activation can occur suffi-
ciently quickly for degradation of APC/CC420 sybstrates to be prevented. However,
checkpoint reactivation in the presence of non-degradable CycB in fission yeast is rela-
tively slow, so that despite the re-assembly of MCC, APC/C inhibition comes too late

to prevent significant securin degradation [154].
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1.4.7 Terminating SAC Signalling

Activation of APC/C following formation of the final KT:MT attachment requires that
the inhibitory effects of the SAC can be reversed. This process has two components:
firstly inactivation of SAC signalling at the kinetochore to prevent further MCC assembly,
and secondly turnover of the existing pool of MCC complexes to release APC/C from
inhibition.

Inactivation of kinetochore signalling depends on reversal of mitotic phosphorylation
events by specific phosphatases. Several apparently independent components have been
identified as contributing to disassembly of MCC complexes or sub-complexes, suggesting

that multiple pathways may be responsible.

Cdc20y, undergoes APC15-dependent turnover from within the APC/C420:MCC
complex

Cdc20 accumulates during S-phase and is highest during early mitosis, declining fol-
lowing the M/A transition. Loss of Cdc20 during late mitosis is at least in part due
to APC/C%_dependent degradation [155, 156]. A number of studies have identified
Mad2 and APC/C-dependent Cdc20 turnover occurring during checkpoint arrest (and
therefore prior to significant APC/C%4 activation) [157, 158, 159, 160]. The APC/C
subunit APC15 is essential for this auto-ubiquitination reaction, but is not required for
canonical APC/C420 or APC/C“d! substrate degradation [127].

Previously, some disagreement existed about the role of this Cdc20 turnover for
checkpoint function. One proposal was that Cdc20 degradation helps to maintain the
checkpoint by limiting the pool of Cdc20 available to act as an APC/C co-activator
[159, 157]. This was partly based on the observation that a non-ubiquitinatable Cdc20
mutant is able to override the SAC [157]. However, subsequent studies showed that
this mutant is in fact also defective in MCC formation, which would explain this effect
independently of Cdc20 degradation [160].

Alternatively, Cdc20 turnover can be explained as arising from turnover of Cdc20
within the MCC complex itself. This would act in opposition to checkpoint maintenance,

but would contribute to more rapid release from checkpoint arrest following the cessation
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of MCC assembly. Within this context, we can interpret the finding that MCC binds
directly to the active APC/C42% complex [123] as supportive of a model where MCC
acts as both a substrate and an inhibitor of APC/C®4<20,

Structures of the APC/C®420:MCC complex have backed up these biochemical re-
sults, confirming that APC/C can simultaneously bind both a co-activator Cdc20 (Cdc204)
and an inhibitory Cdc20 within MCC (Cdc20y) [124, 125]. Furthermore they show that
there exist two distinct conformers of the APC/C4?0 complex. In the more abundant
‘Closed’ form, the binding site for the E2 enzyme required for the ubiquitination reaction
is occluded by MCC, and the APC15 subunit is disordered. In contrast, in the less abun-
dant ‘Open’ form, the APC15 is well defined and the E2 binding site is unobstructed.
Deletion of APC15 results in the complex exclusively adopting the ‘Closed’ form. These
studies confirm an important role for APC15 in APC/C-dependent degradation of the
Cdc20 from within the APC/C®420:MCC complex, thereby providing a mechanism for
APC/C to free itself from MCC-dependent inhibition [124, 125].

Active c-Mad2 is remodelled into inactive 0-Mad2 via a TRIP13- and p31°°™met-
dependent pathway
A major pathway of significance for checkpoint silencing and a timely M/A transition
is the extraction of c-Mad2 from MCC, followed by ATP-dependent remodelling of ac-
tive c-Mad2 into inactive 0-Mad2 [161, 162]. This process involves the AAA+ AT-
Pase TRIP13, and the Mad2-binding protein p31™met. p31<°™et promotes dissociation
of Mad2 from MCC complexes during checkpoint arrest [163]. TRIP13 binds to a
p31<met:c-Mad2 complex, using ATP hydrolysis to drive unfolding of a region of the
c-Mad2 protein, causing dissociation from p31<°™¢ and refolding as o-Mad2 [164, 165].
p31%°™et has also been implicated in the APC/C-dependent ubiquitination of Cdc20
[160], though it is unclear to what extent these pathways are linked. It has also
been suggested that the two pathways act on APC/C-bound and free MCC respec-
tively [33]. Recently it has been shown that p31<°™¢t/TRIP13 can promote extraction
of 0-Mad2 from an APC/C®420:MCC complex in the absence of APC15 (required for
Cdc20-ubiquitination), but that this occurs at a slower rate than extraction of o-Mad2

from free MCC [165], suggesting that the two pathways are independent, but may act
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more efficiently on MCC in different contexts. Furthermore, p31<°™* associates with
both MCC and APC/C®420 but TRIP13 does not, suggesting that p31%°™ may be
necessary to extract c-Mad2 from either free or APC/C-bound MCC, before delivering
it to TRIP13 for refolding [165].

MCC disassembly intermediates may retain the ability to inhibit APC/C

An important question when considering pathways of MCC disassembly is at which
step in the process the MCC inhibitor ceases to function. In the simplest case, any
modification or loss of MCC components would render it inactive as an APC/C inhibitor.
In this scenario, any pathway acting directly on MCC itself would immediately remove
its inhibitory function, and any steps further downstream would simply act to recycle
SAC components. Alternatively, MCC disassembly intermediates may themselves have
inhibitory properties, in which case the rate at which these are turned over by downstream
pathways will influence the efficiency of checkpoint silencing.

A significant MCC disassembly intermediate is the complex formed when Mad2 is
lost from MCC following extraction by p31<°™¢* [163]. The resulting BubR1:Bub3:Cdc20
complex is referred to as the BBC [163, 33]. This complex is functional as an APC/C
inhibitor, and it has been proposed that Mad? effectively plays a catalytic role in assembly
of the BBC inhibitor, with no significant role for MCC itself [166]. However, the wealth
of evidence for the existence of a strong and stable MCC complex and consideration
of the kinetic properties of the binding reactions involved in complex formation argue
against this model [33].

A related question is the extent to which ubiquitination of SAC components functions
via directly inactivating them versus targeting them for proteasomal degradation. En-
hanced ubiquitination of Cdc20 as a result of overexpressing an E2 ubiquitin-conjugating
enzyme leads to dissociation of Mad2 and BubR1 from APC/C even in the presence of
a proteasome inhibitor, suggesting that ubiquitination itself is inhibitory for SAC activity
[158]. Although in most cases these two options will lead to qualitatively the same
outcome, it is significant for the interpretation of experiments involving application of

the proteasome inhibitor MG132, for example.
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Specific phosphatases are responsible for reversing phosphorylation events re-
quired for checkpoint signalling

Just as phosphorylation events are crucial for driving the events of early mitosis, so re-
moval of phosphorylation from these same sites is crucial to enable the cell to successfully
exit mitosis and re-enter the subsequent cell cycle. In particular, we discuss here the role

of the major mitotic exit phosphatases PP1 and PP2A.

PP2A:B56 PP2A:B56 is an important phosphatase opposing kinase activities involved
in both the SAC and EC pathways [145]. It is the counteracting phosphatase for MPS1-
dependent phosphorylation of Knll in the SAC pathway [121], and for AurB-dependent
phosphorylations responsible for destabilisation of KT:MT interactions in the EC pathway
[167].

PP2A:B56 activity is regulated via control of its kinetochore localisation. This is
achieved by its binding to the KARD domain of BubR1 [168]. Phosphorylation of the
KARD domain by Cdkl and Pkl is also required for this interaction [169]. Removal of
PP2A:B56 from the kinetochore is dependent upon dephosphorylation by PP1 [170].

PP1 As discussed above, PP1 promotes removal of PP2A:B56 from the kinetochore,
counteracting its stabilisation of KT:MT attachments [170]. Recruitment of PP1 to
the kinetochore is itself dependent on removal of AurB-dependent phosphorylation from
SILK and RVSF motifs on Knll [171]. Dephosphorylation of these sites is dependent
on PP2A:B56, so that PP2A:B56 promotes its own removal from the kinetochore [170].
PP1 is also responsible for regulation of both PP2A:B55 and PP2A:B56 activity in a

so-called ‘phosphatase relay’ [172].

PP2A:B55 PP2A:B55 is subject to regulation by the stoichiometric inhibitors a-
Endosulfine (ENSA) and Arppl19 [174, 175] (Figure 1.12). Both are subject to similar
regulation so we will refer generically to ENSA from this point onwards. Phosphoryla-
tion of ENSA by the kinase Greatwall (Gwl, also known as MASTL) converts it into its
active phosphorylated form (p-ENSA), which binds to the PP2A:B55 active site [175].

p-ENSA is itself a substrate PP2A:B55, and undergoes slow dephosphorylation from the
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Figure 1.12: Influence diagram showing interactions between components of the B55/ENSA/Gwl
(BEG) pathway [173]. See text for details.

inhibitory complex. This so-called ‘unfair competition’ mechanism nevertheless allows
p-ENSA to function as a stoichiometric inhibitor of PP2A:B55, since its tight binding
and slow turnover means that it prevents access of other substrates to the PP2A active
site [176].

Gwl is itself regulated by activatory phosphorylation at multiple sites by CDK activity
[177]. Removal of these phosphorylations is dependent in part on PP2A:B55 activity,
resulting in a double-negative feedback loop between PP2A:B55 and Gwl, contributing
to the bistability of mitotic entry and exit [178, 179]. PP1 also contributes to the
initiation of Gwl dephosphorylation [180, 181, 182]. The time-delay provided by the
B55/ENSA/Gwl (BEG) pathway is important for ensuring that PP2A:B55-dependent

events of mitotic exit occur after chromosome segregation at anaphase [173].

1.5 Meiosis

In contrast to the mitotic cell cycle, where DNA replication strictly alternates with
chromosome segregation and cell division, meiotic cells undergo two sequential divisions
without an intervening round of DNA replication (Figure 1.13). In the first division
(Meiosis 1), homologous chromosomes pair up and undergo homologous recombination
at chiasmata, linking together to form Bivalents. The subsequent anaphase results in

formation of two haploid daughter cells. At the second division (Meiosis Il), sister
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Figure 1.13: Overview of meiosis. Adapted from [1].

chromatids are segregated to generate a total of four haploid daughters [1].

Despite these differences, there exist important similarities between meiosis and the
mitotic cell cycle. In particular, both use many of the same regulatory components,
including APC/C and CDK:Cyclin complexes. For the most part it is the differences in
regulation of these core components between mitosis and meiosis which allows the cell
to achieve the required outcomes in each case.

Below, we highlight some of these important physiological and regulatory differences,
which will be of relevance to modelling these meiotic processes in Chapters 4 and 5.
In particular we focus on the regulation of meiosis in mammalian oocytes, since mouse

oocytes are the experimental model used in each of these chapters.



1.5. Meiosis

A

GV arrest
(Prophase I)

C GVBD
Metaphase |
®
E CSF arrest
(Metaphase II)
Pronucleus
(G1)

Figure 1.14: Overview of mammalian oogenesis. Figure adapted from [183] and [184].

1.56.1 GV arrest and meiotic resumption in mammalian oogenesis

In female animals, the first meiotic division comprises several different stages, the timing
of which correspond to specific life events. During embryonic development, primordial
follicle cells enter the cell cycle and undergo DNA replication, before reaching an arrest in
prophase. This Germinal Vesicle (GV) arrest occurs at the diplotene stage of prophase
[, after chromosomes have undergone alignment and chiasmata formation, but before
chiasmata resolution and formation of the meiotic spindle (Figure 1.14A) [183, 184].
Germinal Vesicle Breakdown (GVBD), also referred to as Meiotic Resumption,
marks the release of the oocyte from GV arrest, and occurs in response to different
stimuli depending on species. In mammals, meiotic resumption occurs at ovulation in

response to an increase in Luteinizing Hormone (LH) [185].
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Meiotic resumption requires CDK activity

Meiotic resumption is comparable to the mitotic G2/M transition, since in both cases reg-
ulation centres around the activation of Cdk1 [184]. Rising CDK activity promotes chro-
mosome condensation and the formation of the meiotic spindle (Figure 1.14B) [186, 187].
However, the timing of spindle formation and stabilisation of KT:MT attachments is sig-
nificantly delayed relative to the equivalent events in mitosis, and this delay corresponds

to a slow rise in CDK activity during meiotic resumption [187, 188].

CDK activity is inhibited during GV arrest in response to cAMP /PKA signalling

GV arrest requires inhibition of CDK activity to prevent premature meiotic entry. This
occurs via inhibitory phosphorylation of Cdkl by the oocyte-specific Weel-like kinase
WeelB [189]. Conversely, meiotic resumption requires removal of this inhibitory phos-
phorylation by the phosphatase Cdc25B [190]. This situation is analogous to the regu-
lation of mitotic Cdk1 via inhibitory phosphorylation (See Section 1.2.1).

Regulation of these two reciprocally-acting processes is coordinated by the cAMP-
dependent Protein Kinase A (PKA), which catalyses activatory phosphorylation of
WeelB and inhibitory phosphorylation of Cdc25B [191, 192]. In the case of WeelB,
this activatory effect is direct [189], while PKA-dependent phosphorylation of Cdc25B
promotes its translocation from the nucleus, preventing it from acting on Cdk1 [193, 192].

The transition from GV arrest to meiotic resumption is promoted by loss of cCAMP
signalling, thereby reducing PKA activity. This can occur either in response to hormonal
signals acting on the follicles to promote ovulation, or through physically removing the

primordial follicle cell from the surrounding follicle in vitro [184].

Inhibitory phosphorylation of Cdk1l is controlled by positive feedback loops

Although the initial stimulus for meiotic resumption is inactivation of PKA, further down-
stream effects act to reinforce this. Phosphorylation of WeelB by Cdkl also promotes
its nuclear export [193], creating a double-negative feedback loop. In Xenopus oocytes,
which do not contain Cdc25B, its homologue Cdc25C is activated by Cdk-dependent
phosphorylation [194, 195]. This reciprocal regulation of Weel and Cdc25 is a con-

served design motif across different species and cell cycle stages [19] (see also Section
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1.2.1), although conclusive evidence of activatory phosphorylation of Cdc25B by Cdk1

in mammalian oocytes is currently lacking.

APC/C% promotes CycB degradation during GV arrest

Inhibitory phosphorylation of Cdkl is not the only factor controlling meiotic resumption
in mouse oocytes. The availability of CycB will also determine the overall level of CDK
activity. Degradation of CycB during GV arrest has been shown to depend on APC/C¢dh!
[196]. This is unusual relative to a mitotic cell cycle, where APC/C®" becomes active
at mitotic exit and is inactivated at the G1/S transition. Loss of Cdhl increases the
rate of meiotic resumption in a CycB-dependent manner [197]. The significance of the

interplay between Cdkl phosphorylation and Cdhl-dependent regulation of CycB levels

on overall CDK activity is discussed in detail in Chapter 4.

1.5.2 CSF Arrest and Meiosis I

Following GVBD, primary oocytes align bivalents on the spindle in metaphase | (Figure
1.14C), and undergo the first meiotic division to produce a large secondary oocyte, and
a small polar body (Figure 1.14D). As mentioned above, the first meiotic division occurs
at ovulation in mammals. However, the second meiotic division to produce the final
mature ovum, along with a second polar body (Figure 1.14E) only occurs at the time of
fertilisation, in response to Ca®" signalling associated with the fertilisation event [183].

Prior to fertilisation, the secondary oocyte remains in metaphase I, in a state termed
‘Cytostatic Factor’ (CSF) Arrest (Figure 1.14D) [183]. CSF arrest is a dynamic
steady state characterised by high Cdk1:CycB and low but non-negligible APC/C4<20
activity, resulting in significant CycB turnover [198]. Under these conditions, APC/C
activity is kept low by the action of its stoichiometric inhibitor Emi2 [199, 200]. The
steady state is maintained by a negative feedback loop in which Cdk1:CycB phospho-
rylates Emi2, reducing its binding to APC/C [201]. Counteracting dephosphorylation
of Emi2 is via PP2A:B56 activity [201, 202]. PP2A:B56 can also bind to separase or
separase:securin complexes, but not to separase:CycB complexes [203].

Release from CSF arrest occurs when an influx of Ca?" associated with fertilisation

promotes a calmodulin-dependent kinase cascade, resulting in phosphorylation and SCF-
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dependent degradation of Emi2 [204]. This allows APC/C to become active and promote
separase activation and cyclin destruction, leading to anaphase Il and completion of the

second meiotic division (Figure 1.14E).

1.5.3 Regulation of chromosome segregation

Just as in mitosis, correct alignment and segregation of chromosomes into daughter cells
is an essential function of the two meiotic divisions. However, the first meiotic division
presents a unique challenge of correctly aligning and segregating paired homologous
chromosomes, while retaining cohesion between sister chromatids within each chromo-
some. Some of the ways in which chromosome segregation and checkpoint surveillance

are adapted to this novel situation are explored in Chapters 4 and 5.

Sgol2 protects centromeric cohesin from cleavage during meiosis |

Retaining cohesion between sister chromatids into meiosis |l requires that centromeric
cohesin remains protected during meiosis |. This occurs via the activity of Shugoshin-
like Protein 2 (Sgol2), which binds to the centromere and recruits PP2A. Resulting
dephosphorylation of the adjacent cohesin prevents it from being targeted for degradation
by separase [205, 206]. Loss of centromeric cohesin from oocytes in aging mice is

associated with loss of Sgol2 from chromosome arms [207].

The SAC response in meiosis |

SAC activity in meiosis | is thought to be less robust than in mitosis [208, 209]. The
frequency of aneuploidy during meiosis is high [210], and lack of robust checkpoint
controls are thought to be in part responsible for this [208]. Some animals, for example
Xenopus, are unable to mount any checkpoint response [211], however a checkpoint
response is observed in mouse oocytes [212], and is essential for correct chromosome
segregation in meiosis | [213]. Nevertheless, the checkpoint remains highly error-prone,
and SAC activation does not appear to respond robustly to incorrect attachment status
[214, 215, 216]. Furthermore, attachment of bivalents to the spindle does not result
in inter-kinetochore stretch, since KT:MT attachments from each homologue should

all originate from the same spindle pole (mono-orientation), limiting the potential for
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tension-dependent error correction pathways to act [217]. The question therefore remains
as to how an essential role for the SAC in chromosome segregation can be reconciled

with its apparent insensitivity to defects.

1.6 Mathematical Modelling

Mathematical modelling provides a framework with which to analyse the emergent be-
haviour of biochemical reaction networks. In this thesis, several modelling techniques are
used to simulate and analyse the behaviour of systems of interest. We address a num-
ber of distinct but related biological systems in collaboration with different experimental
groups, and use modelling to aid understanding and to make predictions to inform fu-
ture experimental work. In general, we have favoured an approach of developing smaller,
more specific models corresponding to the pertinent points of a particular experimental
system, rather than developing a single over-arching model which could be applied to
all systems. This has the advantage of producing a model more closely tailored to the
specific experimental system of interest, and prevents potential over-fitting and redun-
dancy associated with a large model containing all known interacting species. However,
it also has limitations in potentially reducing the applicability of the findings from one
particular model to a wider picture of cell cycle regulation.

Below, we give a general overview of the various modelling techniques used, but do
not go into details of specific models beyond a simple example system. The details of
the different models presented in the thesis will be discussed in the relevant chapters,
and copies of each model and parameter values are included in Appendix A. Further
evaluation of the modelling approaches chosen is presented in the discussion (Section

6.3).

1.6.1 Ordinary Differential Equations (ODEs)

The main technique used in this thesis is Ordinary Differential Equation (ODE)
modelling. As the name suggests, an ODE model comprises a series of differential
equations describing the rate of change of system components with respect to time.

When combined with a set of Parameters and Initial Conditions, an ODE solver can

43



Chapter 1. Introduction

0.8} — Y] 1
0.6}

4 ______ “ 04r
0.2f
0 1 1
0 20 40
Time / a.u.

R
AN —d[X]/dt = 0
08} —d[Y]/dt = 0 {
5
S 0.6
~~
> 04
0.2
0 0.5 1

[X] / a.u.

Figure 1.15: Wiring diagram (A), Timecourse simulation (B) and Phaseplane diagram (C) for example
kinase-substrate reaction network.

then be used to generate a simulated timecourse showing how the state of the system

evolves with time.

Defining a Series of ODEs

The starting point for an ODE model of a biochemical reaction network is a Wiring
Diagram showing the relationships between all the species of interest in the network.
A simple example of such a network wiring diagram is shown in Figure 1.15A, depicting
a simple kinase-substrate reaction between a kinase Y, and its substrate X. From this
diagram, we can then define variables [X], [Y] and [pX] corresponding to the activities
of the species in the reaction network.

We can then define ODEs describing the rate of change of each component by con-

sidering the rate of each of the individual reactions it is involved in. For X, these are:
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e Phosphorylation to form pX (catalysed by Y).
e Regeneration of X by dephosphorylation of pX (intrinsic).

For now, we will assume that phosphorylation and dephosphorylation of X occur via
Mass Action Kinetics, i.e. that the rate is proportional to the concentration of the
species involved in the reaction. This gives the following ODE:

d[X]

~gr = Kaephos - [PX] = Kpnos - [Y] - [X] (1.1)

Here kppos - [Y] - [X] is the rate of the phosphorylation reaction, and kgepnos - [pX] is
the rate of the dephosphorylation reaction.
For Y, in this simple example its concentration does not change during any reaction,

so this is given simply by:

Sl (1.2)

Since we already have an equation for [X], we do not require a separate ODE for
[pX], since we also know from the wiring diagram that the total concentration of [X]
and [pX] is constant (for convenience we denote this total value X7). We can therefore

use this relationship to define an Algebraic Conservation Equation for [pX].

[pX] = Xp — [X] (1.3)
Parameter Selection

Given a series of ODEs and associated algebraic conservation equations, we must select
appropriate parameters and initial conditions to use for the simulation. Depending on
the particular experimental system we are studying, more or less information will be
available to inform parameter and initial condition selection. Where specific values are
known from literature data these can be used, but this is the minority of cases. More
likely, literature data can be used to provide an indication of the relative magnitude of
different parameter values, for example based on relative rates of measured reactions.

Upper and lower limits can also be placed on parameter values based on typical ranges
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of values for enzymatic reactions. Where available, suitable experimental data can also
be used to fit the model. ODE models typically have a large number of parameters, and
hence many degrees of freedom for model fitting, so that this approach alone is unlikely
to produce an accurate representation of the true parameter values in vivo. However,
by using data from multiple sources and different experimental conditions, additional
constraints can be placed on the model, helping to refine the likely region of parameter

space in which the system operates.

Simulation and Data Analysis

Defining a series of ODEs and assigning parameter values and initial conditions allows a
simulation to be run showing how the state of the system changes over time. An example
timecourse simulation of the model system laid out above is shown in Figure 1.15B. For
numerical simulation of ODEs, we use the free ODE solver XPPAUT, (available from
http://www.math.pitt.edu/~bard/xpp/xpp.html) [218]. XPPAUT ‘.ode’ files for
each of the models in this thesis are included in Appendix A. For more complex simula-
tion variants (for example simulations where parameter values change mid-simulation),
MATLAB [219] code was used to edit .ode model variants and run the XPPAUT solver
from the command line. Simulation results were also imported into MATLAB for data

analysis and plotting.

Population-level simulations

An ODE simulation is purely deterministic, so will always produce the same results for
a given set of parameters and initial conditions. This approach is therefore not suitable
to accurately reproduce experimental data which record the diversity of responses of a
cell population to a given set of conditions.

We would expect that natural variation would exist within any cell population, which
is absent from the deterministic ODE model. Reproducing these population-level ef-
fects therefore requires a simulation which can incorporate a suitable form of variation
alongside the core deterministic mechanism. A purely stochastic simulation would be
one way to achieve this, but would be computationally demanding for the number of

variables and complexes considered in some models. In addition this would capture only
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the intrinsic noise in the system (i.e. that caused by stochastic processes resulting from
the low number of molecules present in each cell). It would not describe adequately
extrinsic noise, caused by genuine heterogeneity within the cell population.

Therefore we instead favour an approach which approximates this variation by per-
forming multiple deterministic simulations with parameter values or initial conditions
selected from a suitable random distribution. These distributions can be centred on a

mean of the ‘true’ value from the original deterministic simulation.

1.6.2 Phaseplane Diagrams

Timecourse simulations are useful for checking that proposed models are consistent with
experimental data, as well as to make testable predictions about the behaviour of the sys-
tem under novel conditions. However, they do not allow us to make a general statement
about the overall behaviour of the system across a range of conditions. Phaseplane
Analysis provides a tool with which to analyse the steady states or oscillations of a
system, and the trajectories taken by the system through the phase space. This enables
a more generalised understanding of the behaviour of a system under a wide range of
conditions, which can then be related to specific physiological states.

By a phaseplane, we refer to a representation of possible states of the system on
a two-dimensional set of axes. Onto these axes are plotted two curves (Nullclines),
which show the points at which the rate of change of each of the axis variables is equal
to 0 (i.e. the curves % =0 and % = (). The phaseplane for the example system
described above is shown in Figure 1.15C.

Where the nullclines intersect, the rate of change of both variables is 0, and so
the system can be described as being in a steady state. These steady states can be
Stable or Unstable, depending on whether an infinitesimal perturbation will result in
the system returning to or diverging from the steady state. The stability of a given
steady state can be computed formally by analysis of an eigenvector matrix, but for our
purposes it is sufficient to observe by inspection the trajectories in the vicinity of each

steady state. The rate of change of each variable will be positive on one side of the

nullcline and negative on the other. These rates of change are indicated on the nullclines
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by arrows and the resulting stable or unstable steady states indicated by filled or open
circles respectively. In Figure 1.15C, the lines intersect in only one place, so the system
has a single stable steady state.

Note that to generate a phaseplane diagram, the system must comprise precisely two
ODEs, corresponding to the phaseplane axis variables. If the original system contains
more than two variables, then the system must be reduced by converting ODEs for addi-
tional variables into algebraic equations expressed in terms of the chosen axis variables.
This is achieved by making a steady state assumption about these variables: at steady
state the rate of change is 0, so the ODE can be rearranged to express the variable in

terms of the phaseplane axis variables.

1.6.3 Bifurcation Analysis

The other tool used for analysis of system behaviour in this thesis is the Bifurcation
Diagram. Like a phaseplane diagram, the bifurcation diagram is used to summarise
system behaviour across a range of conditions. As previously discussed in Section 1.3.4,
it plots the steady state values of a system variable as a function of a system parameter
(the bifurcation parameter). As the bifurcation parameter is increased, not only will the
value of the steady state change, but also the number of steady states in existence. At
a Saddle-node Bifurcation Point, an initial monostable state can split into a pair of
stable states separated by an unstable state, and vice versa. These bifurcations give rise
to characteristic S- and Z-shaped bifurcation curves.

In addition, Two-parameter bifurcation diagrams are used to show how the size
of the bistable region produced by varying the first bifurcation parameter changes with a
second bifurcation parameter. This can be useful to probe the effects of specific model
parameters on the bistability of the system as a whole.

The AUTO function of XPPAUT was used for generating all bifurcation diagrams.

The resulting data were then imported into Matlab for plotting.
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The FADS motif: a network motif providing

bistability at multiple cell cycle transitions

2.1 Introduction

The bistability of cell cycle transitions is a central paradigm in the field. Bistability
ensures that progression from one cell cycle stage to the next is an irreversible event.
Mathematical modelling has been used with success to demonstrate how simple molec-
ular interaction networks can give rise to bistable behaviour, however these can require
complex assumptions about the reaction kinetics in order to generate the necessary math-
ematical relations between components to create a bistable system. In this chapter, we
present a simple network motif, the Feedback-Amplified Domineering Substrate
(FADS), which we suggest represents a minimal set of components and kinetic com-
plexity necessary to generate bistability. We show that this network motif is present in
at least three distinct cell cycle transitions, analyse the features of this motif which are
necessary for a bistable transition to arise, and speculate about the role of a simple motif
such as this in the evolution of a bistable cell cycle transition. The work in this chapter
formed the basis for a first-author paper published in Molecular Biology of the Cell in

September 2017 [220].

2.1.1 Requirements for generating bistability

Before introducing the FADS network motif, it is necessary to return to the requirements
for bistability discussed in Section 1.3.4 and provide a more robust description. As
mentioned previously, while positive feedback is essential for bistability, it is not sufficient,

with the additional requirement for an ultrasensitive signal-response curve. We can
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Figure 2.1: Phaseplane diagrams for a simple two-component positive feedback system, showing the
impact of three different kinetic schemes on the steady state outcomes. Nullclines are plotted showing
the points at which ﬂd%l = 0 (light blue) and ﬂd% = 0 (dark blue). Shading indicates the regions of
the phaseplane where the corresponding variable is increasing (light blue: [X] increasing; dark blue: [Y]
increasing; intersection (darkest blue): both increasing). Arrows show the overall direction of movement
in each region. (A) Simple positive feedback with no upper limit on component activity. (B) Positive
feedback with upper limit on [X] and [Y] activity, and constitutive background inactivation. (C) Positive
feedback as in (B) with non-linear kinetics.
demonstrate this by considering a simple positive feedback system (e.g. Figure 1.6C),
with two mutually activating components X and Y. Phaseplane analysis can be used
to show how the behaviour of this system is dependent not only on overall network
structure, but also the kinetics of the individual reactions in the network.

