
Mathematical modelling
of mitotic controls

Scott Anthony Rata

Keble College

Department of Biochemistry

University of Oxford

A thesis submitted for the degree of

D.Phil.

Hilary 2018





Abstract

The mitotic cell cycle is fundamental to eukaryotic life. In mitosis, replicated chromosomes

are segregated to form two new nuclei. This is essential to ensure the maintenance of

chromosome number between parent and daughter cells. In higher eukaryotes, numerous

cytological changes occur to facilitate the separation of the genetic material: the nuclear

envelope breaks down, the mitotic spindle assembles, and the cell rounds-up. There is a

well-conserved control network that regulates these processes to bring about the entry into

mitosis, the separation of the genetic material, and the reversal of these processes during

mitotic exit. To build a coherent model of these regulatory networks requires us to write the

biochemical reactions in mathematical form.

The work in this Thesis pertains to three fundamental switches: entry into mitosis, the

metaphase-to-anaphase transition, and exit from mitosis. I present three studies from a

systems-level perspective. The first investigates a novel bistable mechanism controlling

mitotic entry/exit in vitro using purified proteins. Dephosphorylation of Greatwall kinase by

the phosphatase PP2A-B55 creates a double negative feedback loop that gives a bistable

system response with respect to cyclin-dependent kinase 1 (Cdk1) activity. The second

looks at hysteresis between mitotic entry and mitotic exit in HeLa cells. Hysteresis persists

when either of the regulatory loops of Cdk1 or its counter-acting phosphatase PP2A-B55

is removed, but is diminished when they are both removed. Finally, the regulation of sepa-

rase in the metaphase-to-anaphase transition is analysed. Separase that is liberated from

securin inhibition is isomerised by Pin1 into a conformation that can bind to cyclin B1. This

binding peaks after separase has cleaved cohesin and initiated anaphase.
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Preface

This Thesis is organised into six chapters. The Introduction gives a literature review of mi-

totic entry, the metaphase-to-anaphase transition, and mitotic exit. The second chapter is

about mitotic phosphatase regulation with an in vitro biochemical reconstitution and Xeno-

pus extract. The third chapter assesses hysteresis of mitotic entry and exit in HeLa cells.

The fourth chapter is about the regulation of separase. The fifth chapter concludes and

supplementary information can be found in the Appendix.

The work in this Thesis pertains to the Animalia kingdom, and so this nomenclature is

used throughout.



Chapter 1

Introduction
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1.1 Cell cycle

The mitotic cell cycle is fundamental to life. It is required for growth, repair, and proliferation.

The fundamental aim of the mitotic cell cycle in somatic cells is to go from one cell to

two cells that are each capable of undergoing the process themselves. In order to do

this, the genetic material must be replicated and then separated so that each new cell

receives one copy of each chromosome. If this order of replication and division is broken,

the chromosome number will not be maintained. The cell must also increase in size and

produce more organelles, which are divided more-or-less equally between the two new

cells as well. Malfunction of the cell cycle is implicated in numerous diseases [63].

The mitotic cell cycle is divided into four phases. DNA is replicated in S phase and

segregated in M phase. Two gap phases, namely G1 and G2, preceed S and M phases

(Figure 1.1) [138]. Cells perform ‘checks’ before moving into S or M phase. The focus of

this Thesis is from G2 phase until cytokinesis. A G2 cell has replicated DNA, with each

chromosome at this point consisting of two sister chromatids which are bound together by

protein complexes called cohesin. As the cell progresses into mitosis, the chromosomes

condense (prophase) and the nuclear envelope breaks down (prometaphase). The mitotic

spindle forms, which has two ‘poles’ from where the microtubules emanate. Attachments

form between the mitotic spindle and chromosomes, and each sister chromatid should at-

tach to microtubules emanating from only one pole, and sisters should be joined to opposite

poles from each other.

Metaphase is reached once all of the chromosomes are correctly attached to the mitotic

spindle and lined-up on the equator of the cell. Anaphase is initiated when the last subunit

of the cohesin complex, which holds sister chromatids together, is cleaved at centromeres

by the protease called separase. Daughter chromosomes are then pulled to opposite poles

of the cell, and the processes that occurred at the start of mitosis are reversed: the chromo-

somes re-condense and nuclear envelopes re-form (telophase). The cytoplasm is divided

during cytokinesis, and, if all goes correctly, there are two new daughter cells that each

contain a copy of the genome [138].