To plot a phaseplane, the equations of the nullclines are required. In the simplest

case, we consider a simple linear system. Since the rate of change of both [X] and [Y]

is linearly dependent on the other variable, we can describe the system as follows:

d[X]

A =k 1y (2.1)
dly) _
A =k X (2.2)

The nullclines % =0 and % = 0 are therefore the lines:

Y] =0 (2.3)

X] =0 (2.4)

These lines intersect in a single steady state at the origin (Figure 2.1A). This state is
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unstable, since moving away from this point the system enters a region of phase space
where both [X] and [Y] are increasing away from the origin (indicated by blue shading).

A more biologically meaningful way of modelling a system with simple positive feed-
back is to consider the activation and inactivation of each component via reversible
post-translational modifications. These could represent commonly used biological mod-
ifications such as phosphorylation or ubiquitination. In some cases, modification can
activate the substrate, while in others it can be inhibitory. By using post-translational
modification as the mechanism for activity change, the maximum activity of each com-
ponent is limited by the combined concentration of both modified and unmodified forms.
Once the component is entirely in the modified or unmodified form, no further increase
in its activity is possible, so the system will no longer tend towards infinity.

To model this in a ‘toy’ system, we assume that X7 = 1 and Y7 = 1 are the total
amounts of the two mutually activating enzymes. X and Y each promote conversion of
the other from its inactive to its active form. Conversion of active X or Y back to the
inactive form is modelled as a first order process. We can describe this system with the

following ODEs:

IX] - (Xp— (X)) - [V] = Kix - [X (2.5)
dt
% — kay - (Yr — [Y]) - [X] — kiy - [Y] (2.6)

dX] _

Setting =7 = 0 and % = 0 gives the following nullclines:

 kax - Xp-[Y]
. k’ay . YT . [X]

These nullclines are plotted in Figure 2.1B. Now, rather than a straight line tending
to infinity, the nullclines are hyperbolas tending to maxima at [X| = X7 and [Y] = Y.
These maxima represent the limiting case where all of X or Y has been converted to

the active form. The resulting curves now intersect in two places, indicating that the
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system has two possible steady states. As before, one of these states is at the point
([X] = 0,[Y] = 0), and is again unstable, since any infinitesimal increase in either X or
Y will lead to activation of the other, and move the system into a region where both
variables are increasing. The second intersection point is a stable steady state, occurring
at a point where both X and Y are active, but further activation is limited by the
decreasing pool of inactive X and Y available for further modification. The exact point
at which this occurs will depend upon the parameters selected. The phaseplane shows
that for any positive starting condition, the system will move towards this single stable
steady state, so positive feedback alone is insufficient to generate a bistable system.
Bistability requires that the nullclines of the system intersect at three different in-
tersection points (Figure 2.1C). This creates two stable steady states, separated by an
unstable steady state. Achieving three intersection points requires that at least one of
the nullclines is sigmoidal. The practical interpretation of such a sigmoidal curve is that
the rate of change of [X] is most sensitive to changes in [Y] over a limited range, outside
of which changes in [Y] have little effect. We refer to this property as ultrasensitivity.
A combination of a positive feedback loop and an ultrasensitive signal-response curve is

sufficient to generate a bistable system.

2.1.2 Sources of Ultrasensitivity

In the ‘toy’ model used to generate Figure 2.1C, non-linearity was introduced using
a function where the rate constant for Y inactivation is inversely proportional to the

concentration of Y:

kiy
LiPP —
YT Y]

(2.9)

However, this is just an empirical function which produces a suitably non-linear curve.
In reality, any non-linearity must arise as a direct consequence of the underlying biochem-
ical reactions. Generating an ultrasensitive (sigmoidal) signal-response curve is therefore
an important function of many biological systems. Multiple mechanisms have been iden-

tified by which simple biochemical interactions can give rise to a sigmoidal curve, and

these have been recently reviewed [221]. We will explore a few of these mechanisms in
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more detail below, however this does not represent an exhaustive list, as many reaction

schemes of sufficient complexity have the capacity to produce a non-linear response.
Cooperativity

One mechanism for generating ultrasensitivity is to have multiple ligand binding sites on
a target enzyme, where the ligand occupancy at one binding site influences the binding
affinity at other sites. The classical example is the sigmoidal oxygen saturation curve
for haemoglobin, which allows for near-complete saturation of haemoglobin in the lungs,
followed by near-complete release to the tissues. In this case, cooperative binding of O,
by the four sites of the haemoglobin tetramer results in an ultrasensitive binding curve.

Two competing models were proposed to account for the observed cooperativity in the
haemoglobin:O, binding curve. The MWC model [222] proposes a symmetrical model
in which haemoglobin can adopt either a high-affinity or low-affinity conformation, and
where the transition between the low- and high-affinity states is enhanced by ligand
binding. The KNF model [223] proposes an asymmetric, sequential model for ligand

binding, where binding to each site influences the rate of ligand binding to the next site.

Multiple Modification

In a conceptually similar mechanism, multiple sequential modification sites on the same
target can provide a source of ultrasensitivity. In the simplest case, independent (dis-
tributive) phosphorylation events occurring at multiple identical sites in the same target
creates a non-linear dependence of the fraction of the target in the fully modified state
on the concentration of the modifying enzyme. This occurs because full modification in
a distributive reaction scheme requires multiple independent binding events, so is propor-
tional to [X]", where [X] is the enzyme concentration and n the number of modification
sites. However, this mechanism only provides limited non-linearity for low values of n.
In particular, while it is largely effective at preventing activation below a threshold value
of [X], the curve does not undergo rapid switch-like activation above this point, instead
increasing as a hyperbolic function of [X] [224].

In contrast, if the rate of reaction at one site is increased by prior modification at

another site, this provides an amplification mechanism where as soon as a signal rises
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sufficiently to promote modification at one site, this will then increase its ability to
modify other sites, generating a more effective switch-like response curve [221]. This
could happen for example where an initial phosphorylation site creates a docking site for
a kinase to bind and catalyse modification at subsequent sites.

This mechanism has been modelled as part of the Substrate-Inhibitor-Multiply-Modified
(SIMM) mechanism for describing the interaction between Sicl and Cdkl at the G1/S

transition in budding yeast [225].

Positive feedback

Although positive feedback is required in addition to ultrasensitivity to generate a bistable
system, positive feedback itself can produce ultrasensitivity [221]. For example, if a ki-
nase which undergoes activatory auto-phosphorylation in trans is opposed by a decreasing
level of counteracting phosphatase, then at a critical phosphatase threshold the system
will rapidly transition from a mostly inactive to mostly active state, creating an ultra-
sensitive response curve. Coupling multiple positive feedback loops can therefore be

sufficient to produce bistability.

Saturating Substrate kinetics

Goldbeter-Koshland kinetics [226] can generate ultrasensitivity in the case of a reversible
post-translational modification where both the forward and reverse reactions are catal-
ysed by enzymes operating in a saturating regime of substrate concentration. Since the
enzymes are operating at saturation, the steady state level of the modified substrate
depends almost entirely on the ratio of the V,,,, values of the two enzymes. The result
is to amplify the differences in the relative rates of reaction, so that the substrate will
tend to exist almost entirely in the modified or unmodified form, depending on which
reaction is faster. Small changes to the V., ratio in the critical range where the V..
for forward and reverse reactions are approximately equal can therefore lead to a large

change in the proportion of substrate existing in the modified form.

Inhibitor Ultrasensitivity

Tight binding of a stoichiometric inhibitor to an enzyme catalysing reversible modification

of a substrate can give rise to ultrasensitivity [227]. This is the basis of the ultrasensitivity
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in the FADS motif proposed in this chapter, and will be described in more detail in Section

2.2.1.

Limitations of Ultrasensitivity mechanisms

While all of these mechanisms are valid and biologically meaningful ways to generate
ultrasensitivity, they place important constraints on the kinetic properties of the under-
lying reactions. For example, multi-site cooperativity requires a multimeric enzyme, and
a typically non-trivial mechanism to link the binding properties of distant binding sites
in a productive manner. Multi-site phosphorylation requires the existence of multiple
phosphorylation sites on the target protein, but to generate a true switch-like response a
mechanism by which phosphorylation at one site can affect a downstream target is also
needed. In each of these cases, a highly cooperative response is dependent on both the
number of related binding or modification sites, and on the strength of the cooperative
effect felt between sites.

While ultrasensitive responses can and do arise from cooperative mechanisms such as
these, it is not necessarily appropriate to assume that just because a protein has multiple
subunits or modification sites, that it will automatically produce a strongly switch-like
signal-response curve.

Similarly, Goldbeter-Koshland kinetics requires that both the forward and reverse re-
actions are saturated by substrate over a wide concentration range. This assumption
could be easily made for enzymatic catalysis of a small metabolite, present in concen-
trations orders of magnitude higher than the catalysing enzymes, but is less clearly the
case when both the enzyme and the substrate are components of a protein interaction
network. Similarly, previous work has shown that incorrectly applying assumptions of
Michaelis-Menten enzyme kinetics to both reactions of a two-component positive feed-
back loop can cause loss of bistability [228].

These limitations reduce the confidence with which these mechanisms can be pos-
tulated a priori to describe the operation of cell cycle transitions. From a modelling
perspective, identification of positive feedbacks in a regulatory network can produce the
expectation that bistability should follow. Ultrasensitivity is necessary to produce this,

but validating whether a particular mechanism for producing ultrasensitivity can apply
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in a specific case may not always be possible with the available experimental data. Un-
der these constraints, methods for producing ultrasensitivity with limited and reasonable
assumptions about the required kinetic properties of the system are to be preferred.
Furthermore, the more widely applicable the assumptions, the more likely it is that such
a system could evolve from pre-existing cellular components in response to a specific

demand.

2.2 Feedback-Amplified Domineering Substrate (FADS)

motif

Having established the conditions necessary for generating a bistable switch, we now
identify a biological network motif which fulfils these conditions. We suggest that stoi-
chiometric inhibitor ultrasensitivity represents a simple and effective mechanism for pro-
ducing ultrasensitivity with a limited set of components and kinetic assumptions, and that
a straightforward extension of this basic mechanism can generate a bistable switch. We
describe this network as a Feedback-Amplified Domineering Substrate or FADS motif,
for reasons which are outlined in the description below.

We first describe a generic case of this motif and analyse how the properties of
the network structure allow it to perform its biological function. We then describe in

molecular detail how this motif operates at three distinct cell cycle transitions.

2.2.1 Binding of a stoichiometric inhibitor to a cell cycle activa-

tor creates an ultrasensitive cell cycle transition

We start with a simple network (Figure 2.2A) in which a cell cycle activator (A) catalyses
post-translational modification (M) of multiple substrates (S), and thereby initiates a
cell cycle transition (CCT). For simplicity, we describe this component generically as
an activator with respect to the CCT, regardless of whether its effects on individual
substrates is positive or negative. Counteracting de-modification is performed by a
regenerating enzyme (R). Prior to the transition, the activator is kept inactive by tight
binding of a stoichiometric inhibitor (I). This network creates an ultrasensitive response of

substrate modification with respect to inhibitor level (Figure 2.3C). This ultrasensitivity
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Figure 2.2:  Wiring diagrams showing the development of the FADS network motif. Solid arrows
indicate biochemical reactions, dashed arrows indicate rate enhancement of the targeted reaction.
(A) Simple stoichiometric inhibition between an inhibitor (1) and activator (A) blocks modification of
other substrates (S), thus preventing a cell cycle transition (CCT). (B) Modification of the inhibitor
by the activator means it acts as a Domineering Substrate. A regenerating enzyme (IQ) regenerates
unmodified inhibitor. (C) Feedback from the activator onto the regenerating enzyme completes the
Feedback-amplified Domineering Substrate motif.
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Figure 2.3: Example signal-response curves showing how a hyperbolic enzyme-substrate curve (A - note
reversed x axis) can combine with a non-linear enzyme-inhibitor curve (B) to generate an ultrasensitive
(sigmoidal) relationship between inhibitor concentration and substrate activity (C).

comes as a direct result of combining a hyperbolic enzyme-substrate response curve
(Figure 2.3A) with a tight-binding inhibitor-enzyme curve (Figure 2.3B).

At inhibitor concentrations less than the total enzyme concentration, increasing the
amount of inhibitor produces an almost equal decrease in enzyme activity, due to the
efficiency of complex formation with the tight binding inhibitor. This can be seen in the
initial linear region of Figure 2.3B. Transposing this linear decrease in enzyme activity
onto the enzyme-substrate curve (Figure 2.3A) produces the rise in substrate with in-
creasing inhibitor concentration in Figure 2.3C. There is an initial tail where decreasing
enzyme activity does not produce a large change in substrate level, because the system
starts in a regime where the substrate modification reaction is close to completion and is
more limited by the availability of unmodified substrate than by enzyme concentration.

As inhibitor concentration is increased, and enzyme activity decreases further, it moves
into a region of the hyperbolic enzyme-substrate curve where changes in enzyme activity
have large effects on substrate modification. This produces the middle region of the
sigmoid curve where sensitivity to change in inhibitor level is highest (middle section of
Figure 2.3C). Once the inhibitor reaches a point at which it is in stoichiometric balance
with the enzyme, the enzyme will exist almost exclusively in the inhibitor-bound form,
and further addition of inhibitor can have little effect on its activity (flattened tail of
Figure 2.3B). As a result, further inhibitor addition will have little effect on the level of

substrate modification. This produces the upper tail of the sigmoidal curve (final section
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of Figure 2.3C).

2.2.2 A ‘Domineering Substrate’ mechanism provides a pathway

for rapid release from inhibition

With this system we therefore have a mechanism to generate an ultrasensitive CCT, but
not a bistable one. Furthermore, to allow for rapid transition from one cell cycle stage
to the next, a mechanism must exist to inactivate or destroy the inhibitor to reduce its
level below that of the activator.

Since the properties of a competitive inhibitor require it to bind tightly and typically
in close proximity to the active site of an enzyme, one plausible inactivation pathway is
modification of the inhibitor by the inhibited enzyme itself (Figure 2.2B). The inhibitor
would therefore act as a ‘bad’ substrate of the activator, binding with high affinity but
relatively low turnover, so as to prevent access by other substrates. Provided that the
active inhibitor is continuously regenerated at a sufficient rate by a suitable regenerating
enzyme (FAQ) the activator will be maintained in the inactive form despite constant in-
hibitor turnover. However, if the pathway providing for inhibitor regeneration is turned
off, the intrinsic ability of the enzyme to catalyse inactivation of the inhibitor provides a
mechanism to rapidly free itself from inhibition.

This mechanism has been previously described by Goldberg et al. [176], who coined
the phrase 'unfair competition’ to describe the relationship between enzyme and inhibitor-
substrate. However, we are unclear what is 'unfair’ about the process, since relative to a
pure example of competitive inhibition where the inhibitor is not modified by the enzyme,
the so-called 'unfair competition’ does not give any additional benefit to the competitor
relative to the true substrate. If anything it provides an additional helping hand to the
true substrate by providing a way to inactivate the inhibitor. Instead, we prefer to refer
to the inhibitor as a '"domineering substrate’, reflecting that the inhibitor is a bona fide
substrate of the enzyme, but that by tight binding and slow turnover rate it dominates

the occupancy of the enzyme's active site to the exclusion of all other substrates.
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Figure 2.4
Influence diagram describing the FADS motif (inside box), and its relationship to external events and
signals (outside box). A: Cell Cycle Activator; I: Stoichiometric inhibitor; R: regenerating enzyme; S:
Substrate; CCT: Cell Cycle Transition. Arrows and bars represent activatory and inhibitory interactions
respectively. The positive feedback loop between activator, regenerating enzyme and inhibitor is high-
lighted in red. Dashed bar between A and | indicates that this interaction does not comprise a true

double-negative feedback loop between activator and inhibitor (see Discussion Section 2.4.2 for details).

2.2.3 ‘Feedback-amplification’ creates bistability

The final component of the network motif necessary to generate a bistable switch is
the presence of a positive feedback loop. If the regenerating enzyme responsible for
converting inactive inhibitor back into its active form is itself a substrate of the cell cycle

activator, this can generate such a loop (Figure 2.2C).

2.2.4 Formal Description of FADS Motif

Putting together these different interactions creates the FADS motif. A simplified in-
fluence digram showing the internal network structure and its interactions with external
signals is shown in Figure 2.4.

Assuming that the total concentrations of all the components are constants (Ir,
Ar and RT) and that both | and R are inter-converted by reversible post-translational

modifications between active (I and R) and inactive (ly and Ry) forms, these ideas can
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be described by the following differential equations:

d[élt: I] = Kass - [I] : [A] - (kdis + kcat) : [A : ﬂ (2]_0)
dlly] . .
—gr = Fear [A 1] = Kiemr - [R] - [T (2.11)
dR] _ : A
~gp = Faemr - [Bar] = Kimoar - [A] - [R] (2.12)

Where:

Al = Ar —[A ] (2.13)

We assume that A:R and A:S complexes are turned over more rapidly than the A:l
complex and do not have a significant residence time. We therefore model these processes
using mass action kinetics.

Formation of the A:l complex is assumed to be fast and reversible, allowing us to
make a pseudo—steady-state approximation for its concentration, reducing the system to

a series of two ODEs:

_ A+ Iy — [l + Ky — V(Ar + Iy — [Tu] + Ku)? — 4 - Ap - (Ir — [Tn])
2

[A ]
(2.14)
Here K, = % is the Michaelis constant for activator-catalysed inhibitor inac-

tivation.

2.2.5 The FADS motif produces a bistable system

We can analyse the behaviour of the FADS model using a bifurcation diagram (Figure
2.5), which clearly demonstrates the bistable behaviour of the system. On the diagram,
the upper steady state (high [R], low [A]) is the pre-transition state, where the activator

is kept inactive by unmodified inhibitor. The lower steady state (low [R], high [A]) is
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Figure 2.5: Bifurcation diagrams plotting the steady states of the generic FADS motif as a function
of either a ‘Wait' (A) or ‘Go’ (B) upstream cell cycle signal (CCS).

the post-transition state, where the activator overcomes its inhibitor, and inactivates
the regenerating enzyme. Biologically, the bifurcation parameter corresponds to the
upstream Cell Cycle Signal (CCS), which dictates the timing of the transition from one
stable steady state to the next. This CCS can take the form of a ‘Wait’ signal which
must be removed to trigger the transition (Figure 2.5A), or a ‘Go’ signal which increases
to promote passage into the next cell cycle stage (Figure 2.5B). In these examples, we

include the CCS in the model by modification of equation 2.12:

Wait: X

% = kgemn - CCS - [Rua] = kimoar - [A] - [R] (2.15)
Go: )

% — Ftemp - [Rot] = Fmoar - CCS - [A] - [R] (2.16)

However in principle (and as will be seen in practice later), the upstream CCS could
exert its effect at any of the individual reactions within the system, so this only serves
as a single example of each type of signal.

Regardless of their point of input, Wait and Go signals produce characteristic S-shaped
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or Z-shaped curves respectively (Figure 2.5). Note that assuming a steady change in
CC'S without fluctation, ‘Time’, which is not explicitly plotted, in general runs from
right to left on Figure 2.5A as the ‘Wait' signal is reduced, but from left to right on
Figure 2.5B as the ‘Go’ signal increases. The resulting trajectories as the system moves
from the upper to the lower steady state in response to changes in C'C'S are indicated
by arrows.

Having demonstrated that the system is bistable, we can also analyse the factors con-
tributing to that bistability using phaseplane diagrams (Figure 2.6). These are effectively
cross-sections of the system shown in Figure 2.5, taken for a fixed value of the CCS
parameter. For simplicity, we only analyse the ‘Wait’ signal bifurcation diagram, an
elongated version of which is included in Figure 2.6D for comparison. We consider three
separate cases: C'C'S = 1.5 (monostable, upper steady state), CC'S = 0.75 (bistable)

and CC'S = 0 (monostable, lower steady state). On each phaseplane, two nullclines are

plotted, representing the points at which d%gﬂ = 0 (black) and %}] =0 (blue).

The [Iy] nullcline (black) is not affected by the value of C'CS, since it does not
appear in the corresponding ODE (Equation 2.11). The [R] nullcline (blue) on the other
hand is affected by the value of C'C'S, since it appears in Equation 2.15. In the pre-
transition state (Figure 2.6C), the high value of CC'S pushes up the [R] nullcline, so

~

that it intersects the [Iy] nullcline at only a single point, corresponding to a high [R],
low [A] state. As the wait signal reduces, the [R] nullcline is pushed downwards, so that
it begins to intersect the [Iy] nullcline at two additional points (Figure 2.6B). These
points are a lower stable steady state, corresponding to the post-transition state, and
an intervening unstable state, separating the pre- and post-transition states. As CC'S
is reduced further, the [R] nullcline collapses and falls below the [Iy] nullcline, so that
only a single intersection point remains (Figure 2.6A).This lower state corresponds to
the post-transition state. The C'C'S threshold at which the upper intersection between

the nullclines is lost and the system loses bistability defines the point at which the cell

undergoes the cell cycle transition.
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Figure 2.6: Phaseplane diagrams for the generic FADS motif (A-C) corresponding to specific points

on the bifurcation diagram (D). Note that (D) is simply an enlarged version of Figure 2.5A, shown here
for direct comparison.
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1
| N
CCS ("Wait")
Figure 2.7:  Two-parameter bifurcation diagram for the generic FADS motif. The graph shows the
change in ‘on’ and ‘off’ thresholds of a one-parameter bifurcation diagram with bifurcation parameter
CCS, as the second bifurcation parameter k,,,qr is changed. The threshold values are indicated

by solid green lines. The shaded region indicates the size of the bistable region between these two
thresholds.

2.2.6 Bistability depends on the FADS feedback-amplification

loop

Having demonstrated that the FADS motif is able to generate a bistable cell cycle
transition, we can test our original assertion that the feedback-amplification loop is
necessary to convert a simple domineering substrate system into a bistable switch. Figure
2.7 shows that increasing the rate at which the regenerating enzyme is modified by the
activator (koqr), the difference between the upper and lower C'C'S threshold increases.
The bistable region (green shading) exists between these two thresholds. When k,,,qr
is reduced to 0, the two thresholds converge, and the system is no longer bistable,
demonstrating that completing the feedback-amplification loop is necessary to generate

a bistable system.

2.2.7 Inhibitor binding strength

As discussed so far, the FADS motif requires a tight-binding interaction between the

stoichiometric inhibitor (domineering substrate) and the cell cycle activator, in order to
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Figure 2.8: Two-parameter bifurcation diagrams showing the effects of kinetic parameters affecting
activator:inhibitor interactions on the bistability of the FADS motif. Note different x axis scaling between
figures.
generate the necessary non-linearity required for bistability. In order to analyse the sig-
nificance of this binding affinity, and to assess whether the mechanism we have proposed
could realistically be expected to generate bistability in vivo, we analysed the effects of
altering kinetic parameters associated with A:l complex formation and disassembly.

The relative sizes of the k.ss, kqgis and k., parameters will all affect the stability
of the A:l complex. However, k,.s and kg4;; do not appear independently from each
other in the model. They occur only in the algebraic equation for A:l complex formation
(Equation 2.14), in which they are always expressed in terms of Ky, (K = %)
As a result, for a fixed value of k.., any change in k., can be offset by a change in kg
which maintains a fixed value of K,;. We therefore choose not to consider the effects
of varying k,ss and kg individually, instead looking at the global effects of changing
Kys. Since Ky is expressed in units of concentration, which are arbitrary in our generic
FADS model, we plot the ratio K,/[Ir], giving the value of K, as a fraction of the
total possible substrate concentration.

Unlike kgis and kgss, keqr Occurs both inside and outside of the expression for Ky,
since in Equation 2.11, k., - [A : 1] gives the rate of ), generation from the A:l complex.

k.q: therefore has effects on the system separate to its contribution to K ;. However, if

k.q: is used as a bifurcation parameter, changes to its value will also result in changes
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to K s, making it difficult to separate its effects on Kj; from its role in I; formation.
To circumvent this problem, we make a variant of the model where K, is set to a
constant value, rather than being calculated from k., kgiss and k.. In doing so, we
are implicitly adjusting the ks parameter to offset the effect of changes to k.. on Ky,
rearranging the K, definition to give ks = ]”K;]:‘“

Two-parameter bifurcation diagrams were plotted, showing the C'C'S thresholds be-
tween which the system exhibits bistable behaviour as a function of K, (Figure 2.8A)
and k.. (Figure 2.8B). The right-hand branch is the C'C'S required to promote move-
ment from the pre-transition to post-transition state (‘on’ threshold), while the left-hand
branch is the CC'S below which the system will revert to the pre-transition state (‘off’

threshold). The shaded region in between these two thresholds indicates that the system

is bistable within this range of parameter values.

Effects of Ky

Figure 2.8A shows that the extent of bistability is strongly dependent on the strength of
inhibitor-activator binding. At low values of K;, the system is bistable across a large
range of CC'S, and as K, tends towards 0, the C'C'S ‘on’ threshold tends to infinity. In
contrast, as K, is increased, the system is funnelled into a narrow region of bistability,
and eventually the system is no longer bistable at all.

In addition to the general trends, the specific values of K /[I7] used here are also
important to consider. Since our aim in this Chapter has been to highlight the important
features of the FADS motif, and to identify known cell cycle transitions where we believe
it to be working, in general we have not attempted to rigorously fit parameters to
experimental data. However, in the case of the relative rates of binding of domineering
and regular substrates to the cell cycle activator, the relative rates are highly significant
to the FADS mechanism.

In this case, the total inhibitor concentration is far in excess of the K, implying that
the activator should be almost entirely saturated by the unmodified inhibitor. It is this
tight binding which provides non-linearity, since as soon as the total amount of unmod-
ified inhibitor becomes sub-stoichiometric with respect to the activator, free activator

rapidly becomes available, where a similar fall in inhibitor concentration which remained
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above the stoichiometric balance would have very little effect on enzyme activity.

Effects of kcat

Figure 2.8B shows that k., sensitivity follows a similar pattern to that of K;, with
the bistable region falling within a distinct range of values of k.,;. However, of perhaps
more significance is the effects of low values of k.., on the system. In these cases, the
‘on’ threshold of C'C'S required to move the system into the post-transition state moves
to increasingly high values, meaning that the system will be locked into a pre-transition
state in the absence of an extreme perturbation.

This highlights the role that inhibitor turnover via the domineering substrate mech-
anism plays in this system. Inhibitor turnover itself is not a specific requirement to
generate bistability using stoichiometric inhibitor ultrasensitivity. This can be seen at
the bottom of Figure 2.8A, where the bistable region persists even as K, falls to 0.
Since for K, to be 0, both kg and k.,; must be 0, this amounts to the same thing.
(The same trend is true of Figure 2.8B, but the relevant region occurs at too high a
level of C'C'S to be easily shown.) Nevertheless, we clearly see that domineering sub-
strates are a recurring feature of cell cycle transitions. Figure 2.8B clearly shows the
advantage of a domineering substrate over a simple stoichiometric inhibitor. By allowing
the activator to inactivate its own inhibitor, the system always retains the ability to fully
overcome inhibition as inhibitor regeneration is turned off. This gives the cell the free-
dom to develop a strong and robust inhibition pathway, which nevertheless retains the
ability to be readily inactivated. In this way, the cell can reconcile the opposing pressures
for a cell cycle which is fast and efficient, while also being strictly controlled at specific

checkpoints.

2.3 FADS motif in cell cycle regulation

We argue that the FADS motif operates at multiple cell cycle transitions in vivo and
is responsible for their switch-like nature. We illustrate this claim by discussing the
molecular mechanisms of three consecutive cell cycle transitions in detail. Components
comprising FADS motifs at G1/S, M/A and mitotic exit are summarised in Table 2.1,

and the resulting influence diagrams are shown in Figure 2.9.
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Regenerating

Transition Activator Inhibitor Modification Signal
Enzyme
G1/S Cdk1:Clb5 Sicl Phosphorylation Swis Cdk1:CIn2 ("Go")
M/A  APC/CCd20  MCC Ubiquitination CycB uKT (‘Wait')
Mitotic Exit PP2A:B55  p-ENSA  Dephosphorylation Gwl Cdk1:CycB (‘Wait')

Table 2.1: Table showing the different components of the FADS motif at different cell cycle stages.

In each case, while the underlying network structure is unchanged (Figure 2.9), the
different nature of the interaction mechanisms (phosphorylation and dephosphorylation,
synthesis and destruction etc.) require differences in the precise molecular description
of the system in the wiring diagram and ODEs. In this section, we describe each of
the transitions in turn, first summarising the biological background, and then explaining
the specific modifications made to the model to capture the unique features of each

transition.

2.3.1 G1/S in Budding Yeast

The G1/S transition in budding yeast operates as a bistable switch generated by a FADS
motif comprising the activator Cdk1:CIb5, inhibitor Sicl and regenerating ‘enzyme’ (in
this case a transcription factor) Swi5. The relationship between these components is
summarised in the influence diagram in Figure 2.9A, and detailed in the wiring diagram
in Figure 2.10.

While higher eukaryotes use multiple CDKs to control their cell cycle progression,
budding yeast rely on a single CDK, Cdkl [14]. The S-phase Cdk1:Cyclin complex is
Cdk1:CIb5/6 in budding yeast [229], but for simplicity we will use ‘CIb5’ to refer to both
Clb5 and Clb6 in the model. The Cdk1:Clb5 complex is responsible for initiation of DNA
replication and corresponds to the activator in the generic FADS motif.

Prior to G1/S, Cdk1:Clb5 is inhibited by the CKI Sicl, corresponding to the stoi-
chiometric inhibitor in the generic FADS motif [22, 230]. As required for the FADS

motif, Sicl is also a substrate for Cdk1-dependent phosphorylation [231, 232]. Indeed,
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Figure 2.9: Influence diagrams showing how the FADS motif described generically in Figure 2.4 operates
at three different cell cycle transitions. (A) G1/S in budding yeast. (B) Spindle Assembly Checkpoint.
(C) Mitotic Exit.
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Figure 2.10: Wiring diagram for the FADS model of the G1/S transition in budding yeast. Solid arrows

indicate biochemical reactions, dashed arrows indicate rate enhancement of the targeted reaction.
Arrows to or from ‘a.a.” (amino acids) indicate protein degradation and synthesis respectively.
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Figure 2.11: (A) Phaseplane diagram for G1/S FADS model. (B) Bifurcation diagram for G1/S FADS
model, showing steady state [Cdk1:CIb5] as a function of [Cdk1:CIn2], the upstream starter kinase.
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the name Sicl was originally coined as 'Substrate/Inhibitor of Cdkl' [233], since both
aspects of the protein’s interaction with Cdkl were separately identified during its early
characterisation. Phosphorylation of Sicl does not inhibit it directly, but promotes its
SCF-dependent ubiquitination and degradation [234, 235].

One of the substrates of the activated Cdk1:Clb5 complex is Swi5, the transcription
factor for Sicl, which provides the positive feedback loop required to complete the FADS
motif. Cdkl-phosphorylated Swib is excluded from the nucleus [236], which terminates
the production of Sicl.

In addition to phosphorylation by Cdk1:ClIb5, Sicl is also subject to phosphorylation
by the Gl-specific CDK:Cyclin complex Cdk1:ClIn2, which also contributes to its SCF-
dependent degradation. In this way, rising Cdk1:Cln2 activity acts as the upstream ‘Go’
signal driving the transition between the G1- and S- phases of the cell cycle.

The production of Cdk1:CIn2 itself is subject to control by the budding yeast ‘Start’
checkpoint, controlling entry into the cell cycle. Once a decision is made to commit to
a new cell cycle at Start, Cdk1:CIn2 levels increase in late G1, providing an upstream
trigger to initiate the G1/S transition. Once in S-phase, high levels of Cdk1:CIb5 can
self-maintain high levels of Swib phosphorylation and low levels of Sicl, so that the initial
Cdk1:CIn2 input signal is no longer required. This feedback loop provides the bistability
associated with the FADS motif.

While we have referred here to the situation in budding yeast, the same principles can
be applied to the fission yeast cell cycle. Here the relevant components are Cdk1:Cig2
(Activator) and Rum1 (Inhibitor) [22].

In order to represent the budding yeast G1/S transition using our generic FADS
model, it is necessary to make some modifications to reflect that rather than a strictly
reversible process, inhibitor activation and inactivation occur through synthesis and
phosphorylation-dependent degradation of Sicl respectively. Specifically, the parame-
ter I from the generic FADS model becomes a dynamic variable ([It]) in the G1/S
model, allowing for change in the total inhibitor concentration in response to synthesis
and degradation.

This gives the following system of ODEs:
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d[zt I] = kass ' [I] : [A] - (kdis + kcat) : [A : I] (217)
d[;tT] = Esyn - R— Eeat - [A 2 1] = Kphosr * G+ [1] = Kaeg - [I1] (2.18)
M by COS -]~ 1] (219)
Where:
1] = [Ir] = [A: 1]
(Al = Ar — [A:T] (2.20)
[Ru] = Rr — [R]

As in the generic FADS model, we make a pseudo—steady-state approximation for

[A : 1], reducing the system to two ODEs:

_ Ar+[In] + Ky — VAr + [Ir] + Ky)2 — 4 Ar - [I7]

[A ] 5

(2.21)

This network generates a bistable switch in Cdk1:CIb5 activity as a function of the
upstream CCS Cdk1:CIn2 (Figure 2.11). This corresponds to the in vivo function of the
G1/S transition. For the chosen parameter set, the ‘off’ Cdk1:CIn2 threshold is to the

left of the y-axis, making the transition irreversible.

2.3.2 The Spindle Assembly Checkpoint

The SAC operates as a bistable switch, generated by a FADS motif comprising the
activator APC/C¢4<?° its inhibitor MCC, and a form of regenerating ‘enzyme’, in that
MCC assembly is catalysed at unattached kinetochores in a process requiring CDK-
dependent phosphorylation. The relationship between these components is summarised
in the influence diagram in Figure 2.9B and detailed in the wiring diagram in Figure
2.12.

Accumulation and activation of mitotic Cdk1:CycB during G2 is the trigger for mi-

tosis. Following spindle formation in prophase and chromosome biorientation during

73



Chapter 2. The FADS Motif

uKT  [@%8E} () —> a.a.
('"Wait')

Figure 2.12:  Wiring diagram for the FADS model of the SAC. Solid arrows indicate biochemical
reactions, dashed arrows indicate rate enhancement of the targeted reaction. Arrows to or from ‘a.a.’
(amino acids) indicate protein degradation and synthesis respectively.
prometaphase, further mitotic progression requires activation of APC/C%4<?° which ini-
tiates anaphase and mitotic exit by promoting ubiquitin-mediated degradation of Securin
and CycB. APC/C¢420 therefore corresponds to the activator in the generic FADS motif.

As described in the introduction (Section 1.4), it is essential for successful chromo-
some segregation that anaphase onset is delayed until all chromosomes undergo cor-
rect microtubule attachment and biorientation. APC/C must be kept inactive until
these processes are complete, which is achieved by MCC assembly at unattached kineto-
chores. The Cdc20 within MCC (Cdc20y) is itself targeted for ubiquitination within the
APC/CC4<20:MCC complex, promoting MCC disassembly and relieving APC/C4<2° from
inhibition. It therefore follows that MCC can be described as a domineering substrate
of APC/C.

To complete the FADS motif, we require a regenerating enzyme to close the feedback-
amplification loop between activator and inhibitor. Since the enzymatic activity of
APC/C promotes MCC disassembly, the regeneration reaction requires de novo assembly

of MCC rather than demodification, but otherwise the same principles apply. Since MCC
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Figure 2.13: (A) Phaseplane diagram for SAC FADS model. (B) Bifurcation diagram for SAC FADS
model, showing steady state [APC] as a function of uKT, the upstream ‘Wait' signal.

assembly at unattached kinetochores requires CDK activity, and CycB is itself targeted
by APC/C%420  this creates the necessary feedback-amplification loop. With this loop,
the FADS motif is complete, and the system can adopt either a high Cdk1:CycB state
(metaphase), or a high APC/C%4<?0 state (anaphase) (Figure 2.13A).

The final part of the model is the requirement for a upstream signal to promote
the transition from metaphase into anaphase. In the case of the SAC, the presence of
unattached kinetochores provides the necessary wait signal to maintain the metaphase
state until all chromosomes are correctly aligned on the spindle. Unattached kineto-
chores (uKT) act as the site of MCC assembly, so that as attachment proceeds during
prometaphase the rate of MCC regeneration decreases, until it is no longer sufficient to
counteract the turnover of MCC from the APC/C®420 complex. This creates a bistable
switch in APC/C420 activity as a function of uKT, the upstream ‘Wait' signal for the
M/A transition (Figure 2.13B).

In order to represent the SAC using our generic FADS model, it is necessary to modify
the generic FADS equations to reflect that inhibitor activation and inactivation occur

through assembly and ubiquitin-mediated disassembly of the MCC complex, and that
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R (CycB) activation and inactivation occurs through synthesis and degradation rather
than by reversible modification. Furthermore, the upstream 'Wait' signal (KT feeds
in at the level of MCC assembly. The requirement to keep track of a second complex
(MCC) in addition to the A:l (APC:MCC) complex also means that it is convenient
to rewrite the ODEs in terms of the specific complex names in this case rather than
use generic ones. The [ parameter in the generic model therefore corresponds to the
[MCCr] variable in the SAC model, while [CycB] and [APC : MCC] correspond to [R]
and [A : I] respectively.
This gives the following ODEs:

d|CycB ,
[ ;; ] = ksyn — (Kgeg + Kaeg - [APC]) - [CycB| (2.22)
—d[MftCT] = —keat - [APC : MCC] + kggsemp - uKT - [CycB| - [Mad2] (2.23)
APC: M
d] Cdt el [MCC] - [APC] — (kass + keat) - [APC : MCC] (2.24)

Where:

[MCC] = [MCCy] — [APC : MCC]
[APC] = APCy — [APC : MCC] (2.25)

[Mad?] = MadQT — [MCCT]

As in the generic FADS model, we make a pseudo-steady-state approximation for

[APC : MCC], reducing the system to 2 ODEs:

[APC : MCC] = 0.5 ([APCt] 4+ [MCCr] 4+ Ky
(2.26)

— V([APCy] + [MCCr] + Kp;)? — 4 - [APCy] - [MCCr))

2.3.3 Mitotic Exit

Exit from mitosis also operates as a bistable switch, generated by a FADS motif com-
prising the activator PP2A:B55, its inhibitor phosphorylated Endosulfine (p-ENSA), and
the regenerating enzyme Gwl. The relationship between these components (the ‘BEG’

pathway) is summarised in the influence diagram in Figure 2.9C, and detailed in the
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Figure 2.14: Wiring diagram for the FADS model of mitotic exit. Solid arrows indicate biochemical
reactions, dashed arrows indicate rate enhancement of the targeted reaction.
wiring diagram in Figure 2.14.

During mitosis, CDK-dependent phosphorylation of hundreds of targets contributes
to maintaining the mitotic state and driving the events of mitosis. Exit from mitosis re-
quires that many of these phosphorylations are reversed by counter-acting phosphatases.
Reciprocal regulation of kinase and phosphatase activity is necessary to coordinate entry
into and exit from mitosis, ensure a clean transition between these distinct cell cycle
stages, and prevent futile cycling. PP2A:B55 is one of the major mitotic exit phos-
phatases, and we therefore consider it as the activator in the FADS motif controlling
mitotic exit.

As discussed in Section 1.4.7, regulation of PP2A:B55 occurs via its stoichiometric
inhibitor ENSA. In its phosphorylated form (p-ENSA), it binds strongly to PP2A:B55 and
blocks its activity towards other substrates. The p-ENSA phospho-site is itself a target
for PP2A:B55-dependent dephosphorylation from within the complex, making p-ENSA
a domineering substrate (or 'unfair competitor’) of PP2A:B55.

Regeneration of inhibitory p-ENSA requires phosphorylation of the free ENSA pool.
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Figure 2.15: (A) Phaseplane diagram for Mitotic Exit FADS model. (B) Bifurcation diagram for Mitotic
5;1;;@5 model, showing steady state [PP2A:B55] as a function of [Cdk1:CycB], the upstream ‘Wait'
This reaction is catalysed by Gwl, which plays the role of the regenerating enzyme from
the generic FADS motif. Removal of activatory phosphorylation from Gwl by PP2A:B55
activity creates a double-negative feedback loop, which completes the FADS motif. This
results in a bistable system which can adopt either a low PP2A, high Gwl state (mitosis)
or a high PP2A, low Gwl state (mitotic exit) (Figure 2.15A).

The transition between these states requires an upstream cell cycle signal. This is
provided by the CDK-dependence of Gwl phosphorylation. During mitosis, high CDK
activity keeps Gwl in its active phosphorylated state. When CycB levels decline following
APC/CC420 activation at M/A, this reduces Gwl activity, allowing PP2A:B55 to over-
come inhibition by p-ENSA and promote mitotic exit. This creates a bistable transition
between the mitosis and mitotic exit states as a function of the decreasing Cdk1:CycB
‘Wait' signal (Figure 2.15B).

As described above, the BEG pathway controlling mitotic exit corresponds exactly
to the generic FADS motif set out previously. Note however that the ‘modification’

catalysed by the activator in this case is dephosphorylation, so that [pENSA] and [pGwl]
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correspond to [I] and [R], while [ENSA] and [Gwl] correspond to [Iy;] and [Ry] in the

generic model. This gives the following series of ODEs:

d[B55 rdr;ENSA] = Kuss - [PENSA] - [B55] — (kais + kear) - [B55 : pENSA]  (2.27)
% — Koar - [B55 : pENSA] — kypvsa - [Gwl] - [ENSA] (2.28)
d[pc(;wl] = ket - Cdk1 - [GW]] — kapcr - [B55] - [pGwl] (2.29)

Where:

[PENSA] = ENSAy — [ENSA] — [B55 : pENSA]
[B55] = B35, — [B55 : pENSA] (2.30)
[Gwl] = Gulr — [pGwl]

This is reduced to a two-ODE system by making a pseudo—steady-state approximation

for [B55 : pENSA]J:

[B55 : pENSA] = 0.5 - (B557 + [pENSA1] + Ky (1)
2.31

— \/(B557 + [PENSA] + Kj)2 — 4 - B557 - [pENSA7])

Where:
[PENSAt] = ENSAr — [ENSA] (2.32)

2.4 Discussion

We have identified a conserved regulatory motif (FADS) present at three different cell
cycle transitions. This motif uses a tight-binding stoichiometric inhibitor to generate
an ultrasensitive relationship between inhibitor concentration and the modification of
substrates of the target enzyme. The stoichiometric inhibitor is itself a target of the
enzyme, and so we describe it as a ‘Domineering Substrate’. Given the presence of this
ultrasensitive response, it is possible to generate a bistable switch by the addition of a
feedback amplification loop. In the motif we have identified this occurs via the inhibitory

action of the cell cycle activator on the regenerating enzyme, creating a double-negative
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feedback loop.

2.4.1 Alternative models for cell cycle transitions

Although we describe the role of the FADS motif at multiple cell cycle transitions,
we by no means claim that all cell cycle transitions proceed exclusively via a FADS
mechanism. We only claim that it is a simple yet robust mechanism for generating
such a transition. Other mechanisms besides domineering substrates can be used to
generate ultrasensitivity, and other network motifs featuring domineering substrates can
incorporate the necessary positive feedback for bistability without involving direct action

of the cell cycle activator on a regenerating enzyme.

Bistability without a domineering substrate

Other cell cycle transitions use alternative mechanisms to generate the non-linear or
ultrasensitive response necessary for bistability. For example, the Start transition in
budding yeast uses multi-site CDK-dependent phosphorylation of Whi5, an inhibitor of
the SBF transcription factor, to generate ultrasensitivity [237, 238]. Bistability is gen-
erated by coupling this ultrasensitivity with positive feedback loops involving inhibitory
phosphorylation of Cdkl by Weel and dephosphorylation by Cdc25.

Another example occurs at the G1/S transition in budding yeast. While we have
described this motif as occurring via a FADS motif involving Cdk1:Clb5, Sicl and Swib,

additional regulation via mutual antagonism between Cdk1:Clbs and APC/C¢dn!

may
also contribute, since this creates a positive feedback loop, and can also potentially
generate non-linearity via a SIMM motif [225].

This second example also shows that rather than the FADS motif (or any other
motif) necessarily existing in isolation, that multiple signalling motifs can be combined
in a modular way. These additional regulatory motifs can provide increased robustness,

tune the response to achieve a specific timing of cell cycle events, or integrate a core

cell cycle transition motif with other cellular signalling pathways.
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Figure 2.16: Influence diagram for Emil/Cdh1/Cdk2:CycA model of the G1/S transition. The positive
feedback loop between Cdhl and Cdk2:CycA is highlighted in red. Dashed bar between Emil and Cdhl
indicates that this interaction does not comprise a true double-negative feedback loop.

Domineering substrates without a FADS motif: Cdhl and Emil

Although we have highlighted examples of cell cycle transitions where a domineering
substrate is coupled to a positive feedback loop via inhibition of its regenerating enzyme,
in principle any network structure involving both a domineering substrate and a positive
feedback loop is potentially bistable.

As an example of such an alternative case, we consider the regulation of APC/Cthl
activity by Emil at the G1/S transition in mammals. The resulting network structure is
shown in Figure 2.16. APC/C“! is active during G1, where it maintains low CDK activ-
ity by promoting ubiquitin-mediated cyclin degradation. Following the G1/S transition,
Cdk2 activity phosphorylates Cdhl and prevents it from activating APC/C, thus creat-

CCdhl and Cdk2:Cyclin complexes.

ing a double-negative feedback loop between APC/
In addition to this phospho-regulation, Cdh1 is also inhibited by Emil binding. Levels of
Emil are low in G1, but rise during the G1/S transition.

Recently it has been shown that Emil is not only an inhibitor of APC/CM but
also a substrate [74]. While the authors of that paper propose a model based on poly-

ubiquitination of Emil and distinct catalytic and inhibitory binding sites for Emil on
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Figure 2.17: Wiring diagram for Emil/Cdh1/Cdk2:CycA model of the G1/S transition. Solid arrows
indicate biochemical reactions, dashed arrows indicate rate enhancement of the targeted reaction.
Arrows to ‘a.a.” (amino acids) indicate Cyclin A degradation. Note that Cdk2:CycA binding is not
explicitly modelled and CycA is used as a proxy for Cdk2:CycA activity in the model.

Cdh1, we propose that a simpler model can also produce a bistable G1/S transition by
treating Emil as a simple domineering substrate with a single binding site on Cdh1.

The wiring diagram for our model is shown in Figure 2.17. The principles of the
model are much the same as those of the generic FADS motif, with the exception that
the ‘activator’ of the G1/S transition, Cdk2:CycA, is not the component subject to
inhibition by a domineering substrate. Instead, the domineering substrate (Emil) acts
on an inhibitor of the activator (Cdhl). Feedback amplification occurs not through
the action of Cdk2 on a regenerating enzyme for Emil, but instead on Cdhl, its own
inhibitor. Nevertheless, the role of Emil as a domineering substrate is essential to provide
the non-linearity necessary to generate a bistable cell cycle transition.

A phaseplane and bifurcation diagram for this model are shown in Figure 2.18, showing
that the system is able to produce an irreversible, bistable transition between G1-phase
(low [Emily]) and S-phase (high [Emilt]). Notably the phaseplane is qualitatively
different to those from the transitions modelled using the standard FADS motif. [CycA]

is bistable as a function of [Emily]. This occurs because the positive feedback loop is
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Figure 2.18: (A) Phaseplane diagram for G1/S domineering substrate model. (B) Bifurcation diagram
for G1/S domineering substrate model, showing steady state [Emily] as a function of [CycE], the
upstream ‘Go’ signal.

external to the two variables used to plot the bifurcation diagram. Nevertheless, the
bifurcation diagram shows that these differences to the underlying network structure are

still able to construct a robust bistable transition responding to changes in an upstream

cell cycle signal.

2.4.2 Domineering Substrates alone do not produce a positive

feedback loop

One question that might arise from an initial examination of the FADS motif in Figure
2.4, is why the feedback amplification loop is necessary. A bistable transition requires
both an ultrasensitive response and a positive (or double-negative) feedback loop, and
from inspection of the influence diagram, the domineering substrate appears to provide
both. The inhibitor (I) inhibits the activator (A) through stoichiometric binding, while
the activator inhibits the inhibitor through post-translational modification, creating an
apparent double-negative feedback loop.

However, although the activator and inhibitor are mutually inhibitory, this is not suffi-

cient to produce a double-negative feedback loop. The reason for this is that inactivation
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of the inhibitor by the activator proceeds entirely from the A:l complex. Therefore the
maximum rate of inhibitor inactivation occurs when the concentration of A:l is at its
highest, i.e. the point at which the activator is subject to most inhibition. As the level of
free A increases, this corresponds to a decrease, not an increase, in the rate of inhibitor
inactivation, since there is no longer so much A:l complex for inhibitor inactivation. For
a true double-negative feedback loop, this would require that as the level of free A in-
creased, the rate of | inactivation also increases, and that as the level of | increased, the
rate of inactivation decreases. In fact the reverse is true, and so the system does not
provide the positive feedback that would be necessary for bistability.

We can test these theoretical considerations using the CRNT toolbox (freely avail-
able from https://crnt.osu.edu/CRNTWin) [239]. We create a network comprising the

following reactions, representing the core domineering substrate mechanism:

A+1T+— Al (2.33)
Al — A+ Iy (2.34)

Using the toolbox to analyse this network confirms that it cannot generate a bistable
system with multiple positive steady states for any values of the kinetic parameters. In
contrast, if we add in the following reactions to complete the feedback amplification
loop, the toolbox analysis confirms that this reaction network does admit the existence

of multiple steady states (i.e. bistability) for certain parameter values.

A+ R+— A+ Ry (2.36)

Ry — R (2.37)

Thus both the domineering substrate and the feedback amplification loop are required

for the bistability of the FADS motif.
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2.4.3 Evolution of the FADS motif

A key attraction of the domineering substrate mechanism for modelling bistable cell cycle
transitions is the simplicity of the resulting model. The major assumption required is
the tight binding of the domineering substrate to its target enzyme. This contrasts to
alternative mechanisms for generating ultrasensitivity, for example multiple-modification
of substrates, or a high level of co-operativity between binding sites on a multimeric
enzyme. In these cases, a more complicated model is typically required to describe
multiple sequential binding reactions, each with different kinetic parameters. While such
methods can produce good results, and can often be backed by experimental observations
from the system in question, the kinetic properties they require of these reactions are
specific and complex, so are less suitable to use as an a priori assumption about an
unknown system.

By analogy, since domineering substrates can be used to create a simple mathematical
model of a cell cycle transition, this same simplicity may suit their adoption by natural
selection to evolve a bistable cell cycle transition. We propose that this could happen in
the following manner.

We would expect that a bistable cell cycle transition should evolve from a simpler
system which is not bistable. While bistability provides robustness and irreversibility to
the system, it is not essential for a cell to undergo a transition. Such a simple system
could comprise a single cell cycle activator, the activity of which is responsive to an
upstream cell cycle signal. Modification of substrates by the activator in response to this
signal would promote transition to the next stage of the cell cycle.

The potential problem with this system is that there is no way to delay the cell cycle
transition in response to cellular events. The cell therefore risks entering into the next
cell cycle stage before the events of the previous stage have been completed. The next
evolutionary step could therefore be to reduce this risk, either by creating a time-delay
mechanism to provide more time during which cell cycle events can be completed, or by
creating a cell cycle checkpoint, explicitly linking progression into the next cell cycle stage
with completion of upstream events. In both cases, a stoichiometric inhibitor can be

used to slow cell cycle progression, coupling the successful completion of stage-specific
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events with transition to the next cell cycle stage.

One possible method of action of a competitive stoichiometric inhibitor is to bind
directly to the active site of its target enzyme, preventing the binding of alternative
substrates. Evolution of such an inhibitor could naturally proceed from an existing
substrate of the enzyme, since this will already possess the ability to bind to the enzyme
active site. Point mutations which favour tight binding at the expense of efficient
catalysis and product release could then adjust the kinetic properties of the substrate so
that it behaves more like a pure competitive inhibitor. The presence of this inhibitor can
provide a time-delay during which cell cycle events associated with the pre-transition cell
cycle state can occur, while the retained ability of the enzyme to inactivate the inhibitor
ensures that transition to the next cell cycle stage is not blocked indefinitely.

The final step to add additional robustness to the system is to generate a feedback
amplification loop, whereby the system evolves so that the cell cycle activator gains the
capacity to modify and inactivate the regenerating enzyme responsible for synthesis or
de-modification of the stoichiometric inhibitor. Once this occurs, the transition has the
potential to be bistable for a certain range of kinetic parameters.

Thus we have outlined how at each step, sequential addition of single components
or interactions can lend additional robustness to a primitive cell cycle transition, finally
culminating in a FADS motif. We suggest that the three cell cycle transitions we have
described in this chapter may represent separate occasions where natural selection has
adopted this motif. In each case, the activator/domineering substrate pairing uses an
entirely different post-translational modification, strongly suggesting that this is conver-
gent evolution towards a simple and efficient design, rather than the divergent evolution

of a proto-FADS motif to give rise to the different transitions.

2.4.4 Other FADS Motifs

Considering the widespread applicability of domineering substrates in general, and the
FADS motif in particular, in cell cycle regulation, it is worth considering whether the same
principles may be applicable elsewhere in biology. The idea that an enzyme substrate

with high affinity but poor turnover can act as an inhibitor towards other substrates
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is not unique to the cell cycle. A non—cell-cycle example of a domineering substrate
is the inhibition of myosin light-chain phosphatase (MLCP) by the phosphorylated in-
hibitor pCPI-17 during muscle contraction, and the subsequent dephosphorylation of
the inhibitor by MLCP during muscle relaxation [240]. Other examples almost certainly
exist in other biological regulatory systems, but these are difficult to identify from a
standard literature search given the frequency of the terms ‘substrate’ and ‘inhibitor’ in
biochemical and pharmacological contexts.

It remains to be seen whether a non—cell-cycle example of a FADS motif exists, but the
utility of bistable switches for generating robust transitions between distinct regulatory
states means that they could well play a useful role in contexts such as development or

gene regulation.

2.5 Conclusion

The cell cycle comprises a series of distinct stages, during which the events of DNA
replication, chromosome segregation and cell division must occur in a highly ordered
sequence. Robust and irreversible transitions between these stages are required to ensure
that each stage occurs once and only once in sequence. Bistable transitions provide both
robustness and irreversibility, since the level of signal needed to activate the transition is
higher than the level at which it will revert to the pre-transition state. This provides a
critical window where the system will remain in the post-transition state despite changes
in the input signal. This makes the system robust to stochastic fluctuations in signal
strength around the transition point, as well as to programmed shutting off of upstream
signals in response to later cell cycle events.

However, creating a bistable system is a potentially difficult problem for evolution to
solve. Bistability requires a non-linear (ultrasensitive) signal-response curve, coupled to
a positive feedback loop. Our proposed FADS motif provides one possible mechanism
by which such a system could evolve. A cell cycle activator can be regulated by a
stoichiometric inhibitor, itself evolving from a substrate molecule which is selected for
higher affinity (lower Kj) but lower ke, relative to other substrates. This provides a

simple and evolutionarily accessible mechanism for developing an ultrasensitive switch,
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which can function as a simple cell cycle transition. The additional robustness provided
by bistability can then be accessed by completing the feedback amplification loop between
the cell cycle activator and the regenerating enzyme responsible for inhibitor production
or activation.

This trio of cell cycle activator, domineering substrate, and regenerating enzyme,
coupled together in the form of a FADS motif, can be seen at multiple eukaryotic cell
cycle transitions. It provides a simple mechanism for generating a robust bistable toggle
switch, which nevertheless retains the ability to rapidly transition from one stage to the

next when required.
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Chapter 3

CDK-dependence of APC/CC420 activity in

mitosis

3.1 Introduction

The work in this chapter is the result of a collaboration with experimentalists in the labs
of Ulrike Gruneberg (Dunn School of Pathology, University of Oxford) and Francis Barr
(Department of Biochemistry, University of Oxford), and Section 3.2 forms the basis of
a co-authored manuscript (Hayward et al.) [241] published in the Journal of Cell Biology
in January 2019.

CCdc20

In this chapter we present several models for CDK-dependence of APC/ activity.

As discussed in the introduction, CDK activity has a variety of effects on APC/Cd<20

(Figure 1.5):
e CDK requirement for mitotic checkpoint licensing
e Activatory phosphorylation of APC/C core
e Inhibitory phosphorylation of Cdc20

Since CDK activity is itself inversely dependent on APC/C¢4<20 activity due to APC/C-
dependent cyclin degradation, these interactions have the potential to generate positive
and negative feedback loops between CDK and APC/C. We discuss the implications of
these feedback loops with reference to two sets of experimental data. Firstly, the CDK-
dependence of the mitotic checkpoint is discussed using data identifying an essential CDK
and PP2A:B55 target site on the MPS1 kinase. Secondly, CDK-dependent phosphory-
lation of Cdc20 is discussed in the context of data suggesting a checkpoint-independent

acceleration of APC/C substrate degradation following CDK inhibition. Finally, the
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Figure 3.1: Generic SAC influence diagrams. Solid arrows: activatory interactions. Solid bars: in-
hibitory interactions. Dotted arrows: direct interconversion between species. Positive feedback loops
are indicated by a circled '+’ at the centre of the loop. CAPP: Counter-acting protein phosphatase.
(A) Core SAC double-negative feedback loop. (B) Simplified influence diagram for the He et al. model
[242].

implications of the simultaneous activatory and inhibitory roles that CDK activity has
on APC/CC420 via phosphorylation of the APC/C core and its Cdc20 co-activator are

modelled and discussed.

3.2 CDK-dependent phosphorylation of MPS1

The MPS1 kinase is essential for SAC signalling at the kinetochore, and forms a core
part of the detection mechanism for KT:MT attachment (see Section 1.4.3). Work by
collaborators in the Gruneberg and Barr labs has identified that CDK phosphorylation of
MPST1 is essential for its kinetochore localisation. Here we present a model describing the
implications of this interaction for the robustness and irreversibility of mitotic checkpoint
inactivation at M/A. Experimental and some modelling figures, and the model description
in Section 3.2.2, are adapted from the joint manuscript produced from this collaboration

[243].
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3.2.1 Cdkl-dependence of the SAC

The CDK-dependence of the SAC is well established (see Section 1.4.5), however the
mechanism by which this is achieved remains an open question. The existence of this
interaction creates a positive feedback loop between APC/C, CDK and the MCC (Figure
3.1A). A previously published SAC model by He et al. [242] proposed that irreversibility
could be the consequence of an unspecified CDK target present at unattached kineto-
chores (X), which was dephosphorylated by a CDK-inhibited counteracting phosphatase
(CAPP, Figure 3.1B). This network motif creates a double-negative feedback loop be-
tween Cdk1:CycB, the MCC, and APC/C. Tight binding between MCC and APC/C
generates the non-linearity required to produce a bistable cell cycle transition (in effect
the model operates as an extended version of the FADS motif described in Section 2.3.2).
One limitation of this model was that the identity of the CDK target within the SAC
was unknown, limiting the ability to test the model and to provide specific predictions
about checkpoint function.