There is a finely tuned regulatory network that ensures the processes described above

are executed properly and in the correct order. The large number of proteins in the net-

work are regulated at many levels from transcription to post-translational modifications and

degradation. The state of the cell in each phase of the cycle must be distinct from other

phases to ensure processes happen in the correct order; cell cycle transitions occur be-

tween qualitatively different states of the cycle due to biochemical switches in the under-

lying regulatory networks. The switch-like transitions that are relevant to this Thesis are
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those controlling mitotic entry and exit, and the metaphase-to-anaphase transition.

1.2 Dynamical systems theory

To understand how the mitotic cell cycle functions, and in particular how the switch-like tran-

sitions between phases of the cycle operate, it is necessary to write down the underlying

biochemical system in mathematical form. In the three projects constituting this Thesis, I

contributed to the mathematical modelling aspects in an iterative cycle with our experimen-

tal collaborators.

Mathematical modelling allows us to build-up a quantitative picture of transitions be-

tween phases of the cell cycle. One approach is to use non-linear ordinary differential

equations to give expressions for the rate of change of the concentration of regulatory

proteins of interest with respect to time. In this way, the salient biochemical reactions con-

trolling each transition can be captured. A typical equation corresponding to one protein of

interest takes the form:

d [X]
dt

= ks − kd · [X] + ka · ([XT ot]− [X])− ki · [X] (1.1)

where [X] is the concentration of the protein of interest and ks, kd, ka, and ki are rate

constants for synthesis, degradation, activation, and inactivation respectively and [XT ot] is

the total concentration of X. We write down equations for all of the proteins of interest in

a particular model. With a particular set of initial conditions for the variables, and given

values for the parameters, the system is solved numerically and the values of the variables

can be plotted against time.

1.2.1 Thresholds and bistability

1.2.1.1 Steady state output

In addition to plotting the variables against time, we can plot their steady state values (end-

points) as a parameter in the model is changed. This is called a bifurcation diagram, or a

signal-response diagram. By plotting when the rate of change of the variable with respect to

time is equal to zero, we can assess where the system will settle. The qualitative nature of

where the system is heading can be determined, and this can be checked experimentally.

Example signal response diagrams are given in Figure 1.2. Figure 1.2A shows a graded,

or hyperbolic, signal-response curve. As the signal increases so does the response until
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it reaches a plateau. It is possible to get this response when simple mass-action kinetics

are used with a single modification to the molecule concerned and an unregulated reverse

reaction.

Figure 1.2B shows a sigmoidal signal-response curve. As the signal is increased the

steady-state response also increases, but in a much more sensitive manner than in (A).

When a signal threshold is reached the output undergoes a change from ‘low’ to ‘high’.

This could represent a cell cycle transition between two distinct states or phases.

There is a drawback with the sigmoidal signal-response that would afflict it even if it

were a ‘perfect’ step change, and that is the sensitivity to noise. Noise in the signal could

cause the system to fluctuate below and above the threshold signal level; applied to mitotic

entry, this would mean repeated fluctuations between G2 phase and mitosis. Noise in the

internal regulatory network can cause the curve to shift left- or right-wards which would

have a similar effect to the signal fluctuating – the system would fluctuate between sub-

and supra-threshold, which is undesirable for a cell.

A bistable signal-response curve overcomes the problem of reversibility and maintains

clear distinction between states, as shown in Figure 1.2C. Starting at the low signal, low

response stable steady state, increasing the signal causes the response to increase only

slightly until an ‘activation’ threshold signal is reached. At this point, the stable steady state

corresponding to low response ceases to exist and the system moves to the upper stable

steady state. When the qualitative nature of the steady state changes in this way it is

termed a bifurcation point. Once the system has reached the upper steady state, lowering

the signal will lower the response only slightly until the ‘inactivation’ threshold is reached.

At this point, the upper steady state ceases to exist and the system will move towards the

lower steady state. The inactivation threshold is lower than the activation threshold, and this

is what provides the bistable signal-response with robustness and makes state transitions

difficult to reverse. The robust nature of the bistable switch makes it ideal for transitions

between cell cycle phases. An alternative would be a Z-shaped signal-response curve,

when the signal has an inhibitory effect on the response; in this case the inactivation signal

threshold is higher than the activation threshold.