Here we describe experiments performed by collaborators in the Gruneberg and Barr
labs which have identified the checkpoint kinase MPS1 as a suitable candidate for the
CDK-dependent SAC target. The counteracting phosphatase is identified as PP2A:B55.
We use these results to develop a model of the SAC, with which we can further analyse

the dynamic behaviour of the checkpoint.

3.2.2 Model Description

The mathematical model is an updated version of the He et al. model [242], supple-
mented with the B55-ENSA-Gwl| pathway [179]. The unified model consists of an MPS1
and an APC/C regulatory module (Figure 3.2). The phosphorylation state and kineto-
chore localization of MPS1 is regulated by Cdk1:CycB and its counteracting phosphatase
PP2A:B55, whose activity is controlled by the CDK-dependent Gwl-ENSA pathway.
APC/C is regulated by MCC, which binds and inhibits APC/C-dependent degradation
of CycB and is itself inactivated by APC/C activity.

The two modules are coupled in a mutually inhibitory relationship. The APC/C
module inhibits the input of the MPS1 module (CDK1) through APC/C-dependent
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Figure 3.2:  Wiring diagram for SAC model. Solid arrows indicate biochemical reactions, dashed
arrows indicate rate enhancement of the targeted reaction. Arrows to or from ‘a.a.’ indicate protein
degradation and synthesis respectively.

CycB degradation. In return, the output of the MPS1 module (pMPS1) inhibits APC/C
through activation of MCC assembly. The strength of this inhibition is determined by the
fraction of unattached kinetochores (uKT). This antagonism between the two modules
creates two mutually exclusive states: checkpoint arrest (high pMPS1 and CycB, inactive
PP2A:B55 and APC/C%4<2%) and mitotic exit (inverse conditions).

We assume that the level of Cdk1:CycB and APC/C®420 complexes is limited by their
regulatory subunits CycB and Cdc20 respectively, so these names are used in the model
equations to denote the entire complex. The synthesis of CycB is CDK-dependent,
while Cdc20 synthesis is constant. Both CycB and Cdc20 are degraded in an APC/C-
and proteasome- (Psome) dependent manner. Gwl and ENSA are phosphorylated by
Cdkl and Gwl respectively, and dephosphorylated by both PP2A-B55-dependent and
-independent reactions. Formation of active c-Mad2 (Mad2a) from inactive o-Mad2
is catalysed by pMPS1-bound unattached kinetochores (pMpslkt). Mad2a associates
with free Cdc20 (Cdc20f) into MCC. Free Cdc20 undergoes CDK-dependent inhibitory
phosphorylation, and only the dephosphorylated form can bind and activate APC/C (this

interaction is discussed in more detail in Section 3.3). Free MCC (containing Cdc20)
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binds to APC/C%4?0 5o their complex (MCCAPC) contains two molecules of Cdc20.
APC/CC20 promotes the disassembly of MCC by proteasome-dependent degradation

of Cdc20y. This MCC disassembly is accompanied by inactivation of Mad2.

Kinetics and Parameter Selection

An ODE model of the system described above was created using exclusively mass-action

kinetics:

ODEs

ACYB] e+ ks - [CAK]
dt (3.1)

— (kd2cyc + kdeye - Psome - [Cdc20]) - [CycB]

dlpMpsl] _ kan - [CdK1] - ([Mpsly] — [pMps1])
dt (32)

— ki - ([B55] + PP) - [pMpsl]

B _ tp s - Gl - ([ENSAL] ~ [PENSAL)
— kdpgnsa - [ENSABS5S] (3-3)
— kinaet - ([PENSA7T] — [ENSAB55))

d[Mad2ar]

= kamqq - [pMpsl] - uKT - [Mad2i]
dt (3.4)

— Kipmaaz - [Mad2ar] — keqt - Psome - [Comp]

% = kasl1 - [Mad2a] - [Cdc20f]
— (kdil + kimaaz + kdgp) - [MCCr] (3.5)
— keat - Psome - [Comp|

dlcoms)

o = kas2 - [MCC] - [Cdc20] (3.6)

— (kdi2 + kdil 4 Kimaao + 2 - kdgg + kear - Psome) - [Comp]

d[pGwl] = kag, - [Cdk1] - (Guwlr — [pGwl])
- (3.7)

— (Kigws + kigy - [B55]) - [pGwl)]
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d|Cdc2
% = ksgp — kdgg - [Cdc20r] — ket - Psome - [Comp] (3.8)
KT
dudt = —attach - uKT (3.9)

Algebraic equations

[Mad2i] = Mad2y — [Mad2ar)] (3.10)
[Mad2a] = [Mad2ar] — [MCCr] (3.11)
IMCC] = [MCCr] — [Comp] (3.12)
[Cdk1] = % (3.13)
[Cde20f] = [Cde207] — [MCCy] — [Comp] (3.14)
[Cde20] = % (3.15)

kais + kdppnsa

BB = [pENSA7] + B557 + (3.16)
kass
[ENSAB55] = 2 [PENSAq] - BS5y (3.17)
BB + /BB? — 4 - [pENSA¢| - B55¢
[B55] = B55, — [ENSABS5)] (3.18)

Parameter estimation was performed by fitting to mitotic exit experiments with three
different conditions (Figure 3.3). All of the rate constants have a dimension of min,
because the dynamic variables representing concentrations are expressed on a relative

scale in the model, so the concentration units are arbitrary.

3.2.3 Population Level Simulations

As discussed in the introduction (Section 1.6.1), deterministic ODE simulations are not
able to reproduce the diversity of responses observed in a cell population. For example,
Figure 3.5A shows the cumulative frequency of mitotic exit with time for different cell

populations, whereas a deterministic simulation would describe a uniform time of mitotic
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Control

Time / min

Figure 3.3: Experimental data (x) and model simulations (solid lines) of MPS1 dephosphorylation
kinetics measured by mass spectrometry, under Control (A), Gwl siRNA (Gwlr = 0.1) (B) or B55 siRNA
(B557 = 0.2) (C) conditions. MS experiments performed by Mike Cundell and James Holder, MS data
analysis by Lukas Hutter and Francis Barr; figure adapted from [243] (DOI: 10.1083/jcb.201808014)
under a Creative Commons 4.0 License (https://creativecommons.org/licenses/by/4.0/).

exit, which could at best be interpreted as the average response of the cell population.
For this reason, population-level simulations are used to approximate random variation
in the cell population. In this case, we use a lognormal distribution to select values
for relevant initial conditions and parameter values, since this avoids the selection of

non-zero values which would be nonsensical and could prevent correct simulation of the

model.

3.2.4 CDK and PP2A:B55 regulate SAC activity

The first series of experiments used for developing the model above involved identifying
MPS1 5281 as a CDK target required for SAC activity. The counteracting phosphatase
was also identified as PP2A:Bb55.

Inhibition of CDK activity prevents checkpoint reactivation during MG132 ar-
rest

The CDK-dependence of SAC activity has previously been demonstrated by observing
the behaviour of cells arrested by the proteasome inhibitor MG132 in the presence of
nocodazole [146]. MG132 does not interfere with spindle formation or chromosome
alignment, but prevents proteasome-dependent degradation of CycB and securin fol-
lowing APC/C activation. As a result, cells arrest in metaphase with a fully-formed

mitotic spindle (Figure 3.4A). Since KT:MT attachments are correctly formed, the SAC
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Figure 3.4: Schematic of SAC licensing experiment. MG132 arrests cells in metaphase with bioriented
chromosomes (A). Application of nocodazole causes MT depolymerisation and activation of the SAC
(Mad2-GFP to kinetochore) (B), but this effect is reversed by CDK inhibition (+CDKi), (C). In the
presence of phosphatase inhibitor (+PPi), Mad2-GFP returns to the kinetochore (D)

is satisfied, which can be observed by the absence of fluorescence-labelled checkpoint
proteins from the kinetochore. However, under these conditions, addition of nocodazole
to disrupt KT:MT interactions results in checkpoint reactivation and relocalisation of
SAC components to the kinetochore (Figure 3.4B).

This MG132-arrest system can be used as an assay for SAC function. Application
of the CDK inhibitor flavopiridol (4+CDKi) alongside nocodazole (4+Noc) is sufficient
to prevent SAC reactivation, suggesting that CDK activity is required to maintain SAC
activity (Figure 3.4C). This is in agreement with the He et al. model, providing evidence
for the existence of a double-negative feedback loop between CDK activity and APC/C

via CDK-dependence of SAC signalling.

PP2A:B55 is the counteracting phosphatase for CDK-dependent SAC activity

Collaborators in the Gruneberg and Barr labs have extended the MG132 SAC assay
experiments from reference [146] to additionally consider the role of counteracting phos-
phatases. In these new experiments, SAC activation is measured by localisation of
GFP-Mad?2 to kinetochores. Addition of a broad-spectrum inhibitor of PP1 and PP2A
(+PPi) alongside flavopiridol prevented disruption of SAC signalling (Figure 3.4D). Fur-
ther experiments showed that knockdown of the PP2A co-activator B55, but not PP1,

was able to maintain SAC signalling in the presence of flavopiridol.

96



3.2. CDK-dependent phosphorylation of MPS1

MPS1 S281 dephosphorylation kinetics suggest it is a CDK and PP2A:B55
target in the SAC
Having shown that B55 counteracts the CDK-dependence of the SAC, a proteomic
Mass Spectrometry (MS) analysis of mitotic phosphatase targets identified MPS1 S281
as a suitable candidate for B55-dependent dephosphorylation. The MS data provided
timecourses of MPS1 S281 phosphorylation in WT cells, and in RNA knockdowns of B55
and Gwl, slowing and accelerating dephosphorylation kinetics respectively (Figure 3.3).

Since B55 is indirectly subject to inhibition from CDK activity (via CDK activation of
Gwl), this makes MPS1 a suitable candidate for a CDK target in the SAC pathway which
is dephosphorylated by a CDK-inhibited phosphatase, equivalent to the chromosomal
target ‘X' originally postulated in the He et al. model. These experiments therefore
prompted the development of a new SAC model by adapting the He et al. model
to take into account the specific regulation of MPS1 by CDK- and B55-dependent
phosphorylation and dephosphorylation (See Section 3.2).

The mass spectrometry timecourses were used to guide parameter selection for the
new model, and the resulting fit of the model to the experimental data is shown by
the solid lines in Figure 3.3. The chosen parameters are used for all other simulations

described in this section.

S281A mutants show shortened mitotic duration

Non-phosphorylable MPS1 S281A and phospho-mimetic S281D mutants were created
to characterise further the effects of phosphorylation at this site. Experimentally, S281A
mutants show shortened mitotic duration compared to both control and S281D cells
(Figure 3.5A), consistent with a role for phosphorylation at this site in promoting SAC
activity and hence delaying exit from mitosis during chromosome alignment. Using the
model, we were able to reproduce these effects by using parameter changes to simulate
either non-phosphorylable MPS1 S281A (k,, = 0), or constitutively active MPS1 S281D

(kin, = 0) in a population-level simulation (Figure 3.5B).
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Figure 3.5: Simulation (A) and experimental data (B) showing cumulative frequency of mitotic exit
during normal mitosis for cells with either WT, S281A MPS1 (k,, = 0) or S281D MPS1 (k;, = 0).
Experimental data adapted from [243] (DOI: 10.1083/jcb.201808014) under a Creative Commons 4.0
License (https://creativecommons.org/licenses/by/4.0/). A population-level simulation was
performed by randomly varying both the ki, parameter and the [CycB] initial condition to simulate
variation within the mitotic cell population. These values were sampled from lognormal distributions
with means of 0.25 and 1.09 respectively. The log standard deviation was 0.5 in both cases. Initial
conditions for all other variables correspond to an early mitotic state with full checkpoint signalling
(from running a simulation with uKT =1, Psome =0, kiyxr =0). At t =0, Psome is set to
1, and ki, k7 to the randomly sampled value.

3.2.5 SAC reactivation depends on PP2A:B55

A key prediction of the original He et al. model is that the CDK-dependent double-
negative feedback loop (Fig 3.1A) creates a bistable switch and therefore enables an
irreversible M /A transition. While it is clear that at some point in anaphase sufficient
cyclin degradation will revoke SAC licensing, the point at which this occurs is not. This
is significant since if the license is revoked too early then the SAC may fail to respond
to errors arising late in prometaphase, while if it is revoked too late then mitosis may be
delayed by errors arising during chromosome segregation, at which point it may be too
late to rectify the problem by inhibiting APC/C activity. We therefore use the model to

explore the contexts in which SAC reactivation can and cannot occur.

PP2A:B55 is necessary to reverse CDK-dependent activation of the SAC

As an initial starting point, we used the model to simulate the MG132 arrest and check-
point reactivation experiment described above (Figure 3.6) for Control, CDK inhibition

(CDKi), B55 knockdown (siB55), and joint inhibition (CDKi, siB55) cases. Starting
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from an initial MG132-induced metaphase arrest (Psome = 0, uKT = 0), we simulate
addition of nocodazole (ka,xr = 0.1) at t = 0. CDK inhibition (flavo = 100) and
B55 knockdown (B551 = 0.2) are simulated by changing the relevant parameters in the
initial simulation set-up.

As expected, the model showed that in MG132-arrested control and siB55 cells, addi-
tion of nocodazole results in checkpoint reactivation as measured by return of MPS1 to
the kinetochores ([pMpslkr], Figure 3.6A, C). In contrast, CDK inhibition prevents full
activation of the checkpoint in control cells (Figure 3.6B). The reason for this effect is
the availability of phosphorylated Mpsl: in the absence of CDK inhibition, Mpsl remains
in a phosphorylated state, and is able to return to the kinetochores immediately that
unattached kinetochores re-appear to give a full checkpoint response (Figure 3.6A). In
contrast, when CDK activity is inhibited, the drop in [pMPS1¢] limits the amount of
pMps1 available to return to the kinetochore (Figure 3.6B). This loss of MPS1 phospho-
rylation requires B55 activity, which rises in response to CDK inhibition (Figure 3.6B).
In siB55 cells dephosphorylation is much slower, so the checkpoint still undergoes sig-
nificant activation in the presence of CDK inhibition (Figure 3.6D). Although this initial
activation declines as residual B55 activity slowly promotes Mpsl dephosphorylation,
MPS1 remains at the kinetochore during the observation window for the experiment
(the fixation reaction is started after 5 minutes of nocodazole arrest). We would there-
fore not expect to detect this later loss of [pMpslkt] in this assay unless the system
were allowed to run for more time before fixing and imaging.

This simulation and accompanying experiment therefore demonstrate the important
role that PP2A:B55 plays in counteracting CDK-dependent licensing of the checkpoint.
This is significant since during normal mitotic progression CDK activity will decline
following activation of APC/C at metaphase. Based on these results, we would expect
that as CDK activity drops during metaphase and into anaphase, the ability of the
checkpoint to reactivate in response to perturbations will be lost in the presence of
PP2A:B55 activity. In the absence of PP2A:B55, MPS1 should remain phosphorylated

and able to mount a checkpoint response later into anaphase.
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Timecourse simulation of checkpoint reactivation in the presence (A, C) or absence

(CDKi: B, D) of the CDK inhibitor flavopiridol. Simulations are performed for Control (A, B) and

B55 knockdown (siB55: C, D) cells.

(E) HeLa MPS1-GFP/CCNB1-mCherry cells in mitosis were

imaged until all chromosomes had aligned and MPS1 removed from kinetochores. 3pM nocodazole
was added (+Noc) to trigger checkpoint activation (t=0min). Images from 2min prior to nocoda-
zole addition until 12min after addition are shown. Panel E experiments performed by Dan Hayward;
panel E adapted from [243] (DOI: 10.1083/jcb.201808014) under a Creative Commons 4.0 License
(https://creativecommons.org/licenses/by/4.0/).
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Transient SAC reactivation occurs during CDK inhibition but is insufficient to
mount a checkpoint response

In addition to reproducing the endpoint results of the MG132 checkpoint reactivation
experiments, the simulations also produced the unexpected prediction that while CDK
inhibition does not permit full activation of the checkpoint, a transient activation does
occur (Figure 3.6B).

Since the initial starting point has high CDK activity and low PP2A:B55 activity,
MPSL1 starts in a highly phosphorylated state. Inhibiting CDK causes MPS1 phosphory-
lation to decline, but sufficiently slowly that a significant pool of MPS1 remains available
to localise to kinetochores in the event of nocodazole addition. This localisation causes
an initial increase in [pMPS1k+], but this is then counteracted by the ongoing dephos-
phorylation of MPS1 by PP2A:B55. The result is a transient spike in [pMPS1kt] which
is insufficient to promote full scale checkpoint activation.

To test this model prediction, cells were challenged with nocodazole shortly after
anaphase and the checkpoint response measured by localisation of fluorescence-labelled
MPS1 to the kinetochore (Figure 3.6E). In this period, CycB concentration is reduced
by the activity of APC/C and so we would expect the conditions to mimic those of
CDK inhibition in the MG132 case. Transient reactivation of the checkpoint was ob-
served, suggesting that in the absence of CDK activity, residual phosphorylated MPS1
will attempt to mount a checkpoint response, but that continued loss of this signal via

B55-dependent dephosphorylation will prevent full activation.

PP2A:B55 is necessary for checkpoint irreversibility

Having established that PP2A:B55 is necessary to counteract CDK-dependent activation
of the checkpoint, the next step was to determine more precisely the extent to which the
B55/ENSA/Gwl pathway contributes to checkpoint bistability and irreversibility. This
is important since in principle the system has the capacity for bistability in its absence
based only on the CDK/MCC/APC double-negative feedback loop shown in Figure 3.1A
(see for example the FADS model of the SAC in Chapter 2).

Bifurcation analysis was therefore used to examine the effects of PP2A:B55 on the

system. Using the fraction of unattached kinetochores (uKT) as a bifurcation param-
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Figure 3.7: Bifurcation digrams showing the steady state level of CycB as a function of fraction of
unattached kinetochores (uKT) for (A) Control and (B) B55 knockdown (B551 = 0.2) cells.

eter!, modelling the behaviour of a control cell shows that the system comprises an
irreversible bistable switch (Figure 3.7A). Starting from an initial condition where all
kinetochores are unattached and [CycB] is high (top right), a decrease in uKT as chro-
mosomes undergo attachment and biorientation promotes a switch-like transition to a
low [CycB] anaphase state (bottom left). Once this state is reached, the transition is
irreversible, since the upper uKT threshold required for the reverse transition is out of
the possible range of uKT values (bottom right).

In contrast, when B55 depletion is simulated (siB55: B55r = 0.2), the size of
the bistable region is considerably reduced (Figure 3.7B). While the system retains the
capacity to undergo a normal transition from the high [CycB] prometaphase state to
the low [CycB| anaphase state in response to reducing uKT, this transition is no longer
irreversible. From the anaphase state, increasing [CycB| beyond a certain threshold will
mean that the low [CycB] steady state is no longer stable, and the system will undergo
transition back to a prometaphase-like state. In practical terms, this would correspond
to the system being able to reactivate the SAC and recover CycB levels in response to
the presence of unattached kinetochores during anaphase.

To show the effect of PP2A:B55 on the bistability of the system in more detail, a

IThis replaces its use as an ODE variable in the model description in Section 3.2.
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Figure 3.8: Two-parameter bifurcation diagram showing how the size of the bistable region (shaded)
varies with the extent of B55-dependent MPS1 dephosphorylation. Note that uKT is defined here as the
fraction of unattached kinetochores, so physiological values are between 0 and 1. The axis is extended
beyond 1 to show the trend in bistability, but these higher upper thresholds would not be accessible in
a physiological setting.

two-parameter bifurcation diagram was plotted, showing how the upper and lower uKT
thresholds for transition between high [CycB] and low [CycB] states are affected by
changing the B55-dependence of MPS1 phosphorylation (Figure 3.8). In the model,
MPS1 dephosphorylation comprises both a B55-dependent and B55-independent com-
ponent. As the B55-dependent component is reduced, so is the extent of the bistable
region. This is consistent with the differences between the two 1-parameter bifurcation
diagrams in Figure 3.7, which effectively represent individual cross-sections of the two-
parameter bifurcation diagram in Figure 3.8 at different levels of B55 activity. Notably,
even when the B55-dependent contribution is reduced to 0, the upper and lower thresh-
olds do not completely converge, so the system still shows a small bistable region even
in the absence of B55. This is the result of the CDK-dependence of MPS1 phosphory-
lation, which completes the CDK/APC/SAC double-negative feedback loop. However,
the presence of B55 makes the bistability considerably more robust, and is important for

ensuring irreversibility by pushing the upper uKT threshold for the reverse transition out

of a physiologically accessible range.
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Checkpoint reactivation

The bifurcation analysis described above uses a steady state approach to analyse system
reversibility. While this allows a more rigorous mathematical analysis of the problem,
in reality the reversibility or otherwise of the checkpoint in response to a specific set
of events is the property of a dynamic system which has not yet reached steady state.
For this reason, we supplemented the bifurcation analysis with timecourse simulations
of checkpoint reactivation trajectories (Figure 3.9). In control cells, the ability of the
checkpoint to successfully reactivate depends on the time at which nocodazole addition
is simulated (Figure 3.9A), with the extent of reactivation reducing with time from the
initial release. In contrast, B55 knockdown simulations (Figure 3.9B) are always able
to reactivate the checkpoint, while in Gwl knockdown simulations (Figure 3.9C), only
a limited and transient reactivation is possible even at the earliest timepoints. This
supports the hypothesis that control of PP2A:B55 activity is important to regulate the
point at which the checkpoint license is irreversible revoked.

To test these predictions experimentally, it was not possible to develop a suitable
reactivation assay which precisely mimicked the simulation conditions. This is because
obtaining a suitably uniform starting population from which to test reactivation at dif-
ferent time-points is not possible due to cell-to-cell variation. Instead, this variability in
the cell population was used by collaborators in the Gruneberg and Barr labs to test the
simulations by identifying mitotic cells in which checkpoint signalling was switched off
(as measured by loss of MPS1 from the kinetochore) and treating them with nocodazole
to promote checkpoint reactivation. Fluorescence microscopy was used to measure levels
of CycB and kinetochore-localised MPS1 following nocodazole addition.

Since the initial levels of CycB vary within the cell population, this effectively provides
an equivalent situation to the checkpoint reactivation simulations in Figure 3.9, since
each starting point will exist somewhere on the CycB curve defined in that figure. For
the purposes of visualisation, we therefore aligned [MPS1xr] simulations to the point at
which nocodazole addition was simulated (Figure 3.10A). This is then compared to the
experimentally measured curve for [MPS1kr] (Figure 3.10B). The corresponding CycB

curves are shown in Figure 3.10C.
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Figure 3.9: Simulations of checkpoint reactivation occurring at different stages during mitotic progres-
sion. Simulations begin from an initial checkpoint arrest condition, which is released by setting uKT
= 0. Checkpoint reactivation is simulated by setting uKT = 1 at 2-minute time intervals between
16 and 30 minutes; these reactivation points are indicated by crosses, with colours matched to the
corresponding timecourse (darkest = 16 mins, lightest = 30 mins). [MPS1kr] values are normalised to
the maximum value across all three cell types.
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Figure 3.10: Timecourse of kinetochore-associated MPS1 levels ([pMPS1kT]) during nocodazole-
induced checkpoint re-activation (B), and from timecourse simulations (A). Different lines in the model
simulation are generated by realigning simulations of checkpoint reactivation at variable timepoints
(e.g. Figure 3.9) to the point of reactivation. Variation in measured CycB levels is shown in (C).
Experiments for panels B and C performed by Dan Hayward; experimental figures adapted from [243]
(DOI: 10.1083/jcb.201808014) under a Creative Commons 4.0 License (https://creativecommons.
org/licenses/by/4.0/).
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Figure 3.11: Experiment (A) and population-level simulation (B) of SAC reactivation following noco-
dazole addition. (A) Prior to nocodazole addition, cells were arrested in monastrol, followed by washout
for 25 minutes. Nocodazole was then added at timepoints 0, 10 and 20 mins after this point, and check-
point reactivation monitored by the return of Mad1 to the kinetochore. (B) Population-level simulations
were performed by randomly varying the ki,xr parameter and the [CycB] initial condition. ki,xr
was sampled from a lognormal distribution with mean 0.25 and log standard deviation 0.5. CycB was
sampled from a lognormal distribution with mean 0.5 and log standard deviation 0.5. Initial conditions
for all other variables correspond to a metaphase block with checkpoint signalling (Psome = 0, uKT
=1, kiyxr = 0). At the designated time, checkpoint reactivation was simulated by setting ki, k1 = 0,
kayrxr = 0.1. 100 simulations were performed for each nocodazole addition time. Checkpoint reacti-
vation was defined as [pMpslgr| > 0.5 at 5 minutes after nocodazole addition. Panel A experiments
performed by Dan Hayward; experimental figure adapted from [243] (DOI: 10.1083/jcb.201808014)
under a Creative Commons 4.0 License (https://creativecommons.org/licenses/by/4.0/).
This combination of simulation and experiment clearly shows that the existence of
a B55-dependent checkpoint reactivation threshold predicted by the model is observed
experimentally. In control cells, addition of nocodazole results in one of two possi-
ble responses: a sustained reactivation of the checkpoint; or a small transient increase
in [MPS1kr] which is not sufficient to stabilise [CycB]. In contrast, the Gwl and B55
knockdowns do not show this behaviour. In the Gwl knockdown, the system is un-
able to reactivate the checkpoint sufficiently to stabilise [CycB], showing only a limited
and/or transient increase in [MPS1kt] in response to nocodazole addition. In the B55
knockdown, the checkpoint reactivates sufficiently to stabilise [CycB] in all cases. Thus
PP2A:B55 plays an important role in determining the ability of the checkpoint to reacti-
vate during anaphase in response to renewed stimulus. The distinct split in the behaviour
of control cells between those which fully activate the checkpoint and those which do

not suggests that activation of PP2A:B55 during the course of anaphase switches the

system from a checkpoint-responsive to non-responsive state.
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To test this hypothesis further, we simulated the results of a SAC reactivation exper-
iment in which cells were synchronised in prometaphase with monastrol, before washout
for 25 minutes to allow correct spindle formation and progression into metaphase. Appli-
cation of nocodazole 0, 10 or 20 minutes after this point was then used to disrupt KT:MT
attachments and reactivate the SAC (Figure 3.11). In both experiment and simulation,
the ability of the cells to reactivate the checkpoint declined with time, indicating that
the checkpoint remains reactivatable only for a certain time following metaphase. Fur-
thermore, B55-depleted cells retained the ability to reactivate the checkpoint for longer,
again confirming the significance of B55-dependent dephosphorylation in revoking the

checkpoint license at anaphase.

Determining the CycB threshold for SAC inactivation

Having established that during normal anaphase cells transition from a state in which
the checkpoint is re-activatable to one in which it is not, this leaves the question of
where exactly the transition point between these two states lies.

If we consider the bifurcation diagram in Figure 3.7A, we can describe the reactivation
experiment in terms of positions within this diagram. The initial starting point is with
[CycB] high, but uKT=0. This corresponds to a point in the upper left of the bifurcation
diagram. From this point, the only possible steady state is the low [CycB] steady state
in the bottom left, so the system will move in this direction and degrade CycB. When
nocodazole is added, the effect is to jump the system horizontally to a point with
the same CycB concentration, but uKT=1. This region of the bifurcation diagram is
bistable, so the outcome will depend on the starting position. If the horizontal jump
crosses the unstable state separating the upper and lower steady states, then the system
will be attracted towards the upper [CycB] steady state, so will slowly accumulate CycB.
However, if [CycB] is sufficiently low that the horizontal jump does not cross the unstable
steady state, the system will still be attracted to the lower [CycB] steady state, meaning
that reactivation will not occur. The point at which the unstable steady state crosses the
line uKT=L1 is therefore the crucial [CycB] threshold below which checkpoint reactivation
is no longer possible.

To determine quantitatively the position of this threshold in real cells, collabora-
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Figure 3.12: Populations of control (siControl), Gwl- (siGwl) and B55- (siB55) depleted HeLa CCNB1-
GFP cells were released from a thymidine block for 10h and then challenged with 3M nocodazole for
5min and stained for MAD1. Checkpoint status, either on or off, and total CCNB1 (CycB) levels
were determined. The fraction of checkpoint active cells was plotted for bins of 100 fluorescence units
of CCNB1 on the graph for n=880, 895 or 657 cells for siControl, siB55 and siMASTL, respectively.
Experiments performed by Dan Hayward; experimental figure and description adapted from [243] (DOI:
10.1083/jcb.201808014) under a Creative Commons 4.0 License (https://creativecommons.org/
licenses/by/4.0/).

tors in the Gruneberg and Barr labs performed population-level analysis of cells subject
to checkpoint reactivation. Control, B55 knockdown and Gwl knockdown cells were
synchronised in mitosis and then challenged with nocodazole for 5 minutes before imag-
ing the checkpoint response (MAD1 at the kinetochore) and total CycB concentration
through fluorescence microscopy. Binning the CycB fluorescence data allowed the frac-
tion of checkpoint active cells for a given CycB concentration to be determined (Figure
3.12).

These results show that there is considerable variation within the cell population, but
that as expected, the probability that a given cell will activate the checkpoint increases
with CycB concentration. Furthermore, loss or gain of B55 activity respectively increase
and decrease the [CycB] threshold for checkpoint activation. Additionally, the reactiva-
tion threshold is in all cases significantly lower than the [CycB] threshold associated with
the onset of chromosome segregation. This is consistent with the known timing of B55
activation via the BEG pathway in late anaphase [173], which occurs after chromosome

segregation.

However, these results present another puzzle, namely the physiological significance
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of this threshold in preventing spurious checkpoint reactivation, since it still permits the
possibility of (presumably) futile checkpoint reactivation occurring after chromosome
segregation. One possibility is that the B55-dependent threshold is just one of several
CDK-dependent mechanisms contributing to checkpoint activation and inactivation. In
the rest of this chapter we address some of these additional CDK-dependent pathways,
before returning to the broader question of the role of these multiple pathways in check-

point licensing and activity in the discussion.

3.3 Cdc20 phosphorylation

The text originally presented in this section cannot be made freely available via ORA

due to confidentiality agreements.

3.3.1

The text originally presented in this section cannot be made freely available via ORA

due to confidentiality agreements.
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Figure 3.13: This figure cannot be made freely available via ORA due to confidentiality agreements.

3.3.2

The text originally presented in this section cannot be made freely available via ORA

due to confidentiality agreements.
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3.3.3

The text originally presented in this section cannot be made freely available via ORA

due to confidentiality agreements.

3.3.4 Modelling Cdc20 phosphorylation

For these reasons, we incorporated an inhibitory effect of Cdkl activity on Cdc20 into
the model. Phosphorylation of free Cdc20 converts it into a form which is not active for

promoting degradation of APC/C substrates:

[Cdc20f]

(Cde20] = T ToakT]

(3.19)

Using the model presented previously, we simulate the effects of the CDK and MPS1
inhibition experiments on [CycB] and [Cdc20p] (Figure 3.13, 3rd column). The model is

in agreement with the experiment in predicting an acceleration of CycB degradation when
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CDK is inhibited. This corresponds with a greater proportion of unphosphorylated Cdc20
capable of supporting APC/C activity (Figure 3.13C). Note that securin degradation was
not simulated separately since in the model there is no distinction between degradation
of different APC/C substrates, so we would expect this to follow the same pattern as

seen with CycB.

3.3.5 The counteracting phosphatase for CDK phosphorylation

of Cdc20 is unknown

The existence of this interaction naturally invites the question of why the system is
wired in this way. We have already discussed how the CDK-dependence of checkpoint
signalling could provide a mechanism for switching off checkpoint reactivation during
anaphase. However, this inhibitory effect of CDK on Cdc20 is checkpoint independent.
One possibility is that the positive feedback inherent in this reaction allows for ampli-
fication of an initial APC/C¢4<?0 activation to promote fast and irreversible progression
through anaphase and mitotic exit. Once CycB degradation begins, the resulting loss
of CDK activity will further increase its degradation via increasing the amount of Cdc20
available to activate APC/C. Implicitly, this reasoning assumes the presence of a suit-
able phosphatase counteracting the inhibitory phosphorylation on Cdc20. Given that
Cdc20 phosphorylation does decline during this period (Figure 3.13C), it is reasonable
to assume that such a reaction takes place. However, it is not presently known which
mitotic exit phosphatase is responsible for this reaction, and this would provide further
clarification of the role of this particular feedback loop relative to others such as the

MPS1/B55 pathway discussed above.

3.4 APC/C and Cdc20 phosphorylation

One apparent puzzle arising from the identification of CDK-dependent inhibition of
Cdc20 is that APC/C itself shows the exact opposite dependence on CDK-dependent
phosphorylation. As discussed in the introduction, phosphorylation of APC/C is required

CCdc20

to promote removal of an auto-inhibitory loop from its active site. APC/ activ-

ity therefore requires that APC/C is in a CDK-phosphorylated state, but that Cdc20 is
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@, APC
Cdc20

Figure 3.14: Influence diagram showing phosphorylation-dependent regulation of the APC/CCdc20
complex. Positive and negative feedback loops are indicated by ‘+’ and *-' in the centre of the loop.

in a dephosphorylated state. Formation of active APC/C4<20

would therefore require
significant differences in the kinetics of APC/C and Cdc20 phosphorylation and dephos-
phorylation. In particular, APC/C dephosphorylation at anaphase must be slow relative
to Cdc20 dephosphorylation and APC/C substrate degradation. This would allow for a
window of APC/C¢4<20 activity during anaphase and mitotic exit during which substrate
degradation can occur.

The interactions described above place APC/C420 activity at the centre of both a
double-negative feedback loop (APC/C420 degrades CycB, Cdk1:CycB phosphorylates
Cdc20), and a negative feedback loop (APC/C¢4<?0 degrades CycB, Cdk1:CycB phos-
phorylates APC/C) (Figure 3.14). We developed a simple ‘toy’ model of this system

in order to analyse the implications of this network motif for cell cycle function. The

interactions in this model are shown in the wiring diagram in Figure 3.15.
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a.4a.

Figure 3.15: Wiring diagram for APC/C and Cdc20 phosphorylation model. Note that only formation of
the active APCpC20 complex is shown here. In the model complex formation is not modelled explicitly:
phos-/dephosphorylation proceed directly from all four possible APC/C:Cdc20 complexes.

ODEs

The model comprises the following series of ODEs:

d[CC;;CB] = kSCycB — (deCycB + kd?CyCB . [APCpCQO] ce
+ kdScyen - [APCC20] + kd4cyer - [APCPC20p] . .. (3.20)
+ kd5cyes - [APCC20p]) - [CycB]
P
% = VpApC : [Cdkl] . [APCde] — VdpApC . [APCpT] (321)
d[APCC20]

= Vdpapc - [APCpC20] + Vdpegp - [APCC20p]
dt (3.22)

— (Vpczo + Vparc) - [Cdkl] - [APCC20]

AP 2
w = Vdpeap - [APCpC20p] — Vidpapc - [APCpC20]
dt (3.23)

— (Vpezo + Vpapc) - [Cdkl] - [APCpC20)]
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Algebraic Equations

And the following algebraic conservation equations:

[APCpC20p] = [APCpr] — [APCpC20] (3.24)
[APCdpr] = Cde207 — [APCpr] (3.25)
[APCC20p] = [APCdpr] — [APCC20] (3.26)
[Cdc20pr] = [APCC20p] + [APCpC20p] (3.27)
[Cdc20dpr] = Cdc207 — [Cde20pr)] (3.28)
[Cdk1] = % (3:29)

Phosphorylation and Dephosphorylation Kinetics

In the ODEs above, the terms Vpapc, Vdpapc, Vpesg and Vdpesy are expressions
for the apparent rate constant for the relevant phosphorylation or dephosphorylation
reaction. The exact expression depends on whether mass action or Goldbeter-Koshland
kinetics are used.

Mass action:

Vdpago = kdpcgo (330)
Vpceo = kpeso (3.31)
Vdpapc = kdpapc (3.32)
Vpapc = kpapc (3.33)
Goldbeter-Koshland:
kdpczo
Vd = 3.34
pozo Jogo + [CdCQOpT] ( )
kpcso
V: = 3.3
pozo Jooo + [CdCQOde] ( )
kdpapc
Vd = 3.36
barc Jarc + [APCpr] (3.36)
k
Vpapc = barc (3.37)

Japc + [APCdpr]
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Phaseplane analysis

To analyse the behaviour of the model graphically, we reduce the system of ODEs to allow
plotting of a two-dimensional phaseplane digram. To do so, we make the assumption
that Cdc20 phosphorylation and dephosphorylation are fast relative to both APC/C
phosphorylation and dephosphorylation, and to CycB synthesis and degradation. This
allows us to make a pseudo—steady-state assumption for the proportion of phosphorylated
Cdc20.

Equations 3.22 and 3.23 are therefore converted from ODEs to algebraic expressions

dAPCC20] __ (y 54 dIAPCDC20]

by setting " o

= (. The solution varies depending on whether
Goldbeter-Koshland or mass action kinetics are used in each case.

Mass action:

[APCde] . kdp Cc20

APCC20| =
[ ] ]fpcgo . [Cdkl] + kdpcgg

(3.38)

[APCPT] - kdpcao
APCpC20] =
[ p ] k?pcgo . [Cdkl] + kdpcgg

(3.39)

Goldbeter-Koshland:

[APCpCQO] = [APCpT] . GK(k’dpcg(), kpcgg . [Cdkl], JCQ(), cho) (341)

For brevity, the function GK(v1, vy, K1, K3) is used for Goldbeter-Koshland reactions
to describe the proportion of substrate in the dephosphorylated form. The input param-
eters refer to the V.« and Ky, of the dephosphorylation and phosphorylation reactions

respectively. A precise definition of this function is provided in Appendix B.

Model variants with different phosphorylation kinetics

As described above, the generic model allows for either mass-action or Goldbeter-
Koshland kinetics to be used to describe APC/C and Cdc20 phosphorylation and dephos-
phorylation. The reason for this is that the kinetic scheme chosen significantly changes
the properties and behaviour of the model. In this reduced model framework we are

not aiming to accurately capture the entire cell cycle regulatory network, but instead to
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examine the possible consequences of the particular network motif of interest. For this
reason we examine different kinetic schemes in turn since this provides information on
the range of possible outcomes arising from the given network motif.

Specifically, we consider the following model variants: all mass action; all Goldbeter-
Koshland; and mass action APC, Goldbeter-Koshland Cdc20. We do not consider the
alternative case of mass action Cdc20, Goldbeter-Koshland APC, since the Cdc20 con-
centration in the cell is much greater than that of APC/C. It is therefore unlikely that
there would exist a scenario where APC/C was able to saturate kinase and phosphatase
active sites while Cdc20 was not able to.

Phaseplane analysis was used for an initial comparison of the model variants above
(Figure 3.16). The reduced version of each model variant is used to plot a phaseplane
diagram showing APCpT and CycB nullclines. Doing so reveals that the system has the
capacity to function in distinct ways depending on the non-linearity of the phosphoryla-

tion kinetics.

Phosphorylation kinetics determines the behaviour of the model as an oscillator
or a bistable switch

In the simplest case of mass-action kinetics, there is no non-linearity and the two nullclines
are simple hyperbolas (Figure 3.16A). As a result, there is a single intersection point
corresponding to a stable steady state.

Addition of Goldbeter-Koshland Cdc20 phosphorylation kinetics converts the [CycB]
nullcline to a Z-shaped curve, so that it intersects the [APCpt] nullcline in three places,
corresponding to two stable steady states separated by an unstable steady state.

Since both of these model variants describe a system which produces a steady state
solution, any change in APC/C or Cdc20 phosphorylation state during cell cycle pro-
gression must result from external influences which change the value of internal system
parameters. For example, the total available Cdc20 (Cdc207) may vary in response
to the activity of the SAC in sequestering it as MCC. To test the response of these
two model variants to change in Cdc20r, bifurcation diagrams were plotted (Figure
3.17), showing the concentration of the active APC/Cp“9<?® complex as a function of

Cdc20r. This demonstrates how the bistable system shown in Figure 3.16B differs from
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Figure 3.16: Phaseplanes showing the behaviour of APC/C and Cdc20 phosphorylation model variants
with different kinetic schemes. (A) Mass action APC/C and Cdc20 phosphorylation produces a single
stable steady state. (B) Goldbeter-Koshland Cdc20 phosphorylation kinetics produces a bistable system.
(C) Goldbeter-Koshland kinetics for both APC/C and Cdc20 phosphorylation produces a limit cycle
oscillator.
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Figure 3.17: Bifurcation diagrams showing steady state APC/Cp©9<?? activity as a function of Cdc20r

for model variants with (A) mass action or (B) Goldbeter-Koshland Cdc20 phosphorylation kinetics.
APC/C phosphorylation is mass action in both cases.

the monostable system in generating a distinct on and off threshold for APC/Cp©dc20.

In contrast to the first two variants, the model variant in which both APC/C and
Cdc20 phosphorylation are described using Goldbeter-Koshland kinetics does not form a
stable steady state, since the two Z-shaped nullclines intersect only once in an unstable
steady state (Figure 3.16C). Instead, the system functions as a stable cell cycle oscillator,
undergoing periodic activation and inactivation of APC/Cp“4?° and Cdk1:CycB. The
trajectory of these oscillations is indicated by the dotted arrow loop in Figure 3.16C,

while a timecourse simulation of the full model is shown in Figure 3.18.

APC/C and Cdc20 phosphorylation may interact with other cell cycle oscillatory
mechanisms

This finding that Cdc20 and APC phosphorylation can act as the driving force for an
intrinsic cell cycle oscillator is interesting to consider alongside other proposed oscillators
such as the classic model of Xenopus oocyte extract [77]. In both cases, the negative
feedback loop between Cdk1:CycB (MPF) and APC/C forms one half of the oscillator.
The models differ in the nature of the positive feedback loop: the Xenopus model relies

on inhibitory phosphorylation of Cdkl by Weel and removal by Cdc25; our model uses
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Figure 3.18: Timecourse simulations of oscillations in the model variant with Goldbeter-Koshland
kinetics for both APC/C and Cdc20 phosphorylation.
inhibitory phosphorylation of Cdc20 by Cdk1:CycB. In both cases, CycB levels increase in
the absence of APC/C activity, until it reaches a critical threshold where APC/C becomes
active enough to destroy CycB. Inactivation of APC/C follows the loss of CycB, but with
a time delay, so that CycB destruction is near-complete. Once APC/C is inactive, CycB
can re-accumulate, and the cycle repeats.

APC/C and Cdc20 phosphorylation have previously been modelled as contributing to
Xenopus oscillations in an extension of the MPF/APC model described above [72]. In
this case, oscillations are permitted even with mass action phosphorylation kinetics for
both APC and Cdc20 phosphorylation. However, in this model additional non-linearity
is provided both by Goldbeter-Koshland kinetics of inhibitory CDK phosphorylation, and
by modelling the stoichiometric inhibition of Cdc20p by Mad2 binding. Thus by placing
simple network motifs such as the APC/Cdc20 phosphorylation module into a wider cell
cycle context, their effects on the system can be amplified. This is important, since as
discussed in Chapter 2, the assumptions of Goldbeter-Koshland kinetics may not be valid
in all cases. This model demonstrates how alternative kinetic schemes, and in particular
binding of stoichiometric inhibitors, can give rise to the necessary non-linearity.

The significance of APC/C and Cdc20 phosphorylation as the driver of a cell cycle
oscillator in vivo is unknown. It is perhaps unlikely that this mechanism would constitute
the major driving force of the cell cycle oscillator in mammalian cells, given the multiple

layers of regulation at different cell cycle stages which are independent of the phosphory-
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lation status of Cdc20 or APC/C. However, this model does highlight that such a simple
system can admit periodic oscillations in CDK and APC/C activity, which has important

implications for the evolution of the cell cycle and the mitotic checkpoint in particular.

3.5 Discussion

Bringing together the different effects of CDK-dependent phosphorylation on APC/C
activity discussed above is crucial to understanding the regulation both of mitosis and
of the associated mitotic checkpoint. The irreversibility of cell cycle events such as the
M/A transition is an important paradigm in cell cycle research. Irreversibility depends
on the existence of positive feedback loops which create systems capable of undergoing
switch-like transitions between two alternative steady state regimes.

However, the existence of multiple positive feedback loops controlling the same un-
derlying mechanism complicates this picture. We have already discussed how CDK neg-
atively regulates APC/C activity via phosphorylation of both MPS1 and Cdc20. Both
of these interactions have the potential to create a bistable switch, but how do these
two switch mechanisms interact? Does one switch dominate over the other, or do both
give rise to switch-like behaviour? If both are significant, do they act at the same point,
contributing to a single threshold, or are they arranged in series so that it is possible to
reach an intermediate state where one is switched on, and the other off?

Extending this picture further sees additional complications arise when we consider
the role of other known system components subject to similar forms of CDK-dependent
regulation, for example APC/C%! or other CDK-inhibited phosphatases, e.g. PP1. In
this discussion we consider how the arrangement of these different network motifs may

contribute to the overall picture of checkpoint regulation in mitosis.

3.5.1 Irreversible checkpoint inactivation depends on PP2A:B55

As the cell undergoes mitosis it transitions between states with different levels of check-
point activity and responsiveness. In prometaphase, the SAC is actively responsive to
unattached kinetochores, preventing further mitotic progression until all chromosomes

are correctly aligned on the spindle. In addition, EC pathways are actively disrupting
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incorrect KT:MT interactions, regenerating unattached kinetochores in the process. At
metaphase, correct biorientation of chromosomes is achieved, satisfying the SAC, and
promoting the transition to anaphase. Checkpoint reactivation refers to any point where
SAC signalling resumes after this initial satisfaction of the SAC at metaphase.

During normal mitotic progression, the checkpoint will not resume signalling after
metaphase, as to do so would disrupt APC/C activity and prevent downstream events
in mitotic exit. However, if the cell encounters problems during anaphase, for example
the disruption of KT:MT interactions, checkpoint reactivation could provide additional
time to rectify these problems prior to completion of chromosome segregation. Control
of checkpoint reactivation must balance these two competing demands. The possible
role of checkpoint reactivation after anaphase is unclear. Experiments which artificially
induce unattached chromosomes shortly after metaphase have shown that there is a
window of time following metaphase in which reactivation can occur [148]. However it
is unclear how frequently defects such as this would be encountered physiologically (the
frequency is 0/21 of the control cells in the same study, suggesting these are rare events,
but a meaningful estimate of the true frequency is not possible from these data).

One problem with reactivating the checkpoint during anaphase is that cohesin cleav-
age has already occurred, so there is no way to return to a state where chromosomes
are correctly aligned on the spindle. Inhibition of APC/C via SAC reactivation does
however affect the rate of cyclin degradation: successful reactivation can be observed as
a rapid stabilisation of CycB levels. By preventing cyclin degradation and maintaining
CDK activity, downstream events of mitotic exit will be delayed, since many are depen-
dent on removal of CDK-dependent phosphorylations by CDK-inhibited phosphatases.
However, it is unclear to what extent delaying such processes could enable recovery from
the conditions that might induce the SAC physiologically under these conditions (namely
chromosome detachment).

Linked to the question of SAC reactivation in anaphase is the role of checkpoint
silencing in turning off error correction pathways to resolve the so-called ‘anaphase prob-
lem’. During prometaphase, incorrect KT:MT interactions are detected and removed

by the EC pathway. In order to distinguish incorrect from correct attachment, tension
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across the kinetochore is detected, since only correct attachment and biorientation will
generate tension. The problem arises since cleavage of cohesin at the M/A transition
should result in loss of tension. If EC is active during anaphase this would therefore
be expected to lead to catastrophic loss of KT:MT attachments. Since this does not
occur, a mechanism must exist to inactivate EC at or close to the M/A transition. Note
however that this is a distinct question from the reactivation of the SAC itself: detach-
ment experiments have shown that the cell retains the capacity to respond to unattached
kinetochores should they arise spontaneously.

Key questions therefore remain:

e What is the window during which the checkpoint can be reactivated?

e How and why does this differ between EC and the SAC itself? (the 'Anaphase
Problem’)

e Which physiological events during chromosome segregation have the capacity to

induce the SAC if licensing is not revoked?

Interestingly, we have already seen that a constitutively licensed S281D mutant shows
only a small difference in mitotic exit timing experimentally, and no difference in the
model (Figure 3.5). We must therefore conclude that the existence of a permanently
licensed checkpoint does not appear to substantially delay mitotic exit, despite its con-

tinued ability to signal via MPS1. Two possible explanations for this finding are:

e Post-anaphase defects capable of inducing transient SAC reactivation are rare or

non-existent.

e Phosphorylation of an additional component by CDK creates another layer of feed-

back which also contributes to preventing reactivation.

Evidence for the first of these possibilities would require further work to identify if or
when post-anaphase defects in chromosome attachment and segregation do occur. This
is likely to be a low-frequency event, so would require analysis of a large cell population
to identify the true incidence level. The role of the second possibility of additional CDK-
dependent feedback loops on checkpoint reactivation is more complex to determine and

analyse, and is discussed in more detail below.
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3.5.2 Sequential inactivation of surveillance mechanisms during

mitotic exit is driven by a series of negative feedback loops

In this chapter we have described how CDK activity has a negative effect on APC/C ac-
tivity during mitosis, both via MPS1-dependent SAC licensing, and via inhibitory Cdc20
phosphorylation. Although not modelled here in detail, we have also discussed the likely
role of CDK-dependent activation of the EC pathway in resolving the so-called ‘anaphase
problem’. At this point it is also worth considering the well-characterised role of CDK-
dependent inhibition of APC/CM_ Furthermore, the wide variety of CDK target pro-
teins during mitosis does not exclude that further CDK-dependent phosphorylation sites
may also play a related role.

In each case, we see a common regulatory motif. CDK activity during early mitosis
is responsible for promoting the activity of a checkpoint surveillance pathway, prevent-
ing premature APC/C activation prior to correct chromosome alignment. At anaphase,
cyclin degradation by APC/C reduces CDK activity. This has a double effect: reduc-
ing the CDK activity available to maintain checkpoint surveillance, and activation of a
series of phosphatases as CDK activity drops below the level required to maintain their
inhibition. In the initial stages, challenging the checkpoint with a renewed stimulus (e.g.
by disrupting KT:MT attachment during anaphase) will be detected by the still-active
surveillance mechanism, resulting in re-activation of the checkpoint effector mechanisms
and stabilisation of cyclin levels via renewed APC/C inhibition. However, once CDK
activity has fallen below a critical threshold, continued activity of the surveillance path-
way is turned off, locking the system into a post-checkpoint state with no capacity to
reactivate in response to renewed stimulus.

Crucially however, components of these various CDK-regulated pathways differ in their
sensitivity to CDK activity, and in particular are subject to regulation by different mitotic
exit phosphatases. They are therefore likely to be inactivated with different timing and
in response to different CDK activity thresholds. Each of these points can potentially act
as an irreversible bistable switch since at the very least it completes a double-negative
feedback loop between APC/C and CDK activity. Mitotic exit phosphatase regulation

can provide additional robustness to these switches.
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The presence of this series of switches has the potential to provide a ratchet-like
mechanism for the cell to coordinate the series of events required for mitotic exit. At
each stage, further cyclin degradation can be halted in response to a specific stimulus
and further progression into mitotic exit. At the same time, this can be achieved without
the risk of total recovery of CDK activity and reactivation of upstream mitotic pathways,
which could have deleterious consequences to a cell already committed to anaphase.

Though this is an attractive model for reconciling the existence of multiple overlap-
ping feedback loops in mitosis, the relationship between these layers of switches is not yet
clearly defined. It is unclear which of them represent genuine thresholds associated with
distinct physiological states of the cell. Alternatively, closely linked bistable mechanisms
may end up contributing to a single threshold, without discrete transitions between in-
termediate states. Further discussion of future approaches to characterise these different

possibilities is provided in Section 6.1.3.

3.5.3 Similarities between Cdc20 and Cdh1 regulation

One particular aspect of overlap between different CDK-regulated targets in mitosis is the
similarity between the regulation of both Cdc20 and Cdh1 by inhibitory CDK-dependent
phosphorylation. The double-negative feedback loop between APC/C®"! and CDK-
Cyclin complexes has long been established as a key regulatory element of the cell cycle,
specifically its role in regulating mitotic exit as APC/C is turned on in late mitosis,
as well as its control of the G1/S transition, where its activity must be switched off to
allow progression into S-phase. The regulation of Cdc20 by inhibitory phosphorylation
has only been characterised more recently, and the significance of the similarities between
these two regulators is not known.

It is possible that the two co-activators do not play a substantially different role in the
underlying cell cycle mechanism at the point at which their activity overlaps (i.e. late
anaphase). In this context the purpose of having two separate co-activators rather than
a single CDK-regulated co-activator would be to allow for specific regulatory functions
at the points where their expression does not overlap. The early APC/C co-activator

(Cdc20) is subject to regulation by the SAC, while the late APC/C co-activator (Cdh1)
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is not, but is subject to Cdh1l-specific regulation by Emil at the G1/S transition. Where
their activity overlaps in anaphase, regulation by the same mechanism (CDK-dependent
phosphorylation) could allow for a smooth transition from primarily Cdc20-dependent
APC/C activity in early mitosis to primarily Cdhl-dependent APC/C activity in late
mitosis. It may also provide redundancy between the two co-activators, allowing greater

levels of Cdc20 to compensate for Cdhl or vice versa.

3.6 Conclusion

In this chapter we have shown how CDK activity affects the activity of APC/C420 yia
activatory and inhibitory phosphorylation of multiple targets. CDK-dependent phospho-
rylation of MPS1 is required for checkpoint licensing, and reversal of this phosphorylation
by PP2A:B55 determines a point-of-no-return for checkpoint inactivation in anaphase.
Inhibitory phosphorylation of Cdc20 by CDK provides an additional input downstream of
the checkpoint which may contribute to acceleration of APC/C activation at anaphase.
In conjunction with activatory CDK-dependent phosphorylation of the APC/C core it
may also contribute to an intrinsic biochemical oscillator controlling APC/C420 ac-
tivation via cycles of phosphorylation, APC/C activation and dephosphorylation. Al-
though not explicitly modelled here, CDK-dependent regulation of other pathways such
as APC/C%t or AurB-dependent error correction, also contributes to M-phase APC/C
activity regulation.

These interactions comprise a series of overlapping feedback loops regulating the
activation of APC/C during mitotic M-phase. The exact relationship between these
various switch-like mechanisms remains poorly understood, but likely contributes to the
ordered regulation of the precise series of events needed to achieve successful progression

through mitosis.
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Chapter 4

Regulation of APC/C®! during GV arrest

and meiotic resumption

4.1 Meiosis Overview

In this and the next chapter we address key questions regarding the regulation of the
first meiotic M-phase, and in particular the role of APC/C activity in this process. The
modelling presented here was done as part of an experimental collaboration with 2 groups
studying the first meiotic division in mouse oogenesis.

In this chapter, we present work done in collaboration with Ahmed Rattani and Kim
Nasmyth (Department of Biochemistry, University of Oxford), investigating the role of
Cdhl in regulating the timing of meiosis |. This work resulted in a co-authored Current
Biology publication in May 2017 [244]. In Chapter 5 we present a related project in
collaboration with Martin Anger (CEITEC, Brno), where we use a mathematical model
to derive APC/C activity in meiosis | from in vivo timecourses showing the level of
fluorescence-labelled substrates.

Analysis of the relationship between these two sets of work on meiosis can be found

in the concluding discussion chapter (Section 6.2).

4.2 Introduction

Working in collaboration with Ahmed Rattani and colleagues, we used a combined ex-
perimental and modelling approach to identify and characterise the role of Cdhl in GV
arrest and subsequent meiotic resumption. We produced an ODE model of GV arrest
and meiotic resumption, and validated this by simulating the outcomes from a range of

oocyte-specific gene knock-outs. We show that the presence of Cdhl in the network
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PKA

Figure 4.1: Influence diagram for model of GV arrest and meiotic resumption in mammalian oocytes.
Arrows represent activatory interactions, bars represent inhibitory interactions.

structure results in a critical-slowing-down phenomenon that produces a slow rise in
CDK activity during meiotic resumption, in agreement with experimental observations.
This slow rise is essential to allow a sufficient time window of low CDK activity for the
removal of Sgol2 from chromosome arms by Aurora B/C, so that chromosomes can

undergo correct cohesin cleavage and dyad separation during anaphase |.

4.3 Description of Mathematical Model

An ODE model was developed describing the interactions between APC/C¢4"! Cdk1:CycB,
WeelB and Cdc25B (henceforth referred to in the context of the model as Cdhl, Cdkl,
Weel and Cdc25) during GV arrest and meiotic resumption. The network structure which
this creates is summarised in the influence diagram in Figure 4.1. For more detail about
these interactions and the wider context of GV arrest during mammalian oogenesis, see
Section 1.5.1.

Cdkl activity is central to the model. This activity is dependent both on the avail-

ability of CycB, which is synthesised at a constant rate and degraded by Cdhl, and on
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the level of inhibitory phosphorylation, which is added and removed by Weel and Cdc25
respectively.

Cdk1 activity creates three distinct positive feedback loops by inhibitory phosphory-
lation of its inhibitors (Weel and Cdh1), and activatory phosphorylation of its activator
(Cdc25). Further positive feedback is generated through the Cdhl-dependent degrada-
tion of Cdc25 [244].

PKA maintains the GV arrest state by inhibiting Cdc25 and activating Weel. Reduc-
ing the level of PKA promotes meiotic resumption. To simulate these effects, PKA is
not modelled explicitly as a dynamic variable of the model, but as a parameter that can

be adjusted to simulate different experimental conditions.

4.3.1 Full model

The influence diagram in Figure 4.1 was converted into a wiring diagram (Fig. 4.2).
This was then used to formulate a series of six ODEs, and four algebraic conservation
equations, describing the behaviour of the different components of the system.

In the model, [Cdk1] represents the activity of the Cdk1:CycB complex, rather than
free Cdkl. We do not explicitly model Cdk1:CycB binding, and assume that CycB is
the limiting component for complex formation, so [CycBr] = [Cdkl] + [Cdklp]. The
variable [Cdklp]| refers to a Cdk1:CycB complex where Cdkl has undergone inhibitory
phosphorylation.

Phosphorylation and dephosphorylation of Cdc25, Weel and Cdh1 are modelled using
Goldbeter-Koshland kinetics. This provides the necessary non-linearity for the system to

exhibit bistable behaviour.