At signal levels between the inactivation and activation thresholds, there are two possi-

ble stable steady states; the one that the system will settle in depends on its history. The

two stable steady states are separated by an unstable steady state (dashed line in Fig-

ure 1.2C); if the system starts above the dashed line, it will continue to the upper steady

state, or if it starts below the dashed line, it will settle in the lower steady state. There is

a geographical metaphor that can be used to aid in visualising the vector field. The unsta-
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Figure 1.2: Example signal-response curves showing hyperbolic (A), sigmoidal (B), and
bistable (C) responses. (D) Bistability can be visualised as a mountain ridge, with the
unstable steady state corresponding to the mountain top and the stable steady states cor-
responding to the two valleys. Modified from Hutter et al. [92].

ble steady state can be thought of as a mountain ridge (Figure 1.2D), where the unstable

steady state is the peak and the stable steady states are the valleys. If a ball is dropped

from above the mountain, it will end up in either of the valleys depending on which side of

the ridge it was dropped.

1.2.1.2 Bistability requirements

Bistable switches underlying cell cycle transitions will have a prominent role in this Thesis,

so it is worth exploring here what is required in a biochemical reaction network to produce a

bistable signal-response. There are two fundamental requirements: positive feedback and

ultrasensitivity.

What is required from positive feedback is really a net positive ‘loop’ within the bio-

chemical reaction network. This can be in the form of two net positive arms in the opposite

direction, for example protein X promoting the activity of protein Y either directly or indi-

rectly, and protein Y promoting the activity of protein X either directly or indirectly. But

a positive loop can also consist of protein X inhibiting protein Y, and protein Y inhibiting

protein X (both cases either directly or indirectly once more).

Ultrasensitivity was briefly covered in Figure 1.2, although there it was not labelled as

such. There are various ways to define ultrasensitivity [47], but one that is well-suited here

relates to the change in signal required to bring about a defined change in response. If

a less-than 81-fold change in input signal can take the response from 10 % to 90 % of its

maximum, then the response is ultrasensitive [47]. An alternative is that the Hill exponent,

n, is greater than 1 (where response, R, is related to signal, S, by R = Sn/ (1 + Sn)) [80].

The threshold case is Figure 1.2A, the simple hyperbola; anything more sensitive than this

is ultrasensitive and can contribute to generating a bistable response.

Ultrasensitivity can come about from zero-order reactions [61], co-operativity [79], in-

hibitor titration [62], or positive feedback [213]. Zero-order reactions are where the rate of
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reaction becomes independent of the concentration of one of the reactants, for example in-

dependent of the substrate concentration because the enzyme is saturated. Co-operativity

is where a reaction becomes more favourable upon completion of a previous reaction, which

can happen with multi-site phosphorylation, for example. When a stoichiometric inhibitor

binds tightly to an enzyme, the enzyme must be present in excess of the inhibitor for there

to be considerable free enzyme, which produces an ultrasensitive response. Positive feed-

back can also generate an ultrasensitive signal-response plot. Any of these four mecha-

nisms together with additional positive feedback can generate a bistable signal-response

plot.

1.3 Mitotic entry and exit

1.3.1 Overview of mitotic entry and exit

In order for a cell to enter mitosis, hundreds of substrates must be phosphorylated by cyclin-

dependent kinase 1 (Cdk1) in complex with its regulatory subunit cyclin B (CycB) [45]. The

kinase must overcome the activities of its counteracting phosphatases. Two major Cdk1-

counteracting phosphatases are protein phosphatase 2A with its B55 regulatory subunit

(PP2A-B55) and protein phosphatase 1 (PP1), which dephosphorylate proteins during mi-

totic exit. The players involved in controlling entry into and exit from mitosis are explained

in detail below.

1.3.2 Regulation of Cdk1:cyclin B

1.3.2.1 Cyclin B levels

The classical view of the regulation of mitotic entry and exit is centred on Cdk1:CycB. The

abundance of the complex of Cdk1 and CycB is limited by the level of CycB, which, as

its name suggests, cycles throughout the cell cycle [9]. Throughout G1 phase CycB is

targeted for degradation by the ubiquitin ligase anaphase-promoting complex/cyclosome

(APC/C), in complex with its co-activator Cdh1 (more on this below); only after initiation of