ODEs

d[Cdk1]
dt

= kSCycB — VdC’yCB : [Cdkl]
+ (Valy, - [Cde25p] 4 Valy,, - [Cde25]) - [Cdklp] (4.1)
- (Vigdkz : [Weel] + Vi,ccuqz : [Weelp]) : [Cdkl]

d[thl] . V(lthJ : [thlp] _ Vithl : [Cdkl] : [thl] (4 2)
dt  Joan + [Cdhlp] Joan: + [Cdhl] '
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Figure 4.2: Wiring diagram for model of GV arrest and meiotic resumption in mammalian oocytes. Solid
arrows indicate interconversions between model species. Dotted arrows represent enzymatic catalysis
of the indicated reaction. Note that Cdkl (CycB) and Cdc25 degradation reactions occur equally from
both phosphorylated and unphosphorylated forms, but only the reaction from the unphosphorylated
form is shown here for simplicity. Corresponding synthesis reactions are included in the model but not
shown.
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d[CYCBT]

dt = kSCycB — VdCycB . [CyCBT] (43)

d[Cde25p]  Vags - [Cdkl] - [Cde25]  Vigs - [Cde25p]

dt Jos +[Cdc25]  Jas 4 [Cde25p]
d[Weel]  Vawe - [Weelp]  Vipwe - [Weel] - [Cdkl] (4.5)
dt  Jwe + [Weelp] Jwee + [Weel] '
d[Cdc2
% = k525 — Vdg5 . [CdC25T] (46)
Where:
(4.7)
Vdgs = kdys + kdj, - [Cdhl]
Algebraic conservation equations
[Cde25] = [Cde257] — [Cde25p] (4.8)
[Weelp| = Weelr — [Weel] (4.9)
[Cdklp] = [CycBr] — [Cdk1] (4.10)
[Cdhlp] = Cdhis — [Cdhl] (4.11)

4.3.2 Reduced two-dimensional model

For analytical purposes, the model was reduced to a two-dimensional form by assuming
that the activities of Weel and Cdc25, and the concentrations of CycB and Cdc25,
are in pseudo—steady-state. This allows us to express these variables in terms of the
remaining dynamic variables (Cdkl and Cdhl). This reduced system can be plotted as
two nullclines on a phaseplane with axes corresponding to [Cdhl]| and [Cdk1], allowing
us to estimate the steady states and system behaviour under different conditions.

The ODEs for [Cdkl] and [Cdhl] remain as in the full model (Eqs. 4.1 and 4.2).

The remaining ODEs (Equations 4.3-4.6) are converted to algebraic expressions using a
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pseudo—steady-state assumption:

(CycBy] SZZZ (4.12)
(Cde25p] = [Ce25] - GK(Vas - [Cak1] Ving, d‘i Site d‘]c o) Gy

[Weel] = [Weelr] - GK(Vawee, Viwee - [Cdk1], [VJVVG[;/eT] [\‘ZVZGT] (4.14)
[Cde257] = 522255 (4.15)

For brevity, the solutions for [Cdc25p] and [Weel] are expressed using the function
GK(v1, v9, K1, K5) to describe the proportion of the substrate in the modification state
produced by the designated ‘forward’ reaction. The input parameters refer to the V.,
and Ky of the forward and reverse reactions respectively. A precise definition of this

function is provided in Appendix B.

4.4 Results

Based on the models, we suggest that the meiotic resumption transition functions as
a bistable switch, and analyse the behaviour of this system when subjected to different
experimental perturbations. Using data provided by Ahmed Rattani and collaborators in
the Nasmyth lab, we then validate the behaviour of the model for a range of conditions
and genotypes. Phaseplane analysis of the reduced 2-dimensional model is then used to
draw conclusions about the significance of the role of Cdhl during GV arrest and meiotic

resumption.

4.4.1 Timecourse Simulations

Timecourse simulations were performed using the full ODE model (Section 4.3.1). To
simulate GV arrest, system parameters are initially set so that Weel activity is high,
and Cdc25 activity is low (VaWee = 0.375, Vi25 = 0.375), and the system run to
steady state. This steady state is then used as the initial condition for the subsequent
simulation of meiotic resumption.

From these starting conditions, the system was run for 100 minutes before Weel

and Cdc25 activities were altered to simulate the effects of PKA withdrawal at meiotic
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Figure 4.3: Timecourse simulations of meiotic resumption. Simulations run from GV arrest steady

state (Vawee = 0.375, Vigs = 0.375). At t=0, Vaw.. and Vigs are both set to 0.075 to simulate loss
of PKA signalling.
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Genotype Cdhlp  ksss
Control 1 0.015
Cdh1A 0.05 0.015
Cdc25A 1 0.0003

Cdhl1A Cdc25A 0.05  0.0003

Table 4.1: Parameters for simulating Cdhl and Cdc25 knock-out genotypes

resumption (VaWee = 0.075, Vi25 = 0.075). This point was defined as t = 0 for the
purposes of plotting. In the experimental set-up, PKA activity is lost upon incubation
in fresh medium lacking the phosphodiesterase inhibitor IBMX.

To simulate the response of different genotypes during meiotic resumption, four sim-
ulations were run, with parameters corresponding to either wild type or knock-out of
Cdhl and Cdc25 (Table 4.1). For each knock-out, the level of the relevant component
is reduced to 5% of its wild type level. These non-zero values represent the persistence
of residual activity in the cell even after disruption of the targeted gene sequence.

Timecourse simulation of control cells (Fig. 4.3A) shows that an initial rapid fall in
Weel and rise in Cdc25 activity follows loss of PKA activity. This allows Cdkl activity
to increase almost to the level of total CycB as inhibitory phosphorylation is lost. Once
Cdk1 is entirely in the dephosphorylated state, the availability of CycB becomes the only
limiting factor for CDK activity. However, accumulation of CycB is initially slow, because
APC/C% remains active and continues to delay the transition into prometaphase until
it becomes gradually inactivated by CDK activity. Therefore in contrast to mitosis,
inactivation of Cdkl inhibitory phosphorylation produces only a gradual increase in CycB
levels, and hence Cdk1 activity, during meiotic resumption. In the absence of APC/Cthl
in the knock-out mutant, Cdkl activation becomes fast and similar to mitosis, because
inhibitory phosphorylation is the only factor holding back Cdk1 activation (Fig. 4.3B).

The dual role of inhibitory phosphorylation and Cdhl-dependent CycB degradation
can be seen by comparing the relevant single knock-outs to the double knock-out Cdh1 A

Cdc25A. In the Cdc25 A mutant (4.3C), Cdkl remains almost entirely phosphorylated,
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Figure 4.4: Percentage of oocytes undergoing GVBD following release from IBMX for Cdh1 A (n=46),
Cdc25A (n=98) and Cdhl1A Cdc25A (n=39) and control cells (n=152). Control data are aggre-
gated from individual control experiments using different floxed genotypes (Cdh1”f, Cdc257f, Cdh1/
Cdc25) lacking germline-specific Cre recombinase expression. Experiments performed by Ahmed Rat-
tani. Figure adapted from [244] (DOI: 10.1016/j.cub.2017.04.023) under a Creative Commons 4.0
License (https://creativecommons.org/licenses/by/4.0/).

so there is no appreciable rise in CDK activity following loss of PKA signalling at t = 0.
In contrast, in the Cdhl A Cdc25A double mutant (Fig. 4.3D), the lack of Cdhl to
maintain low levels of CycB means that even the residual Cdc25 activity is sufficient to
generate a small Cdkl activation following loss of PKA signalling. This initial activity

can then tip the balance of the Weel/Cdk1 double-negative feedback loop so that Weel

is inactivated and Cdkl becomes fully active, allowing meiotic resumption to proceed.

4.4.2 Experimental Validation

The mutant simulations discussed above correspond to oocyte-specific gene knockouts
in mice generated by Ahmed Rattani and collaborators in the Nasmyth lab [244]. These
were produced by crossing female Cdh1”f, Cdc25B7* or Cdh1”f Cdc25B7f mice with
male mice expressing Cre recombinase under the control of oocyte-specific expression
markers (Gdf9-iCre or Zp3-Cre). QOocytes of both control and knock-out genotypes
were harvested in the presence of the phosphodiesterase inhibitor IBMX to maintain
cAMP signalling and therefore PKA activity. They were then released into an IBMX-

free medium and imaged for 18 hours. The fraction of cells that underwent GVBD was
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recorded over time.

CdhlA and Cdc25A show good agreement between simulation and experiment

As can be seen from these results (Fig. 4.4), GVBD does not occur in a synchronised
manner under these conditions. Instead, the proportion of cells undergoing GVBD con-
tinues to increase over time, presumably due to random variation in the initial starting
conditions. Direct comparison of these experimental results with the deterministic time-
course simulations is therefore not possible, since the deterministic model represents an
idealised picture of the process occurring in a single cell, without any random variation.

Nevertheless, the general trends in time taken for meiotic resumption can be compared
between experiment and model. The extreme cases of Cdhl A and Cdc25 A produce a
good fit to the model predictions. In the Cdhl A, almost all cells undergo rapid GVBD
prior to the first observation point 30 mins after IBMX release. Similarly, in the model
Cdh1 A rapidly activates Cdkl following loss of PKA activity. In contrast, in Cdc25 A,
cells do not undergo GVBD at all within the first 8 hours, and even by the end of the
observation period at 18 hours, less than 10% of cells have undergone GVBD. This is
consistent with the model simulation, where Cdc25A remains in the high [Cdh1], low

[Cdk1] GV-arrested state following loss of PKA signalling.

The model predicts a biphasic rise in Cdkl activity during normal meiotic
resumption in control cells
A significant feature of the control simulation is the biphasic rise in CDK activity, with an
initial rise associated with loss of inhibitory Cdkl phosphorylation, followed by a slower
rise associated with accumulation of CycB against opposition from Cdhl-dependent
degradation. While the overall result is that activation of Cdkl is slower than in Cdh1 A,
which is reflected in the experimental results, it is not possible to infer the biphasic rise
from the data available in Figure 4.4 alone.

However, comparing to existing published data shows that such a biphasic rise in Cdk1
activity is observed during meiotic resumption in vivo. Experiments measuring H1 kinase
activity (a standard assay for CDK activity) in mouse oocytes have recorded a slow rise in

activity over the course of 6-8 hours [187, 188]. Although the biphasic characteristic of
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Figure 4.5: Phaseplane analysis of the reduced model. [Cdkl] and [Cdhl] nullclines are plotted for
GV arrest and meiotic resumption for both Control and Cdhl knock-out oocytes. Shading is used to
indicate the rate of change of the Cdkl variable at each point in the phaseplane.

this rise has not previously been commented on, it is observable in both sets of published
data. The similarities between the simulated Cdk1 curve and these experiments provides
good validation of the model, and suggests that meiotic resumption occurs in two distinct
phases: an initial activation of existing Cdk1:Cyclin complexes by removal of inhibitory
phosphorylation from Cdk1, followed by a slow accumulation of CycB to reach maximal

CDK activity.

Discrepancy between model and experiment for the double knock-out may
reflect differences in the level of Cdkl activation

The double knock-out does not show such a good fit between the model and the ex-
perimental data as the control and single knock-out. The model predicts that meiotic
resumption in the double knock-out should occur rapidly (~100 mins). This is slower

than the time taken in the Cdhl knock-out, but much faster than the control. However,
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in the experiment the double knock-out oocytes start to undergo GVBD only after an
initial lag of at least 4 hours, slower than both the Cdhl knock-out and control. In
addition, less than 60% of cells undergo GVBD at all during the 18 hour observation
window, compared with over 80% of control cells.

One plausible explanation for this discrepancy relates to the difference in the absolute
levels of Cdkl activation between different conditions. Although Cdk1 activation in the
control cells takes longer than in the double knock-out, the final [Cdkl] steady state
reached is higher. The exact [Cdkl] threshold in the model that would correspond
to GVBD is not known. If we assume that meiotic resumption in real cells proceeds
similarly to the deterministic model but with some random variation in initial conditions
and parameter values due to cell-cell variability, then this lower [Cdkl] set-point could

translate into a smaller fraction of cells achieving sufficient Cdkl activation to undergo

GVBD.

4.4.3 Phaseplane analysis

To understand the behaviour of the system in more detail, we use the reduced model
(Section 4.3.2) to plot phaseplanes showing the steady states of the system for Control

and Cdhl A cells during GV arrest and meiotic resumption (Figure 4.5).

GV arrest and prometaphase correspond to distinct stable steady states on the
phaseplane
In control cells (Figure 4.5A), the [Cdh1] nullcline (red curve) is a sigmoidal decreas-
ing function of [Cdkl] because of inhibitory CDK-dependent phosphorylation of Cdhl.
In Cdh1A (Figure 4.5B), this nullcline is flattened because the total Cdhl concentra-
tion is significantly reduced. In both Control and Cdhl A, the [Cdkl] nullcline (blue
curve) is bistable with respect to [Cdhl] during GV arrest as a result of the double-
negative/positive feedback loops between Weel/Cdc25 and Cdkl.

During GV arrest in both control and CdhlA oocytes, the system has two possi-
ble stable steady states at the intersection points of the two nullclines (filled circles),
separated by an unstable steady state (open circle). In control cells (Fig. 4.5A), these

correspond to a high-[Cdhl], low-[Cdkl] GV arrest state (top left) and a low-[Cdh1],
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high-[Cdk1] prometaphase state (bottom right). The intermediate unstable steady state
acts as an energy barrier preventing transition from GV arrest into prometaphase. In
Cdhl A cells (Fig. 4.5B), the GV arrest steady state (bottom left) differs from control
since Cdhl activity is low. This means that under these conditions the major limiting

factor maintaining low CDK activity is the inhibitory phosphorylation of Cdkl by Weel.

Meiotic resumption occurs due to loss of the GV arrest steady state

In both control and Cdhl A, partial inactivation of inhibitory Cdkl phosphorylation re-
sulting from loss of PKA activity at meiotic resumption shifts the [Cdk1] nullcline to the
right, eliminating the GV arrested state (Fig. 4.5C, D). The system therefore becomes
irreversibly committed towards the other stable attractor in the bottom right corner with
high [Cdk1] and low [Cdh1], corresponding to prometaphase.

The trajectories traced out towards the prometaphase state in control and Cdhl A
cells are indicated by the dotted arrows in Figures 4.5C and 4.5D. Importantly, while the
position of the prometaphase steady state is similar in both control and Cdhl A cells,
the trajectories through the phaseplane are considerably different, due to the differences
in starting position and to the flattened [Cdh1] nullcline in Cdhl A.

To understand how the different trajectories affect the rate of meiotic resumption,
the phaseplanes have been shaded according to the magnitude of the [Cdk1]" vector at
each point. Darker shading indicates that [Cdk1] is increasing quickly in that region of
the phaseplane. A more detailed intuitive description of the shape of the vector field is

included in Appendix C.

Control and CdhlA oocytes follow different meiotic resumption trajectories

By comparing the meiotic resumption trajectories of control and Cdhl A oocytes in Fig-
ures 4.5C and 4.5D, we see that the Cdhl A results in a trajectory passing through a
region of the phaseplane where [Cdk1]' is relatively high. By definition, higher [Cdk1]’
means that Cdk1 activity is increasing more quickly, so the transition to the prometaphase
state happens over a shorter time period. This has already been shown with the time-
course simulations of the full model (Figure 4.3B), and is consistent with the experi-

mental observations (Figure 4.4). In contrast, the meiotic resumption trajectory in the
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control passes through regions of the phaseplane with comparatively low [Cdk1]’, and so
consequently take longer to activate Cdkl and reach the prometaphase state, which is
again consistent with both timecourse simulations (Figures 4.3A) and experiment (Figure

4.4)).

Slow activation of Cdk1 in control cells results from a Cdhl-dependent ‘critical
slowing down’

The reason for the slow transition in the control is a ‘critical slowing down' phenomenon
associated with the close proximity between the [Cdh1] and [Cdk1] nullclines. Where
two nullclines approach each other, the system is close to being at a steady state, since
the derivative of both variables is close to 0. Following loss of PKA activity, the [Cdk1]
nullcline in Figure 4.5C is shifted upwards, but in doing so it is brought close to the
[Cdh1] nullcline. In contrast, in CdhlA the [Cdh1] nullcline is much lower (since the
maximum possible [Cdh1] is limited by the much reduced Cdhlt). This means that the
same shift in the [Cdk1] nullcline results in a much larger separation between the two
nullclines.

In both cases, since the [Cdh1] nullcline is unaffected by loss of PKA activity, the initial
starting point of the meiotic resumption trajectory (previously the GV arrest steady state)
is located on this nullcline. Since at all points on the line [Cdh1]' = 0, the initial tendency
for the system is to move horizontally towards the [Cdk1] nullcline. Physiologically, this
corresponds to a decrease in inhibitory phosphorylation and an increase in CycB. As
[Cdk1] increases, this will lead to a decrease in the [Cdhl] steady state towards the
new value of the [Cdhl] nullcline. The rate of Cdhl phosphorylation is fast relative to
the rate of CycB synthesis, so the overall effect is to trace out the path of the [Cdhl]
nullcline towards the prometaphase steady state.

The greater separation between the nullclines in Cdhl A means that the meiotic
resumption trajectory passes through a region of the phaseplane where [Cdk1] is increas-
ing more quickly compared to the control. In control cells, the [Cdkl] trajectory passes
through a region of the phaseplane where the two nullclines are close together, with the
result that [Cdk1] rises more slowly.

The physical interpretation of the close proximity between the nullclines is that during
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Figure 4.6:  Selected experimental data figures reproduced from the co-authored Rattani et al.
paper [244] (DOI: 10.1016/j.cub.2017.04.023) under a Creative Commons 4.0 License (https:
//creativecommons.org/licenses/by/4.0/). Experiments by Ahmed Rattani and colleagues. (A)
Frequency of aneuploidy observed in chromosome spreads from Control cells, (Cdh1”f), Cdh1 A cells
(Cdh1"/f Gdf9-iCre), and Cdh1A cells with Cdhl mRNA rescue. (B) Normalised GFP-Sgol2 fluores-
cence intensity on chromosome arms for Cdc207* Zp3Cre control is compared with Apc2”/f Zp3Cre and
with injected non-degradable CycB mRNA (A90 CyclinB1). (C) GFP-Sgol2 fluorescence intensity on
chromosome arms. T521A T600A Sgol2 is mutated at Aurora B/C target sites. AZD1152 is an Aurora
B/C inhibitor.

meiotic resumption, control cells approach closely to a high-[Cdh1], low-[Cdk1] steady
state, where inhibitory Cdkl phosphorylation is removed, but Cdh1l-dependent degrada-
tion of CycB limits Cdkl activation. This state corresponds to the initial levelling off of
the [Cdk1] curve in Figure 4.3A. This state would correspond to a true steady state if
the nullclines actually intersected, and in that case we would expect the [Cdk1] curve
to level off at that point and not undergo further activation. Since the nullclines do
not intersect, this state is one that the system approaches, but does not attain. CycB
synthesis is always slightly higher than Cdh1-dependent degradation, so the system con-
tinues to move towards the prometaphase state through slow accumulation of CycB. As
the system moves further along the [Cdh1] nullcline, the additional Cdkl activity leads

to further inhibition of Cdhl, resulting in an acceleration in Cdkl activation which can

be seen as the second phase of the [Cdk1] curve in Figure 4.3A.

4.5 Discussion

Our model has demonstrated that the presence of Cdhl during GV arrest and meiotic

resumption is responsible for the observed slow, biphasic rise in CDK activity during
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meiotic resumption. However, this leaves open the question of the physiological signifi-
cance of this slow rise, and hence the major role of Cdh1 in meiosis I. Work by Ahmed
Rattani and other collaborators, outlined here and described in more detail in our joint
paper [244], provides important insight into the physiological implications of the model

findings.
Cdh1l is necessary for efficient chromosome segregation

Cells lacking Cdh1 have a higher incidence of aneuploidy during the first meiotic division
than control cells (Fig. 4.6A) [245]. This suggests that the ability to limit the rise in
CDK activity during meiotic resumption may be necessary to allow chromosome pairs to

segregate normally.

Cdhl-dependent cyclin degradation and AurB/C kinase activity are required
for efficient removal of Sgol2 from chromosome arms

An explanation for this observation is the effect of APC/C activity on Sgol2 local-
isation, since Sgol2 is responsible for protection of centromeric cohesin from cleavage
during meiosis | (see Section 1.5.3). In the absence of APC/C-dependent CycB degra-
dation, Sgol2 persists on chromosome arms for many hours after GVBD. This effect is
seen both when APC/C activity is lost through Apc2 depletion, or by injection of non-
degradable CycB (Figure 4.6C). Further work showed that phosphorylation of Sgol2 by
AurB/C kinases is necessary for its dissociation from chromosome arms during meiotic
resumption. Expressing a mutant Sgol2 with alanine substitution at two AurB/C target
sites, or inhibiting AurB/C activity with AZD1152 both resulted in greater retention of

Sgol2 at chromosome arms than in control cells (Figure 4.6B).

APC/CC! provides a time window of low CDK activity during which AurB/C
can act on Sgol2

Bringing together these experimental findings with the modelling results gives the fol-
lowing explanation for the Cdh1-dependence of efficient chromosome segregation during
meiotic resumption (Figure 4.7). During GV arrest, Sgol2 is located along the entire
chromosome arm and maintains cohesin in a dephosphorylated state through recruitment

of PP2A. Without phosphorylation, cohesin can be stably maintained during the long GV
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Figure 4.7: Proposed mechanism for Cdhl-dependence of efficient chromosome segregation during
meiotic resumption. See text for details.

arrest. Cdkl activity is kept low by inhibitory phosphorylation and by Cdh1l-dependent
degradation of CycB.

At meiotic resumption, Aurora B/C activity phosphorylates Sgol2, promoting its re-
location to the centromeres. As a result, arm cohesin is no longer protected from
phosphorylation, making it a suitable target for cleavage at anaphase |. The slow rise in
Cdk1 activity as a result of counteracting Cdhl activity prevents Cdkl from rising too
quickly before this process is complete. Once Cdkl has risen sufficiently, it will inhibit
AurB and promote entry into prometaphase, leading eventually to separase activation
and cohesin cleavage at anaphase I. If relocalisation of Sgol2 has not been completed
prior to separase activation, arm cohesin may not be cleaved, or centromeric cohesin
may be insufficiently protected from cleavage, leading respectively to non-segregation of

homologous chromosomes, or premature sister chromatid separation.

4.6 Conclusion

Mitosis and meiosis use much of the same cell cycle machinery, but with important

differences in the sequence and timing of their activities. These crucial differences not
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only ensure fulfilment of the essential meiotic functions of undergoing two sequential
rounds of chromosome segregation and cell division without an intervening S-phase,
but also allow for different stages of meiosis to be separated in time, for example in
mammalian oogenesis.

One such component with distinct mitotic and meiotic functions is the APC/C coac-
tivator Cdh1. In mitosis, Cdhl becomes active during mitotic exit, and remains so during
G1 until shut off by a combination of Emil-dependent inhibition and CDK-dependent
phosphorylation at the G1/S transition. In contrast, meiotic Cdhl is active during GV
arrest in mammalian oocytes, corresponding to a block in prophase of the cell cycle.

We have developed a mathematical model for GV arrest and subsequent meiotic
resumption in mouse oocytes. In the model, the activity of the Cdk1:CycB complex is
regulated by the availability of its CycB subunit, and by inhibitory phosphorylation of
Cdkl by PKA-dependent Weel activity. Although Cdh1 contributes to low CDK activity
during GV arrest by promoting cyclin degradation, its presence is not strictly required
since inhibitory phosphorylation of Cdk1 is sufficient to maintain the arrest.

Instead, we show that the presence of Cdhl during meiotic resumption results in a
significant delay in accumulation of CycB and hence CDK activity. Compared to mitosis,
where the G2/M transition occurs over a timecourse of minutes, the rise in CDK activity
during meiotic resumption takes around 6-8 hours. Our model is consistent with this
timing, and with Cdhl and Cdc25 knock-out experiments performed by Ahmed Rattani.
Further experimental work detailed in our joint paper [244] has shown that the Cdhl-
dependent delay in Cdkl activation is essential to provide a time-window of low CDK

activity in which centromeric cohesin can be protected by Sgol2.

145



Chapter 5

Calculating APC/C Activity in Meiosis |

5.1 Introduction

In this chapter we present work in collaboration with Martin Anger (CEITEC, Brno),
investigating the role of the SAC in regulating APC/C activity in mouse oocytes dur-
ing meiosis |. The extent to which the SAC is active during meiosis | is the subject of
considerable uncertainty, and we were interested to investigate how checkpoint activity
affected APC/C activity. To do so, we use a mathematical model of substrate degrada-
tion kinetics to derive APC/C activity timecourses from in vivo data showing the level
of fluorescence-labelled substrates in the cells over time. This enables us to precisely
link APC/C activation and inactivation during meiosis | with cellular events including
anaphase and loss of Mad1l from kinetochores.

We find that the rise in APC/C activity following GVBD is closely linked to checkpoint
inactivation, but that this APC/C activation is only slightly altered in the presence of
persistent chromosomal abnormalities. This suggests that, while active in oocytes, the
checkpoint is a less significant force for regulating APC/C activation than in mitotic
cells. We also examine the effect of completely removing chromosomal input on APC/C
activation by calculating APC/C activity profiles in enucleated cytoplasts, and find that

lack of chromosomal regulation can permit repeated spikes of APC/C activity.

5.2 Calculating APC/C activity from substrate curves

In order to determine the effects of the checkpoint on APC/C activation, we needed
a technique to determine the level of APC/C activity so that it could be compared to

the timing of checkpoint activation and inactivation. While a direct read-out of APC/C
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activity was not possible, we used a modelling approach to infer APC/C activity from the
degradation profile of a fluorescence-labelled substrate. Previous work has used a similar
method to determine the APC/C activity profile in oocytes [212], however we refine
this method by directly determining the required kinetic parameters rather than simply
fitting to the expected shape of the curves. Here we describe the principles behind our
method and the accompanying experiments required to generate the necessary substrate

degradation timecourses.

5.2.1

The text originally presented in this section cannot be made freely available via ORA due

to confidentiality agreements.

5.2.2 APC/C Substrate Degradation Kinetics

Using these fluorescence timecourses, we make simplifying assumptions about the system
behaviour which allow us to infer APC/C activity from the data. We assume that the rate
of change in the substrate concentration ([S]) is dependent upon a basal rate of synthesis
from the injected mRNA, and upon both APC/C-dependent and APC/C-independent
degradation (this latter pathway could also incorporate fluorescence bleaching). We

summarise these terms with the following rate expressions:
e Synthesis rate: kg
e APC/C-dependent degradation rate: k, - [APC/C]| - [S]
e Intrinsic degradation rate: &/, - [9]

This gives the following ODE for the substrate concentration:
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B b~ (ha [APC/C] K- 19 (5.1)

This can then be rearranged to give an expression for APC/C activity:

d[s]
i T hs

kq - [APC/C] = 5

v (5.2)

5.2.3 Parameter estimation

Calculating APC/C activity using Equation 5.2 requires that the values of the parameters
ks and k!, are known. To estimate these values, we consider a simplified system where
APC/C is inactive. In this case, Equation 5.1 is reduced to:

d[S]

In this situation, a linear regression can be used to fit this equation to a graph
of % against [S], and hence estimate the parameters k; and k). To achieve this
experimentally, nocodazole was used to arrest cells expressing CFP-labelled securin. We
assume that APC/C is kept inhibited by the SAC during nocodazole arrest, meaning
that the assumptions required for Equation 5.3 hold true, and allowing estimation of k,
and k.

d[s]

~; Is estimated using a finite difference approximation:

~ (5.4)

Multiple sets of ks and k), parameters were calculated corresponding to different
substrates (securin or CycB), and in some cases to a different genetic background.
These parameters were then used for APC/C activity calculations for the corresponding
cell type/substrate combination. For each set of parameters, the window size (At) was
chosen to reduce the impact of experimental noise on the outcome.

Details of the nocodazole samples used for parameter estimation, and the correspond-
ing parameter values, are given in Table 5.1. For some experiments (notably those using

cytoplasts and fusion oocytes) it was not possible to obtain nocodazole data for the
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Substrate Cell-type  n ks / 1073 a.u. mint £/ / 1073 min?

Securin Control 13 35 1

Cyclin B Control 21 5.4 2.2
ZP3+ 8 12 0.78
ZP3- 7 20 1

Table 5.1: Table of k; and k!, parameters measured for different combinations of cell type and/or
substrate.

corresponding cell type, in which case control parameters were used.

5.2.4 Data Processing

Due to variation in measurement conditions and instrument settings, the fluorescence
intensity data does not provide an estimate of Securin or CycB concentration that can
be compared directly between cells. To get around this problem, which would otherwise
prevent us from using parameters estimated with one set of data to calculate APC/C
activity in another set, data are normalised to the value at GVBD. Where GVBD anno-
tation is not available, data are normalised to the first measured timepoint. We assume
that the level of substrate at GVBD is constant, so that the parameters calculated from
one set of data can be directly applicable to another. The implementation of this data

analysis was performed in MATLAB [219].

5.2.5 APC/C peak identification

Figure 5.1 shows an example securin curve, alongside the corresponding calculated
APC/C curve. This example illustrates how this approach can reveal details about
the shape and timing of the underlying APC/C activity profile which are not intuitively
obvious from the substrate degradation curve alone.

While clear peaks in APC/C activity are identifiable in the calculated profiles, a more
rigorous framework for characterising this profile was necessary to allow for quantitative

comparison between different cells and cell types. To do so, we developed a MATLAB
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—Securin
—APC/C Activity
% Peak Start

x Peak End

0
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Time relative to APC/C Activity peak / mins

Figure 5.1: Example Securin degradation curve (blue) and corresponding APC/C activity (red). The
APC/C activity curve is annotated with the start- and end-points of the APC/C activity peak as
identified by the peak identification protocol.

protocol to identify the start and finish of each APC/C activity peak. This protocol had
to robustly identify these features across data from different cell types and detection
conditions, with peaks which varied significantly in shape, noise and amplitude. It also
had to cope with timecourses containing varying numbers of peaks. Below we outline

the steps included in this protocol.

Peak identification via APC/C activity maximum

To determine the position and number of peaks within a dataset, the inbuilt MATLAB
function findpeaks() was used to identify local maxima within the APC/C activity profile.
The function allows for specific identification of peaks with sufficient prominence over
the surrounding data points, allowing for exclusion of transient local maxima arising from
signal noise. This prominence was set at 0.0025.

The typical pattern of peak placement within the timecourse is for the initial peak to
occur within a few hours of GVBD. In some cells, this does not occur, and a misshapen
noisy peak appears at the very end of the recording time, characterised by a near-
vertical spike in the activity profile. These peaks share neither the typical profile nor the
timing of other meiotic APC/C peaks, and are not likely to represent a normal meiotic

APC/C activation. We therefore opt to identify peaks only where the initial peak occurs
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within 600 minutes of GVBD (this threshold is then extended by 250 minutes for each
subsequent peak).

In the majority of cells, only a single APC/C peak is present. The exception is
enucleated cytoplasts (see later for more detailed discussion). When comparing between
non-cytoplast datasets, where peak number is not a significant point of interest, a
simplified method of finding the peak position is simply to take the maximum of the

APC/C activity profile in each cell.

APC/C activation threshold

A fixed threshold for APC/C activity cannot be used to determine the beginning and end
of the APC/C activity peaks because in general the post-activation state has a higher
baseline of APC/C activity than the pre-activation state. Furthermore, these basal levels
of activity differ between cells. Instead, we use the shape of the curve rather than the
precise values of APC/C activity associated with it. The initial point of activation is
determined by combining a fixed APC/C activity threshold with a test to determine
whether the point is part of a larger spike in APC/C activity. Doing so prevents the
erroneous identification of transient crossings of the activation threshold as part of the
general background noise as APC/C activation.

The first point of the curve higher than the fixed APC/C activity threshold (0.003) is
a candidate for the start of the APC/C activity peak. However, to minimise the effects
of noise, two tests were applied to this point to determine whether it represented the

start of a true APC/C activity peak. These tests are:

371 APCiys

APC, < 3

(5.5)

And:
APC, < {APCy |4 <17 < 11} (5.6)

Where APC; is the APC activity measured at timepoint ¢. The first test checks that
the APC/C activity at the chosen threshold point is less than the mean value of the next
five subsequent timepoints. This ensures that the APC/C activity is locally rising, while

smoothing out the effects of localised noise in APC/C activity. The second test checks
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further forward in time, and checks that all values of APC/C activity are larger than the
threshold value across this range. The rate of increase of APC/C activity after the initial
activation, and the low level of noise on the APC/C peak itself means that these two
checks can simply and effectively identify whether a given point above the activation
threshold is part of a true activity peak. In cases where it is not, the next point above
the threshold is instead chosen and again tested, until a point is found which satisfies

these criteria.
APC/C minima

Following each APC/C peak, the activity tends to fall to a local minimum, either over-
shooting before recovering to a post-activation steady state, or falling before a second
peak of APC/C activation occurs. Capturing this point provides a convenient endpoint
from which to measure the timing of APC/C activation associated with each peak.

An inbuilt MATLAB function, islocalmin() was used to identify the first local min-
imum following each APC/C peak. A prominence threshold was set to exclude some
cases where transient local minima occurred close to the top of the APC/C peak due to
signal noise. However, by doing so this occasionally prevented the identification of any
local minimum at all on other curves. Therefore an iterative search process was used
where the prominence threshold was sequentially reduced if a search with a higher promi-
nence threshold failed to return a local minimum in the expected location in the data.
In addition, since the amplitude of both the APC/C peak and the subsequent minimum
varied substantially between different cells and conditions, the initial prominence thresh-
old used in each case was set as a fraction of the maximum APC/C amplitude in each
cell. Thus, a peak with lower amplitude would have a lower prominence requirement for

identification of the subsequent local minimum.

5.3 Results

The initial aim of this investigation was to determine the extent to which APC/C acti-
vation during meiosis | is affected by the SAC. To do so APC/C activity profiles were
annotated with the timing of cytological events (GVBD and anaphase), and the strength

of SAC signalling was determined by monitoring the number of kinetochores decorated
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with fluorescence-labelled Madl. Comparing the relative timings of these events with

APC/C activity allowed relationships between these events and the activation or inacti-

vation of APC/C to be inferred.

5.3.1

The text originally presented in this section cannot be made freely available via ORA

due to confidentiality agreements.

5.3.2

The text originally presented in this section cannot be made freely available via ORA

due to confidentiality agreements.
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Figure 5.2: This figure cannot be made freely available via ORA due to confidentiality agreements.
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Figure 5.3: This figure cannot be made freely available via ORA due to confidentiality agreements.

Continued on next page.
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Figure 5.3: Continued
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Figure 5.4: This figure cannot be made freely available via ORA due to confidentiality agreements.
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5.3.3

The text originally presented in this section cannot be made freely available via ORA

due to confidentiality agreements.
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Figure 5.5: This figure cannot be made freely available via ORA due to confidentiality agreements.
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Figure 5.6: This figure cannot be made freely available via ORA due to confidentiality agreements.

5.3.4

The text originally presented in this section cannot be made freely available via ORA due

to confidentiality agreements.

160



5.3. Results

Figure 5.7: This figure cannot be made freely available via ORA due to confidentiality agreements.
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5.3.5

The text originally presented in this section cannot be made freely available via ORA

due to confidentiality agreements.
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Figure 5.8: This figure cannot be made freely available via ORA due to confidentiality agreements.
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Figure 5.9: This figure cannot be made freely available via ORA due to confidentiality agreements.
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Figure 5.10: This figure cannot be made freely available via ORA due to confidentiality agreements.

5.4 Discussion

5.4.1 SAC activity in meiosis |

As discussed in Section 1.5.3, there is mixed evidence for the effectiveness of the SAC
in meiosis |, and our results are consistent with the literature description of an active
but error-prone checkpoint. As evidence for checkpoint activity, nocodazole induces a
checkpoint-arrested state, and we have used this fact to estimate kinetic parameters
for use in APC/C activity determination. Furthermore, the close correlation between
Mad1. and the rise in APC/C activity in control oocytes following GVBD suggests that
the checkpoint is important for determining the timing of APC/C activation during a
normal meiosis |. However, the failure of the checkpoint to delay anaphase in fusion
oocytes with constitutive chromosome segregation errors suggests a more limited ability

of the checkpoint to influence the timing of APC/C activation in the case of perturbations
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short of full nocodazole arrest. This agrees with previous studies showing failure of the
SAC to respond directly to specific chromosomal defects in meiosis | in mouse oocytes.
This behaviour contrasts with the functioning of the checkpoint during a similar situation
in a mitotic cell cycle, where checkpoint activation can delay anaphase in response to a
single unattached kinetochore.

A role for the SAC in attachment sensing without a corresponding contribution from
error correction could potentially explain how the checkpoint is functional under normal
conditions, but is not responsive to chromosomal alignment defects. We have shown
here that the rise in APC/C activity is closely linked to loss of SAC signalling under
normal conditions. However if only attachment were detected, then misaligned chromo-
somes with sufficient incorrect attachments could also silence the checkpoint, allowing
these defects to persist into anaphase I. In nocodazole by contrast, no attachments are
made, so the checkpoint can become fully active and the system undergoes SAC arrest.
A limited checkpoint response such as this would still provide a suitable delay during
prometaphase to allow spindle formation and attachment, but would be less robust to
more complex alignment errors. Further targeted experiments would be necessary to test
this hypothesis, for example by contrasting the effects of MPS1 and AurB inhibition on

the APC/C activation profile.

5.4.2 Cytoplast Oscillations

A second observation revealed by the APC/C activity timecourses in this chapter is the
ability of enucleated cytoplasts to undergo repeated cycles of APC/C activation. It is
interesting to compare this behaviour with the well-studied Xenopus embryonic extract,
which also permits oscillations in APC/C activity in the absence of a significant nuclear
input. In Xenopus, this oscillation has been well characterised in a classic model of
the eukaryotic cell cycle, as already detailed in Section 1.3.3. In mouse cytoplasts, in
contrast to Xenopus extract, the oscillations appear to be self-limiting, with the majority
of oscillating cells stopping after only a single additional spike.

While it is possible that the underlying oscillator in mouse oocytes is similar to that

seen in the Xenopus extract, it is necessary to consider the implications of the state of
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the system in each case. In the mouse system, the point at which we observe additional
oscillations corresponds to the transition between meiosis | and meiosis Il, during which
we would normally expect to see the system enter into a CSF-arrested state. During CSF
arrest, APC/C activity is inhibited and CDK levels are maintained in order to prevent
the cell from dropping out of meiosis into a G1-like state. In cytoplasts, we instead see
re-activation of APC/C, suggesting that some process is counteracting the ability of the
cell to enter CSF arrest.

In contrast, Xenopus extracts initially correspond to an interphase state immediately
following meiosis 11 [79], in which case the cell is primed to undergo repeated cycles of cell
division following fertilisation. There are obvious similarities between the two systems,
with both deriving from an oocyte precursor with nuclear material removed (though this
is subsequently re-added in Xenopus extract, in which sperm nuclei are used as a marker
for M-phase events). However, the difference in the point at which the model system
is created defines a distinct set of components and initial conditions, so the oscillations
observed in both cases do not necessarily result from the same network structures.

One additional observation of interest concerns the effects of using fluorescence-
labelled CycB, rather than securin as the marker for APC/C activation. In this case, the
appearance of APC/C peaks in cytoplasts is significantly reduced. The presence of this
additional CycB under control of a constitutive promoter may perturb the system and
push it into a regime where oscillations are no longer favoured. This observation would

support a role for CDK activity in the oscillatory mechanism.

5.5 Conclusion

In this chapter we have used a model of APC/C substrate degradation kinetics to analyse
the role of the SAC in regulating APC/C activity in meiosis |. We find that while loss of
checkpoint signalling is closely linked to the onset of the initial rise in APC/C activity in
control oocytes, that only minor differences in timing and SAC activation are observed in
fusion oocytes with persistent chromosomal defects. This suggests that SAC signalling
may not be such a powerful regulator of APC/C activity in Meiosis | as in the equivalent

stages of mitosis, and suggest that a weakened error correction pathway may be one
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explanation for these effects. We also found that in the complete absence of chromoso-
mal signalling in enucleated cytoplasts, APC/C undergoes multiple cycles of activation
and inactivation, indicating that nuclear signals may be responsible for regulating an
underlying oscillator-like system for APC/C activation.

This work raises several questions about regulation of APC/C activity in mouse
oocytes. In particular, the mechanisms underlying the timing of the rise, peak, and fall
in APC/C activity remain unclear. Furthermore, the mechanism driving the oscillator-
like behaviour in the cytoplasts is also unknown. The established protocol for APC/C
activity determination presented here could be easily applied to investigate these ques-
tions by generating APC/C activity profiles from oocytes under different experimental

perturbations.
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General Discussion

The four preceding chapters have each explored a particular area in which mathematical
modelling and experimental data have been used to address questions important for the
regulation of M-phase progression. While the individual models and their results have
been discussed at the end of each chapter, here we again summarise the key findings and
bring together the different aspects of the work to make general comments about the
implications of this work for our understanding of M-phase regulation in both mitosis and
meiosis. We also evaluate the modelling approaches used, and speculate about possible

future work arising from outstanding questions raised in this thesis.

6.1 Network motifs controlling M-phase progression

Successful progression through M-phase requires the cell to face multiple decision-making
points in order to ensure that each daughter receives a complete copy of the genetic
information from the parent cell. These decision-making points correspond to the suc-
cessful completion of specific processes. For example, entry into M-phase requires that
DNA replication in S-phase, and the subsequent gap phase G2 have been successfully
completed. Likewise, progression from metaphase into anaphase requires that chromo-
somes are correctly attached and aligned on the mitotic spindle. Cytokinesis and exit
from M-phase should occur only once chromosome segregation has successfully taken
place. These decision-making points correspond to switch-like mechanisms in the under-
lying control network. In creating these switch-like transitions, the cell frequently adopts
common network motifs to solve similar design problems. Here we discuss the use of
these recurring network motifs in the context of the models we have introduced in this

thesis.
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6.1.1 Double-negative feedback loops regulating APC/C activa-
tion

Close control of APC/C activity is essential for cells to undergo a normal M-phase.
APC/C activity is responsible both for the timing of the central events of chromosome
segregation at anaphase, and for the successful completion of later mitotic events and
resetting the cell cycle for entry into the next Gl-phase. These roles for APC/C cor-
respond respectively to degradation of its two major M-phase substrates: securin and
CycB.

We started with an analysis of a generic network motif (FADS) with the potential
to create a bistable switch at multiple cell cycle transitions, including at M/A. This in-
troduced the double-negative feedback loop between APC/C, Cdk1:CycB and the SAC
(Figure 3.1) which is at the core of the checkpoint signalling system. We demonstrated
that this simple 3-component network is able to generate a unidirectional bistable re-
sponse to the fraction of unattached kinetochores (Figure 2.13). In Chapter 3 the same
double-negative feedback loop forms the core of the SAC model presented, but this is
significantly extended with a more detailed description of the checkpoint pathway and its
CDK dependence, with the additional B55/ENSA /Gwl-dependent regulation of MPS1
dephosphorylation, and with inhibitory CDK-dependent phosphorylation of Cdc20 (Fig-
ure 3.2). These additional mechanisms create further double-negative feedback loops
between APC/C®420 and CDK activity. Ultimately, exit from mitosis requires prolonged
activation of APC/C in the form of APC/C®" again operating via a double-negative
feedback loop between CDK and APC/C activity.

As discussed in Section 3.5.2, exit from mitosis requires that each of these double-
negative feedback loops is overcome. The extent to which this is a sequential versus
a concerted process is less clear. Some ordering of events is evident, for example since
APC/CC420 is essential for substrate degradation at anaphase, even if APC/C can
take over this role later in the process. However, whether for example the irreversible
inactivation of error correction (via AurB dephosphorylation) and MCC assembly (via
MPS1 dephosphorylation) occur simultaneously with falling CDK activity, or whether

two distinct thresholds exist is unclear.

170



6.1. Network motifs controlling M-phase progression

6.1.2 B55/ENSA/Gwl

The multiple roles of the B55/ENSA/Gwl pathway in M-phase progression can also be
examined in the context of these models. In Chapter 2 we present a FADS mitotic
exit model comprising these three components, which creates a bistable mitotic exit
switch (Figure 2.15). Indeed, the B55:pENSA interaction is the archetypal example of
an Activator : Domineering Substrate (or ‘unfair competition’) motif [176]. The same
switching mechanism, acting in the opposite direction, is also important for regulating
entry into mitosis by control of Weel and Cdc25 dephosphorylation [247]. Meanwhile in
Chapter 3 we have also described a role for B55-dependent dephosphorylation of MPS1
5281 in preventing checkpoint reactivation during anaphase.

These multiple roles raise important questions about the timing of B55 activation
during mitosis. While it is clear that B55 is inactivated at M-phase onset, and becomes
active again during mitotic exit, the exact timing of this reactivation is important for
understanding the role played by Bb55 in irreversibility of M-phase progression. We
have demonstrated that B55-dependent dephosphorylation of MPS1 controls checkpoint
inactivation, implying that the timing of this process is highly sensitive to the exact point
at which B55 becomes active following anaphase. It has previously been suggested that
B55 is the subject of a time-delayed switching mechanism (the so-called ‘EG-timer’) due
to the time taken for sufficient p-ENSA dephosphorylation to occur to enable B55 to
target other substrates [173]. ENSA/Gwl-depletion in the same study is associated with
a ‘cut’ phenotype (premature cytokinesis), suggesting that B55 activity is associated
with the regulation of post-anaphase mitotic events. This places a tight time restriction
on the window of B55 activation, since checkpoint inactivation is only meaningful in
the context of chromosome segregation, which must by necessity precede cytokinesis.
Preferential dephosphorylation of MPS1 over cytokinesis-related substrates might provide
one possible way out of this problem, however it is not clear whether or not this is the
case. If Bb5 activation does occur later in mitosis then the relevance of its role in
SAC signalling via MPS1 may not correspond directly to the requirement for irreversible
checkpoint inactivation at anaphase. As discussed in Section 3.5.2, additional feedback

loops may also play a role in regulating checkpoint activity. In this context, later B55-
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dependent inactivation may be an additive effect on top of other pathways (for example
those acting on AurB), providing a final shut-off on checkpoint activity as the cell

commits to mitotic exit.

6.1.3 Future work: Overlapping feedback loops

By breaking down complex network structure into combinations of simple network motifs,
mathematical modelling can demonstrate which features of the network are required for
its core behaviour, and which provide more precise control around this core functional
structure.

As discussed above, our work identifies multiple mechanisms by which double-negative
feedback loops act to regulate APC/C and mitotic checkpoint activation during the
course of M-phase progression. While we have explored some of the implications of this
finding in this thesis, the picture remains unclear. In particular, the relative significance
of these different potential thresholds in regulating progression through mitosis is not
clearly defined. Similarly, it is not known to what extent the double-negative feedback
mechanisms controlling APC/C activation at M/A and during mitotic exit integrate into
a single irreversible switch, versus a series of switches associated with different thresholds
of APC/C or CDK activity. A more thorough understanding of the relationship between
the different switching mechanisms is therefore required.

Future work could address these questions by more precise characterisation of inter-
mediate states (i.e. attempting to isolate cases where one checkpoint mechanism is on,
but another off), and assessing the effects on potential checkpoint reactivation. Knock-
ing out individual pathways may enable the system to access intermediate states which
it would normally only pass through transiently. This has been recently demonstrated
for interlinked B55- and CDK-dependent bistable switches in mitotic entry [248], where
partial CDK inhibition was able to trap cells in an intermediate prophase-like state. Fur-
ther studies of this nature could be used to dissect the complex series of switches with
the potential to control checkpoint inactivation, cytokinesis and mitotic exit.

Another important question of broad relevance to this field is understanding the true

rates of spontaneous spindle defects at different stages of mitosis. Although spindle
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defects are well characterised during prometaphase, evidence for late metaphase or early
anaphase spindle defects or their effects on mitotic progression is lacking. In these cases
the ability of the system to respond to artificially-induced defects, for example nocodazole
addition, is often used as a proxy in experimental studies. However, the logic behind
the existence of checkpoint reactivation as a discussion topic at all implies that there
exists the potential for post-anaphase defects which would cause the SAC to reactivate if
checkpoint licensing were not revoked prior to this point. Better characterisation of this
process would therefore inform discussion of the significance of the various checkpoint

inactivation pathways.

6.2 Meiosis re-purposes mitotic cell cycle regulators

to achieve distinct outcomes

In this thesis we have explored two distinct aspects of APC/C regulation of meiosis in
mouse oocytes. Firstly, we examined the essential role of APC/C®" both in maintaining
low CDK activity during GV arrest in prophase |, and in ensuring a slow rise in CDK
activity during meiotic resumption (Chapter 4). We then explored the role of the SAC
in regulating APC/C activity during meiosis |, while also considering SAC-independent
features of the APC/C activity curve, and the ability of enucleated cytoplasts to undergo
repeated cycles of APC/C activation and inactivation (Chapter 5).

Taken together, these chapters demonstrate that a series of regulatory events acting
on APC/C are crucial for enabling the precise ordering and timing of events during
meiosis. Mammalian oogenesis adds further complexity by the additional requirement to
separate the events of a single meiosis across much of the life-span of the organism. This
requires mechanisms to achieve robust blocks on the process which can persist for many
years, while retaining the ability to undergo timely resumption of meiotic progression in
response to the correct stimulus.

In many cases, the regulators controlling progression through meiotic M-phase are the
same as those active during the mitotic cell cycle. This raises the question of how this
largely unchanged cast of regulators is re-purposed to enable the differential ordering of

events necessary to generate a haploid daughter cell.
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The role of Cdhl during meiotic resumption is a clear example of such a re-purposing
approach. In the mitotic cell cycle, Cdh1 does not become active until late M-phase, once
CDK activity has dropped sufficiently due to APC/C®420_dependent cyclin degradation.
In contrast, during meiosis Cdh1 is active during GV arrest (prophase), and its continued
presence during meiotic resumption is essential for the gradual rise in CDK activity
necessary for de-protection of cohesin at chromosome arms prior to the first meiotic
division. Cdhl acts on the same substrates and is subject to similar mechanisms of
regulation as in mitosis, but the difference in timing of these events causes a distinct
meiosis-specific outcome.

Following meiotic resumption, the cell then activates APC/C¢4<? to promote anaphase
during the first meiotic division. This process is captured by the APC/C activity time-
courses in Chapter 5, which show a clear rise in APC/C activity following loss of check-
point signalling at kinetochores. While this activation is the same as the role played by
APC/CC4e20 3t the same stage of mitosis, the timing is distinctly different occurring over
a timescale of several hours. The reasons for this slow rise in activity are unclear. One
possibility is that the large size of the oocyte relative to a typical somatic cell may create
a greater resistance to change, for example due to the existence of a larger pool of MCC
than would be possible in a smaller cell. Furthermore, APC/C activation is required not
to segregate individual chromatids, but pairs of homologous chromosomes, which might
place different requirements on the system with regards to timing of cohesin cleavage. In
any case, these observations again suggest that differences in regulation can contribute
to achieving distinct meiotic functions.

Following APC/C activation at anaphase |, its activity then declines and the cell enters
CSF arrest in metaphase II. We have shown here that in the absence of chromosomal
signals, the oocyte retains the capacity to undergo multiple cycles of APC/C activation
instead of entering into this arrest phase. The similarity between these oscillations and
those seen in embryonic Xenopus extract suggests that here again a meiosis-specific
factor is normally responsible for changing the underlying oscillatory system behaviour
from that of a somatic cell. Note however that this analysis assumes that the physical

similarity between the two sets of oscillations is indicative of similarity in their network
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structure: further work is required to determine whether or not this is in fact the same
in both cases.

In these ways, we have shown how APC/C regulation in meiosis makes use of much of
the same regulatory networks which apply during a normal mitotic cell cycle. By making
subtle changes to these underlying networks, the same components can be effectively

re-purposed to achieve the specific requirements of the two meiotic divisions.

6.2.1 Future Work: Intrinsic regulation of APC/C activity in

mouse oocytes

Although the work in this thesis had provided important insights into some of the ways
in which APC/C is regulated in meiosis, outstanding questions remain. In particular, the
analysis of APC/C activity timecourses in Chapter 5 revealed several interesting features
about these curves, but was unable to lead to firm conclusions about the underlying
mechanisms. Extending our established methods for APC/C activity calculation and
applying them to a broader set of experimental conditions could provide greater un-
derstanding of the underlying processes regulating APC/C activity in this system, with
important implications for control of oogenesis.

In particular, we were unable to resolve which factors regulate the inactivation of
APC/C after its peak, or to explain why this peak is so closely associated with anaphase
onset. The ability of the system to undergo repeated cycles of APC/C activation and
inactivation in enucleated cytoplasts is also unexplained, but hints at an intrinsic oscillator
(or damped oscillator) within the reaction network which is normally kept in check by
chromosome-mediated signalling. Future work could aim to more precisely characterise
this behaviour, and to identify which components are responsible.

One possibility is that the oscillator is the same as the well-characterised Xenopus
extract oscillator, in which case measurements of inhibitory phosphorylation on CDK
should also show oscillatory patterns of behaviour. Alternatively, reactivation of Cdhl
following cyclin degradation could promote a return to a GV-like state from which the
cell could re-undergo a meiotic-resumption-like process. The role of Emi2, which under

normal conditions should be responsible for inhibiting APC/C activity after meiosis |, is
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also unclear.

Measurements to observe which, if any, of these components undergo periodic cycles
of activation in cytoplasts could help to distinguish between these possibilities, while
knockdown mutants could also potentially aim to disrupt the ability of the cell to re-
peatedly activate APC/C. Any such work would naturally be well suited for a combined
modelling and experimental approach, since modelling should be able to reconstruct any
proposed oscillator in agreement with these experimental results. With a better under-
standing of the underlying network structure governing APC/C activation, we would be
better placed to interpret the additional effects of the SAC in modulating this intrinsic

behaviour.

6.3 Evaluation of modelling approaches used

In this thesis, we have primarily used ODE models to explore the biochemical interac-
tion networks underpinning M-phase progression. These models have the advantage of
simplicity of design and implementation, since any biochemical wiring diagram can be
converted to a series of ODEs, and the resulting equations can be rapidly solved by a
desktop ODE solver such as XPPAUT. This makes them well suited to testing assump-
tions about different possible network structures or parameter regimes, since generating
and testing model variants is relatively quick. Furthermore, bifurcation analysis in AUTO
simplifies this process further, allowing for steady state solutions for a near-continuous
range of parameter values to be plotted. For networks with limited numbers of variables,
using pseudo—steady-state assumptions to reduce the system to a two-dimensional one
is also a powerful tool, since this allows the plotting of phaseplane diagrams which pro-
vide additional insight into system behaviour. Nevertheless, there are limitations and

drawbacks to this approach, which we discuss below.

6.3.1 Network Structures

One of the most powerful applications of ODE models of biochemical reaction networks
is to demonstrate how complex behaviours can arise from simple reaction networks. For

example, the classic Novak-Tyson model [77], which uses a minimal set of components
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to describe oscillations in Xenopus extract. Similarly, the FADS motif presented in
Chapter 2 describes a simple network structure employing just three major components
to generate a bistable cell cycle switch, and demonstrates how it can be applied to
multiple cell cycle transitions.

However, an inherent limitation of this reductionist approach to cell cycle regulation
is that it misses the diversity of overlapping regulatory mechanisms which may be active
at a single cell cycle transition. For example, the FADS SAC model presented in Chapter
2 (Section 2.3.2) and the ‘full’ SAC model presented in Chapter 3 (Section 3.2) both
describe the SAC as a bistable switch dependent on a double-negative feedback loop
between APC/C420 Cdk1:CycB and MCC, but differ greatly in the level of detail
surrounding this core network feature. Yet even the more detailed SAC model presented
in Chapter 3 does not include all possible actors in this process. As discussed in Section
3.5.2, CDK phosphorylation also negatively affects APC/C activity via regulation of other
pathways (for example error correction and inhibitory phosphorylation of Cdhl), which
are not included in this model.

While it would be possible to extend the model by incorporating these additional
pathways, we have not chosen to do so due to the additional complexity that this
introduces, without necessarily providing additional clarity. While the model we propose
is able to accurately reproduce the effects of experiments, it is a necessary approximation
which does not cover details of parallel pathways which would not be so easily detected
in the experimental data available. A full picture of M-phase regulation and the influence
of overlapping double-negative feedback loops would require a more complete modelling

approach.

6.3.2 Kinetic Schemes

In Chapter 2, we discuss some of the drawbacks of typical methods used in mathemat-
ical models of biochemical reaction networks to generate the necessary non-linearity in
signal response to allow the emergence of more complex behaviours such as bistability
(Section 2.1.2). While each of these methods uses assumptions about the properties

of the species within the network which may be valid for particular known species (for
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example the existence of multiple cooperative phosphorylation sites on a target protein),
we caution that these specific requirements cannot be assumed to apply generically to all
possible network components. We argue that the existence of a tight-binding stoichio-
metric inhibitor is a more reasonable starting assumption in the absence of any specific
knowledge about reactant kinetics, since the necessary properties are intrinsic to the
definition of a stoichiometric inhibitor.

Nevertheless, we have chosen to use some of these same methods in other models in
this thesis, specifically the meiotic resumption model in Chapter 4, and the combined
APC/C and Cdc20 phosphorylation model in Chapter 3 (Section 3.3) both make use of
Goldbeter-Koshland kinetics. Indeed, we specifically explore the effects of non-linearity
introduced by the Goldbeter-Koshland functions in this latter example.

The use of these highly non-linear kinetic schemes is a potential limitation of the
conclusions drawn from the models in these chapters, since it is a necessary requirement
for the bistable or oscillatory model behaviour captured in each case. Nevertheless,
it is still instructive to approach the modelling in this way, since it provides a clearer
view of the potential scope of system behaviour than if it were limited to purely linear
mass-action kinetics. The exact source of non-linearity may or may not be due to
Goldbeter-Koshland phosphorylation and dephosphorylation kinetics, but the existence

of any source of non-linearity in the system would not be surprising.

6.3.3 Parameter Selection

The choice of parameter values for use in mathematical models of biochemical systems
is an important consideration. As discussed in the introduction (Section 1.6.1), while
experimental data can be used to place constraints on parameter values, in practice the
large number of parameters required for a typical ODE model means that the model is
unlikely to precisely capture the in vivo parameter regime.

However, this does not imply that the model has no validity when used for analysing
the properties of these systems. As discussed above, the network structures themselves
are by necessity only an approximation of the true system, in order to allow for a rea-

sonable analysis of particular aspects of the system properties. Similarly, the parameters
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selected may not precisely reflect the actual values of the underlying system, but the
generalised behaviour of the model should nonetheless provide insight into the princi-
ples governing the system as a whole. The rationale behind this type of modelling and
analysis is that if we can demonstrate the existence of complex behaviour in a simplified
representation of the system, then this is likely to hold true as a core principle of system
behaviour even if additional complexity is overlaid onto it.

The simplified FADS motif examples in Chapter 2 are an example of this type of
approach. In these cases, the simple three-component model is bistable for a wide range
of parameter values. The parameters selected did not correspond to any specific values
from experimental data, but were chosen in order to fit the bistable range of the cell cycle
transition so that it was consistent with the known function of the transition. The more
complex SAC model in Chapter 3 required more precise fitting in order to correspond with
the measured MS data, however its fundamental properties were unaffected, as seen by
the similarities between the bifurcation diagrams in these two chapters (compare Figures
2.13B and 3.7A). The more constrained parameter set in the second model allows us to
draw more precise conclusions about the exact timing of events such as reactivation, but
the more general features of the model remain true across a wide range of parameter

values.