S phase, when Cdh1 is inactivated, does CycB begin to accumulate. As CycB accumulates

in G2, a critical kinase activity threshold is reached that triggers M phase due to the post-

translational modifications described below. Cyclin A also accumulates in G2, associating

with Cdk2 [166], and is degraded early in mitosis [39]. Cyclin B is degraded during mitotic

exit by the APC/C in complex with its co-activator Cdc20, which is discussed further in

Section 1.4.
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1.3.2.2 Phosphorylation of Cdk1

The regulation of Cdk1 activity goes beyond fluctuating levels of its rate-limiting cyclin B

subunit. A newly formed Cdk1:CycB complex must be phosphorylated on Thr161, in the

activation loop segment, of human Cdk1 to be active [41]. The kinase imparting this phos-

phorylation is Cdk-activating kinase (CAK) Cdk7 in complex with cyclin H [49, 128]. The

phosphorylation renders the active site accessible and stabilises ATP binding [44]. It is

generally believed that this phosphorylation is constitutive and does not play a role in the

regulation of the cell cycle, but CAK is counteracted by PP2C [26]; it is not clear why this

site is dephosphorylated if it is not involved in regulating Cdk1 activity.

Phosphorylation of two additional residues on Cdk1 provides bona fide regulation of cell

cycle progression. When in complex with cyclin B, Cdk1 can be phosphorylated on Thr14

and Tyr15 by Myt1 kinase [140], which inhibits Cdk1:CycB [208]. Wee1 kinase targets

Tyr15 – but not Thr14 – of Cdk1 to inhibit Cdk1:CycB [129]. Murine Wee1 knock-out mice

are embryonic lethal and defective in the G2/M checkpoint induced by γ-irradiation [185],

showing conserved functionality in mammals.

The inhibitory phosphorylations on Cdk1 Thr14 and Tyr15 are removed by Cdc25, a

phosphatase with dual-specificity that activates Cdk1:CycB [111, 54, 179]. The activity of

Cdk1:CycB is governed by the relative activities of Wee1/Myt1 and Cdc25. The activities

of Wee1, Myt1, and Cdc25 are controlled from several inputs, one of which is Cdk1 activity

itself. This results in the generation of feedback loops in the control network of mitotic entry

and exit.

1.3.2.3 Regulatory details of Wee1 and Cdc25

Wee1 is inhibited by Cdk1:CycB, in both a direct manner and indirectly, which creates

double-negative feedback in the regulatory network – Wee1 and Cdk1 act against each

other. For example, Xenopus Wee1B is phosphorylated on Thr1186, which is followed by

proline, by Cdk1:CycB. The cis/trans isomerase Pin1 binds to this phosphorylated site and

catalyses a conformational change to inactive Wee1 [149].

Myt1 is thought to be regulated in a similar manner to Wee1, but their localisations in

interphase are different: Wee1 is mainly nuclear, whereas Myt1 is bound to the membrane.

[107, 140]. The functional differences of these two kinases on the G2/M transition are not

well characterised. Wee1 is dephosphorylated and activated by PP2A [139], which is of

importance in this Thesis.

Cdc25 regulation is almost the mirror image of Wee1 regulation. Cdc25 is activated

at high Cdk1 activity, which creates positive feedback – Cdk1 and Cdc25 both activate
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Figure 1.3: Regulation of Cdk1:cyclin B by Wee1 and Cdc25, which are in turn regulated
by Cdk1:cyclin B.

each other. Cdc25 is inhibited or inactive in interphase, and becomes active at the onset

of mitosis, which is coincident with phosphorylations of its N-terminus [112], and these

phosphorylations only increase activity towards Cdk1:CycB, but not Cdk2 in complex with

cyclin A (CycA) [53]. Amongst other mechanisms, Cdk1 promotes the activity of Cdc25

by promoting the action of the prolyl isomerase Pin1, which changes the conformation of

Cdc25 to the active form [31, 180]. Cdc25 is dephosphorylated by protein phosphatases of

type 2A [28], which is an important detail for this Thesis.

The Ferrell group has analysed the phosphorylation of Wee1 and Cdc25 with respect

to Cdk1:CycB both in Xenopus extracts and in vitro with purified proteins. Kim et al. [105]

showed that Wee1 has an ultrasensitive response to Cdk1 activity due to decoy sites, where

two sets of phosphorylation sites in Wee1 compete for Cdk1. Trunnell et al. [187] showed

that Cdc25 has an ultrasensitive response to Cdk1 activity due to multi-site phosphoryla-

tion. The results from these two studies contain internal inconsistencies, however. Results

from Xenopus extracts show a much higher Hill exponent than in vitro assays with purified

proteins. The authors may have neglected phosphatase regulation in the extracts, and this

is explored in Chapter 2. The most important findings about the regulation of Wee1 and

Cdc25 for the perspective of my work are the positive feedback loops between Cdk1:CycB

and Cdc25 and Wee1, as shown in Figure 1.3.