6.3.4 Sources of Noise

An important limitation of ODE models is that they are purely deterministic in nature,
i.e. that each simulation will only ever give the same results from a given set of parameter
values and initial conditions. This is in stark contrast to experimental data produced from
real biochemical systems, which can demonstrate significant variation in response to the
same set of conditions (for example the population studies of mitotic exit time in Figure
3.5A). Biochemical systems are subject to both intrinsic noise (stochastic fluctuations
within a single cell due to low molecule numbers of system components) and extrinsic
noise (larger scale cell-to-cell variation). When considering experimental data the effects
of measurement noise and experimental error also contribute.

In this thesis we have chosen not to model intrinsic noise. In some cases this is because
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this is not suitable for the required purpose, for example when conducting a steady state
analysis of the FADS models in Chapter 2. ODE models provide a robust framework
for steady state analysis via phaseplanes and bifurcation diagrams which would not be
possible for a stochastic model. In other cases, where we primarily deal with timecourse
data which is averaged across a cell population, a deterministic ODE model provides a
reasonable approximation to this average value. Examples of this include the meiotic
resumption timecourses in Chapter 4, or the fit to the MS data in Chapter 3.

In other cases where cell-to-cell variation is captured in the data, for example the SAC
reactivation timecourses in Chapter 3, it is not clear that the observed variation is on
account of noise at the level of the components featured in our models. By definition,
components with low molecule number are responsible for the majority of cellular noise.
In the case of biochemical reaction networks, one of the major contributors to molecular
noise is therefore the synthesis of low copy number mRNA molecules, which are vastly
outnumbered by their protein products. A simple stochastic implementation of one of
the ODE models using a Gillespie algorithm would underestimate the likely stochastic
variation since we do not independently consider transcription and translation processes.
While it would be possible to create an extended version of the models which did consider
the effects of transcriptional regulation, the lack of detailed information on transcription
rates or mRNA turnover for these components would add a large amount of additional
unconstrained parameters. This would limit the confidence of any predictions about
system behaviour made from such a stochastic model.

Instead, where appropriate we have modelled extrinsic noise within the framework
of our deterministic ODE models by randomly sampling selected parameter and initial
condition values from a lognormal distribution, as described in the introduction (Section
1.6.1). This is able to reproduce the effects of the variation in the population on mitotic
exit timing, but this method is only an approximation for the true extent of extrinsic
noise in the system, which could depend on variation in many more factors than used

here.
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6.4 Conclusion

In this thesis, mathematical modelling techniques have been used to investigate mecha-
nisms and network motifs governing M-phase progression in mitosis and meiosis. Work-
ing in collaboration with experimental scientists, we have applied these techniques to
resolving specific outstanding questions in the field, and generated models which provide
insight into the underlying biochemical reaction networks governing these processes.

We propose a network motif (FADS) common to multiple cell cycle transitions, and
discuss in more detail the mechanisms of control of M-phase in both mitosis and meiosis.
We extend existing models of mitosis to take into account new experimental results, and
use these models to argue for checkpoint progression governed by a series of molecular
switches which contribute to driving orderly progression through mitosis. Looking at
meiosis, we propose a model for meiotic resumption which elucidates important experi-
mental data regarding the role of Cdhl in this process. Finally, we perform model-driven
data analysis of mouse oocytes to raise important questions regarding the regulation of
APC/C activity during meiosis .

Taken together, this work provides insight into the common regulatory themes and
motifs which govern much of the eukaryotic cell cycle and related events. At the same
time, we highlight some of the key differences which allow the cell to make context-
specific alterations to the basic cell cycle program, particularly with regard to the highly
specialised M-phases occurring in meiosis. This work raises important questions regarding
the nature of M-phase regulation in eukaryotic cells, which could form the basis for useful

further work as outlined above.
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Appendix A

Model .ode files

In this Appendix are provided the .ode files for simulating the models presented in previous
chapters. These files can be run using the free ODE solver XPPAUT, (available from
http://www.math.pitt.edu/~bard/xpp/xpp.html) [218]. To simulate the models
listed below, copy into a text editor and save as a .ode file, and then open using XPPAUT.
Note that the backslash character (\) is used to continue an expression over a linebreak,

and should be retained when copying across to a .ode file.

A.1 FADS models (Chapter 2)

Some of the models in this chapter are also published in the supplementary material of

the associated paper [220].

A.1.1 Generic FADS motif

# ODEs

dIM/dt = kcat*AI - kdemi*R*IM

dR/dt = kdemr*Wx(RT - R) - kmodr*(AT - AI)*R

# Definition of Michaelis constant

'Km = (kdis + kcat)/kass

# Algebraic equation for pseudo-steady state concentration of AI complex
AT = 0.5%(AT + IT - IM + Km - sqrt((AT + IT - IM + Km)"2 - 4*AT*(IT - IM)))
Parameters

AT=1

kmodr=2, kdemr=1, W=0.05

RT=1, IT=3

kdemi=0.1

kdis=0.01, kass=100, kcat=0.05

XPP settings

xp=IM, yp=R, xlo=0, xhi=3, ylo=0, yhi=1.5

nmesh=400, meth=stiff, total=100, dt=0.1

done

©@ ©@ x'ov'v'vv T H

193



Appendix A. Model .ode files

A.1.2 G1/S (Sicl/Swi5)

# ODEs

dIT/dt = ksyn*R - kdeg*IT - kphosi*G*(IT-AI) - kcat*AI

dR/dt = kdephr*Wx(RT - R) - kphosr*(AT - AI)*R

# Definition of Michaelis constant

'Km = (kdis + kcat)/kass

# Algebraic equation for pseudo-steady state concentration of AI complex
AT = 0.5%(AT + IT + Km - sqrt((AT + IT + Km)~2 - 4%AT*IT))

# Parameters

p G=0.5

p kphosr=0.3, kdephr=1, W=0.05

p AT=1, RT=1

p ksyn=0.15, kdeg=0.035, kphosi=0.15

p kdis=0.01, kass=10, kcat=0.05

# XPP settings

@ xp=IT, yp=R, xlo=0, xhi=3, ylo=0, yhi=1.2

@ nmesh=400, meth=stiff, total=500, dt=0.5

done

A.1.3 SAC

# ODEs

dMCCT/dt = kassemb*uKT* CycB*(LimCompT - MCCT) - kcat*APCMCC
dCycB/dt = ksyn - (k’deg + kdeg*(APCT - APCMCC))*CycB

# Definition of Michaelis constant

'Km = (kdis + kcat)/kass

# Algebraic equation for pseudo-steady state concentration of APC:MCC complex
APCMCC = 0.5%(APCT + MCCT + Km - sqrt((APCT + MCCT + Km)“~2 - 4*APCT*MCCT))
Parameters

uKT=0.1

kdeg=2, ksyn=0.01, k’deg=0.01

APCT=1, LimCompT=3

kassemb=1

kdis=0.01, kass=100, kcat=0.05

Initial Conditions

init CycB=1, MCCT=3

# XPP Settings

@ xp=MCCT, yp=CycB, xlo=0, xhi=3, ylo=0, yhi=1

@ nmesh=400, meth=stiff, total=500, dt=0.5

done

B o BioBioBioBuo I -5

A.1.4 Mitotic Exit

# ODEs
dIM/dt = kphosi*R*(IT - IM) - kcat*AI
dR/dt = kphosr*Wx(RT - R) - kdephr*(AT - AI)*R
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A.2. Mitosis (Chapter 3)

# Definition of Michaelis constant

'Km = (kdis + kcat)/kass

# Algebraic equation for pseudo-steady state concentration of AI complex
AT = 0.5%(AT + IM + Km - sqrt((AT + IM + Km)~2 - 4%AT*IM))
Parameters

W=1

kdephr=2, kphosr=0.05

AT=1, RT=1, IT=3

kphosi=0.1

kdis=0.01, kass=10, kcat=0.05

XPP Settings

xp=IM, yp=R, xlo=0, xhi=3, ylo=0, yhi=1.1

nmesh=400, meth=stiff, total=500, dt=0.5

done

@ @ %O v v v T H

A.1.5 G1/S (Emil/Cdhl)

# ODEs

dEmilT/dt = ksEmi - kdEmi*EmilT - kd2Emi*Complex

dCycA/dt = ksCycA - (kdCycA + kd2CycA*(CdhlunP - Complex))*CycA
# Algebraic equation for Cdhl phosphorylation state
CdhlunP = kdpCdh1*Cdh1T/(kdpCdhl + kpCdhl + kp2Cdh1*(CycE + CycA))
# Algebraic equation for pseudo-steady state concentration
# of Emil:Cdhl complex

CC = kdiComp + kd2Emi + kpCdhl + kp2Cdhi1*(CycE + CycA)

BB = EmilT + CdhlunP + CC/kasComp

Complex = 2*EmilT*CdhlunP/(BB+sqrt (BB~ 2-4*Emil1T*CdhlunP))
Parameters

CycE=0

ksEmi=0.01, kdEmi=0.01, kd2Emi=0.025

ksCycA=0.01, kdCycA=0.01, kd2CycA=1

kdpCdh1=0.02, kpCdh1=0, kp2Cdh1=0.2, CdhlT=1
kdiComp=0.01, kasComp=10

XPP Settings

xp=EmilT, yp=CycA, xlo=-0.1, xhi=1, ylo=0, yhi=1.5
nmesh=400, meth=stiff, t=100, dt=0.1

AUTO settings

parmin=-1, parmax=5, autoxmin=0

@autoymin=-0.1, autoxmax=1, autoymax=1.5

@ ntst=50, ds=0.01, dsmax=0.02, nmax=200000000

@ npr=1000, EPSL=1le-7, EPSS=1E-7, EPSU=1E-7

done

©@ ++ © © UV V'OV T H*

A.2 Mitosis (Chapter 3)

The MPS1 phosphorylation model below is also included in the joint manuscript under

submission to JCB [243].
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A.2.1 MPS1 phosphorylation model

# Unified model for Greatwall pathway controlled SAC signalling
# Initial Conditions

init CycB=1.012, GwlP=0.793, ENSAPt=1.423, Mps1P=0.908
init Mad2at=0.968, MCCt=0.677, MCCAPC=0.0287, Cdc20T=0.712, uKT=0
# ODEs for the Greatwall pathway and SAC signalling

CycB’ = kscyc’ + kscyc*Cdkl - (kdcyc’ + kdcyc*PsomexCdc20)*CycB
GwlP’ = kagwxCdk1*(GwlT - GwlP) - (kigw’ + kigw*B55)*GwlP
ENSAPt’ = kaensaxGwlP*(ENSAT - ENSAPt) - \

kiensa*ENSAB55 - kiensa’*(ENSAPt - ENSABS55)

Mps1P’ = kamps1*Cdk1l*(Mps1T-Mps1P)-kimps1x*(B55+PP)*Mps1P
# Mad2at represents free and MCC incorporated Mad2a
Mad2at’ = kamad*Mps1P*uKT*Mad2i - kimad*Psome*MCCAPC

# MCCt represent free and APC/C-Cdc20 bound MCC

MCCt’ = kasmcc*Mad2a*Cdc20f \

- (kdimcc + kdcdc20)*MCCt - kimad*Psome*MCCAPC

MCCAPC’ = kasapc*MCC*Cdc20 \

- (kdiapc + kdimcc + 2%kdcdc20 + kimad*Psome)*MCCAPC
Cdc20T’ = kscdc20 - kdcdc20%Cdc20T - kimad*Psome*MCCAPC
uKT’ = kauKT*(1 - uKT) - kiuKT*uKT

# Calculation of pENSA:B55 complex in pseudo-steady state BB = ENSAPt +
B55T + (kdibbensa + kiensa)/kasbbensa

ENSAB55 = 2*ENSAPt*B55T/(BB + sqrt(BB~2 - 4*ENSAPt*B55T))
B55 = B55T - ENSABG5

# Calculation of other forms in the network

Mad2i = Mad2T - Mad2at

Mad2a = Mad2at - MCCt

MCC = MCCt - MCCAPC

Cdkl = (CycB + eps)/(1 + flavo)

Cdc20f = Cdc20T - MCCt - MCCAPC

Cdc20 = Cdc20f/(1 + alpha*Cdk1)

# Calculation of auxiliary variables

aux relENSA = ENSAPtxdelta

aux KTMpslP = Mps1P*uKT

aux B55 = B55T - ENSAB55

Values of kinetic parameters

kscyc’=0.0005, kscyc=0.0045, kdcyc’=0.005

kdcyc=0.7, Psome=1, eps=0.01

GwlT=1, kagw=8, kigw’=2, kigw=2

ENSAT=2, kaensa=0.7, kiensa=0.25, kiensa’=0.175
Mps1T=1, B55T=1, kasbbensa=10, kdibb5ensa=0.01
kamps1=0.5, kimps1=0.5, PP=0.05

Mad2T=1, kamad=1, kimad=1

kasmcc=100, kdimcc=0.1, kasapc=100, kdiapc=0.1
kscdc20=0.1, kdcdc20=0.1, kauKT=0, kiuKT=0

delta=0.5, alpha=8, flavo=0

XPP Settings

total=70,dt=1

[SEE:JucllicBiclioliolscBc ool o BEE -3
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A.2. Mitosis (Chapter 3)

@ meth=STIFF,x10=0,xhi=70,ylo=0,yhi=1.05

# Default lines for plotting

@ xp=time,nplot=7

@ yp=CycB,yp2=GwlP,yp3=relENSA,yp4=Mpsl1P,yp5=MCCt,yp6=KTMps1P,yp7=B55
done

A.2.2 Cdc20 and APC/C phosphorylation model

Three different model variants are included below, using different kinetic schemes (mass

action or Goldbeter-Koshland) for APC/C and/or Cdc20 phosphorylation.

Mass action APC/C, Goldbeter-Koshland Cdc20

# ODEs CycB’ = ksCycB - (kd1CycB + kd2CycB*APCpC20 + \
kd3CycB*APCC20 + kd4CycB*APCpC20p + kd5CycB*APCC20p) *CycB

APCpT’ = kpAPC*Cdk1*APCdpT - kdpAPC*APCpT

# Expressions for pesudo-steady state Goldbeter-Koshland kinetics
GB(Va,Vi,J) = Vi-Va+(Vi+Va)*J

GK(Va,Vi,J) = 2*Va*xJ/(GB(Va,Vi,J) + sqrt(GB(Va,Vi,J) "2-4x(Vi-Va)*Vax*J))
# Algebraic Equations for APC:Cdc20 complexes

APCdpT = Cdc20T - APCpT

APCC20 = APCdpT*GK(kdpC20, kpC20%Cdk1l, JC20)

APCC20p = APCdpT - APCC20

APCpC20 = APCpT*GK(kdpC20, kpC20*Cdk1l, JC20)

APCpC20p = APCpT - APCpC20

# Rate Constants

kd3CycB=kd2CycB*rdcycAPC

kd4CycB=kd2CycB*rdcycC20p

kd5CycB=kd2CycB*rdcycAPC*xrdcycC20p

Cdk1=CycB/ (1 + kicdk)

# Parameters

p Cdc20T=0

p kicdk=0

p ksCycB=0.01, kd1CycB=0.01, kd2CycB=0.1

p rdcycC20p=0.01, rdcycAPC=0.2

p kpC20=1, kdpC20=0.2, JC20=0.15

p kpAPC=0.5, kdpAPC=0.02

# XPP Settings

@ total=500, dt=0.5

@ xp=APCpT, yp=CycB, meth=stiff, xhi=1.5, ylo=0
@ yhi=1, bound=1000, nmesh=400

# AUTO settings

@ parmin=0, parmax=2, autoxmin=0

@ autoymin=0, autoxmax=2, autoymax=1

@ ntst=50, ds=0.01, dsmax=0.02, nmax=200000000
@ npr=10000,EPSL=1e-9,EPSS=1E-9,EPSU=1E-9

done
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Goldbeter-Koshland APC/C and Cdc20

# ODEs
CycB’ = ksCycB - (kd1CycB + kd2CycB*APCpC20 \
+ kd3CycB*APCC20 + kd4CycB*APCpC20p + kd5CycB*APCC20p)*CycB

APCpT’ = kpAPC*Cdk1*APCdpT/(JAPC + APCApT) - kdpAPC*APCpT/(JAPC + APCpT)

# Expressions for pesudo-steady state Goldbeter-Koshland kinetics
GB(Va,Vi,J) = Vi-Va+(Vit+Va)*J

GK(Va,Vi,J)
# Algebraic Equations for APC:Cdc20 complexes
APCdpT = Cdc20T - APCpT

APCC20 = APCdpT*GK(kdpC20, kpC20*Cdkl, JC20)
APCC20p = APCdpT - APCC20

APCpC20 = APCpT*GK(kdpC20, kpC20%Cdkl, JC20)
APCpC20p = APCpT - APCpC20

# Rate Constants

kd3CycB=kd2CycB*rdcycAPC
kd4CycB=kd2CycB*rdcycC20p
kdbCycB=kd2CycB*rdcycAPC*xrdcycC20p
Cdk1=CycB/(1 + kicdk)

Parameters

Cdc20T=1

kicdk=0

ksc20=0.01, kd1C20=0.03

ksCycB=0.01, kd1CycB=0.01, kd2CycB=0.2
rdcycC20p=0.01, rdcycAPC=0.15

kpC20=1, kdpC20=0.2, JC20=0.1

kpAPC=0.08, kdpAPC=0.02, JAPC=0.1

XPP Settings

total=1000, dt=0.5

xp=APCpT, yp=CycB, meth=stiff, xhi=1

ylo=0, yhi=1, bound=1000, nmesh=400

done

©@ @ 0 vV Tv T H

Mass-action APC/C and Cdc20

# ODEs

CycB’ = ksCycB - (kd1CycB + kd2CycB*APCpC20 \

+ kd3CycB*APCC20 + kd4CycB*APCpC20p + kd5CycB*APCC20p)*CycB
APCpT’ = kpAPC*Cdk1*APCdpT - kdpAPC*APCpT

# Expressions for pesudo-steady state Goldbeter-Koshland kinetics
GB(Va,Vi,J) = Vi-Va+(Vit+Va)*J

GK(Va,Vi,J) 2+Va*xJ/(GB(Va,Vi, J)+sqrt (GB(Va,Vi, J) "2-4*(Vi-Va)*VaxJ))
# Algebraic Equations for APC:Cdc20 complexes

APCdpT = Cdc20T - APCpT

APCC20 = kdpC20*APCdpT/ (kpC20*Cdkl + kdpC20)

APCC20p = APCdpT - APCC20

APCpC20 = kdpC20*APCpT/(kpC20*Cdkl + kdpC20)

APCpC20p = APCpT - APCpC20
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A.3. Meiotic Resumption Models (Chapter 4)

# Rate Constants
kd3CycB=kd2CycB*rdcycAPC
kd4CycB=kd2CycB*rdcycC20p
kdbCycB=kd2CycB*rdcycAPC*xrdcycC20p
Cdk1=CycB/ (1 + kicdk)

# Parameters

p Cdc20T=1

p kicdk=0

p ksc20=0.01, kd1C20=0.03

p ksCycB=0.01, kd1CycB=0.01, kd2CycB=0.1
p rdcycC20p=0.01, rdcycAPC=0.2

p kpC20=1, kdpC20=0.2, JC20=0.15

p kpAPC=0.5, kdpAPC=0.02

# XPP Settings

@ total=500, dt=0.1

@ xp=APCpT, yp=CycB, meth=stiff, xhi=1.5
@ ylo=0, yhi=1, bound=1000, nmesh=400

# AUTO settings

@ parmin=0, parmax=2, autoxmin=0

@ autoymin=0, autoxmax=2, autoymax=1

@ ntst=50, ds=0.01, dsmax=0.02, nmax=200000000
@ npr=1000,EPSL=1e-7 ,EPSS=1E-7,EPSU=1E-7

done

A.3 Meiotic Resumption Models (Chapter 4)

The full model given below is also included in the supplement of the joint paper with

Ahmed Rattani and colleagues [244].

A.3.1 Full model (timecourse simulations)

# ODEs

CycBT’ = ksCycB - (kd1CycB + kd2CycB*Cdh1)*CycBT

Cdk1’ = ksCycB - (kd1CycB + kd2CycB*Cdh1)*Cdk1 \

- (Vi2CDK*Weel + VilCDKxWeelp)*Cdkl \

+ (Va2CDK*Cdc25p + ValCDK*Cdc25)*Cdklp

Cdh1’ = VaCdh1*Cdhlp/(JCdh1l + Cdhlp) - ViCdh1*Cdk1*Cdh1/(JCdhl + Cdhl)
Cdc25T’ = ksc25 - (kd1c25 + kd2c25*Cdh1)*Cdc25T

Cdc25p’ = Va25%Cdk1%Cdc25/(J25 + Cdc25) - Vi25%Cdc25p/(J25 + Cdc25p) \
- (kd1c25 + kd2c25*%Cdh1)*Cdc25p

Weel’ = VaWeexWeelp/(JWee + Weelp) - VilWeexWeel*Cdkl/(JWee + Weel)

# Algebraic mass conservation equations

Cdc25 = Cdc25T - Cdc25p
Weelp = WeelT - Weel
Cdklp = CycBT - Cdkl
Cdhlp = CdhlT - Cdhl

# Parameters (for WT GV arrest)
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ValCDK=0.015, Va2CDK=1.5, VilCDK=0.015, Vi2CDK=0.3
VaCdh1=1.5, ViCdh1=6, JCdh1=0.15, Cdhi1T=1
VaWee=0.375, ViWee=1.5, Jwee=0.01, WeelT=1
Va2b=1.5, Vi2b5=0.375, J25=0.01

ksc25=0.015, kd1c25=0.015, kd2c25=0.15
ksCycB=0.015, kd1CycB=0.015, kd2CycB=0.075

Initial Conditions (WT GV arrest)

init CycBT=0.1701, Cdk1=0.04000, Cdh1=0.9759

init Cdc25p=0.001675, Weel=0.9981, Cdc25T=0.09295

# XPP settings

@ XP=t, YP=Cdk1l, TOTAL=480, METH=stiff, XHI=480

@ YLO=0, YHI=1, BOUND=1000, dt=0.1
#
@
o

90O o'vv oo

Default lines for plotting

NPLOT=5

ypl=CycBT, yp2=Cdkl, yp3=Cdhl, yp4=Cdc25p, ypb5=Weel
done

A.3.2 Reduced model (phaseplane analysis)

# ODEs

Cdkl’ = ksCycB - VdCycB*Cdkl - kweex*Cdkl + k25xCdklp

Cdh1’ = VaCdh1*Cdhlp/(JCdhl + Cdhlp) - ViCdh1*Cdk1*Cdh1/(JCdhl + Cdhl)

# Expressions for pesudo-steady state Goldbeter-Koshland kinetics
GB(argl,arg2,arg3,argd) = arg2-argl+arg2*arg3+argl*argd

GK(argl,arg2,arg3,argd) = 2*argl*argd/(GB(argl,arg2,arg3,argd) \

+sqrt (GB(argl,arg2,arg3,argd) "2-4*(arg2-argl) *argl*argd))

# Algebraic equation for pseudo-steady state concentration of Cyclin B

VdCycB = kd1CycB+kd2CycB*Cdh1l

CycBT = ksCycB/Vdcycb

aux CycBT = ksCycB/Vdcycb

# Algebraic equations for psuedo-steady state activities of Weel and Cdc2b
Cdc25T = ksc25/(kd1c25 + kd2c25%Cdhl)

aux Cdc25T = Cdc25T

kwee = VilCDK + (Vi2CDK-VilCDK)*GK(Vawee, ViweexCdkl, Jwee, Jwee)

k25 = Cdc25T*(ValCDK + (Va2CDK-ValCDK)*GK(Va25*Cdk1,Vi25,J25/Cdc25T,J25/Cdc25T))
# Algebraic mass conservation equations

Cdc25 = Cdc25T - Cdc25p

Weelp = WeelT - Weel

Cdklp = CycBT - Cdkl

Cdhlp = CdhlT - Cdhl

# Parameters (for WT GV arrest)

p ValCDK=0.015, Va2CDK=1.5, VilCDK=0.015, Vi2CDK=0.3

p VaCdhl=1.5, ViCdh1=6, JCdh1=0.15, CdhiT=1

p VaWee=0.375, ViWee=1.5, Jwee=0.01, WeelT=1

p Va25=1.5, Vi25=0.375, J25=0.01
P
P
#

ksc25=0.015, kd1c25=0.015, kd2c25=0.15
ksCycB=0.015, kd1CycB=0.015, kd2CycB=0.075
Initial Conditions

init Cdki1=1
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# XPP settings

@ XP=Cdkl, YP=Cdhl, TOTAL=150, METH=stiff, XHI=1.1

@ YLO=-0.1, YHI=1.1, XL0O=-0.1, BOUND=1000, nmesh=400
# AUTO settings

@ parmin=0, parmax=10, autoxmin=0

@ autoymin=0, autoxmax=1, autoymax=1

@ ntst=50, ds=-0.01, dsmax=0.02, nmax=200000000

@ npr=1000, EPSL=1e-7, EPSS=1E-7, EPSU=1E-7

done
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Appendix B

GK() function for pseudo—steady-state Goldbeter-

Koshland kinetics

The pseudo—steady-state solution to describe the state of a substrate subject to modifi-
cation and demodification by Goldbeter-Koshland kinetics is a quadratic involving com-
binations of four different rate constants. For simplicity we define a pair of functions
which perform this operation.

We consider a species A which can exist in one of two modification states A; and A,.
A1 is converted to A, by enzyme E;, and A, converted back to A; by enzyme E,. Both
enzymes obey Michaelis-Menten kinetics.

To calculate the pseudo—steady-state fraction of A in the A, state, we require the
Vmax and Ky, of the reactions catalysed by E; and E,, which we denote v; and wv,, and

K; and K5 respectively. We then define the function GK(vy, vo, K, K5) as follows:

[As] 2v1 Ky
A = GK(vy, vp, K, K) = B.1
[Aq] + [Ag] (1,02, K1, Ko) Gp +v/Gp* — 4(vy — v1)v1 Ko (B.1)

Where:
GB = Vg9 — V] + UgKl + UlKQ (B2)

Note that either A; or A5 can be defined as the modified form, depending on whether

the fraction of modified or unmodified substrate is the desired output.
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Appendix C

Meiotic resumption phaseplanes

C.1 Explaining the [Cdk1]’ vector field

In this Appendix we provide a more detailed intuitive explanation of the shaded vector
fields overlaid on the meiotic resumption phaseplanes in Figure 4.5. This is intended as
an aid to understanding the analysis in Section 4.4.3, but does not of itself introduce any
new results. We therefore include it here to avoid introducing unnecessary complication
to the main text.

Shading is used to indicate the magnitude of the [Cdkl]" component of the under-
lying vector field. Darker shading indicates a region of the phaseplane where [Cdk1] is
increasing quickly relative to lighter shaded areas, where [Cdkl] is changing very slowly
or is decreasing. This shading is defined over all regions of the phaseplane according to
Equation (4.1). Three major factors affect the magnitude of [Cdk1]'. These are the rate
of CycB synthesis, the rate of CycB degradation by Cdhl, and the level of inhibitory
phosphorylation determined by the relative activities of Weel and Cdc25. Of these fac-
tors, CycB is synthesised at a constant rate, so this is unaffected by the position in
the phaseplane. CycB degradation depends on the level of Cdhl, so [Cdkl]" increases
towards the bottom of the phaseplane, where [Cdh1] is lowest. Weel and Cdc25 ac-
tivities are highly switch-like in response to Cdkl activity. As a result, they divide the
phaseplane into distinct regions where inhibitory Cdkl phosphorylation is ‘on" or ‘off’,
but do not have a large impact on the magnitude of [Cdk1]" within those regions.

Where Cdk1 phosphorylation is ‘off’, the [Cdk1] nullcline represents the steady state
reached by balancing the constant rate of CycB synthesis with the rate of CycB degra-
dation as determined by Cdhl. This is most clearly seen in panels C and D of Figure

4.5, where inhibitory phosphorylation of Cdkl is largely inactivated due to loss of PKA,
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and the [Cdkl] nullcline is a simple decreasing function of [Cdhl]. Since the rate of
degradation also depends on the concentration of Cdk1, [Cdkl]" increases to the left of
the nullcline, and decreases to the right. [Cdk1]' is therefore highest in the bottom left
hand corner of the phaseplane where both [Cdk1] and [Cdh1] are low.

This trend of increasing [Cdk1]" with decreased [Cdkl] does not extend completely
to the y-axis due to the requirement for Cdkl activity to maintain Weel inhibition and
Cdc25 activation. Once [Cdk1] falls below a threshold where inhibitory phosphorylation
increases, [Cdkl]' falls rapidly, since it is now necessary to overcome this additional
inhibition before Cdkl can become active. In the meiotic resumption phaseplanes, this
only represents a slowing down of Cdkl activation, as there is no starting point on the
phaseplane which will lead to the system adopting a low-[Cdk1] steady state. In the GV
arrest phaseplanes (panels A and B), this is not the case and multiple [Cdk1] steady
states exist for certain values of [Cdhl]. The leftmost branch of the [Cdkl]' curve
in these panels corresponds to the steady state reached between CycB synthesis and
Weel-dependent inactivation of Cdkl. The limited role of Cdh1l-dependent degradation
of CycB in this case can be seen since the curve is almost vertical with little change
as [Cdh1] is lowered. This is consistent with the observed ability of Cdhl A cells to
maintain a GV arrest. The middle branch of the [Cdk1] nullcline is the unstable steady
state separating regions of the phaseplane where [Cdk1] is increasing towards the upper

steady state from those where [Cdk1] is decreasing towards the lower steady state.
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