1.3.2.4 Hysteresis of Cdk1 activity

The activation of Cdk1:CycB was explored by Solomon et al. [175] using bacterially ex-

pressed non-degradable cyclin and extracts derived from Xenopus eggs. They found that

after a threshold cyclin level was exceeded, Cdk1:CycB became abruptly activated but only

after a set time delay (this was done by assessing H1 kinase activation). They found that

the ‘lag’ time was independent of the cyclin level used.

In 1993 Novák and Tyson constructed a mathematical model of the regulation of Cdk1:CycB

[146]. They included Wee1, Cdc25, CAK, and the degradation machinery dependent on

the APC/C (described in detail below). The phosphorylation of Wee1 and Cdc25, as well as

the activity of the APC/C and an intermediary enzyme to APC/C activation, have zero-order
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Figure 1.4: Threshold cyclin B levels (A) and critical slowing down (B) from the Novák and
Tyson model [146].

ultrasensitivity. Other reactions use mass action kinetics. The model also includes an in-

put from unreplicated DNA, which effectively upregulates the phosphatase acting on Wee1

and Cdc25 that counteracts Cdk1 phosphorylations. The model gives a bistable steady-

state Cdk1 activity with respect to cyclin B total, which explains the abrupt activation of

Cdk1:CycB above a CycB threshold observed by Solomon et al [175].

The authors used the model to make several testable predictions. Firstly, in addition to

there being a cyclin B threshold for Cdk1:CycB activation, there should be a second, lower,

CycB threshold where Cdk1:CycB becomes inactivated (Figure 1.4A). Between these two

CycB thresholds there will be two possible stable steady-state values of Cdk1:CycB activity.

Secondly, the lag time for Cdk1:CycB activation at supra-threshold levels of CycB should

increase at CycB levels closer to the threshold (Figure 1.4B). This is due to a dynamical

systems phenomena called ‘critical slowing down’. As the system moves closer to the bi-

furcation point, the magnitude of the vectors in the vector field reduce and the time it takes

to reach the steady state increases. This is inconsistent with what Solomon et al. [175] re-

ported, and is discussed further below. Thirdly, increasing the amount of CycB mRNA in an

extract depleted of endogenous CycB mRNA should change the type of oscillations. With

low amounts of mRNA, oscillations typical of oocyte extracts are expected, with periodic

Cdk1 tyrosine phosphorylation. With higher amounts of CycB, the oscillations are expected

to take the form typical of early embryonic cell cycles, driven by a negative feedback loop

with Cdk1:CycB promoting CycB degradation.

Two later studies also assessed the activation of Cdk1:CycB in Xenopus egg extracts

[156, 172]. Both studies showed that the steady state Cdk1:CycB activity with respect to

cyclin B total has hysteresis (Figures 1.5A and 1.5B), as predicted by Novák and Tyson,

and the study by Sha et al. [172] showed two additional features. Firstly, the cyclin B

threshold for Cdk1 activation increased in the presence of unreplicated DNA, which was

also predicted. Secondly, it was shown that the closer to the threshold cyclin B level for
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Figure 1.5: Hysteresis in Cdk1:CycB activity in both Pomerening et al. (A) [156] and Sha
et al. (B) [172]. (C) Increasing levels of CycB shows a critical slowing down effect, with
simulation results in from the Novák and Tyson model [146] (D). Greater resolution in time
of the lag in Cdk1 activation is shown in (E). C, D, and E from Sha et al. [172].

activation of Cdk1:CycB, the longer it took for the system with supra-threshold level of CycB

to reach the steady state Cdk1:CycB activity (Figures 1.5C and 1.5E). These confirmed the

predictions made by Novák and Tyson [146], and are re-shown in Figure 1.5D from Sha et

al. [172]. The reason for the seeming discrepancy between these data, together with the

Novák and Tyson model, and the Solomon findings in relation to the time lag is because

Solomon et al. used CycB levels further from the threshold, and so the critical slowing down

was not observable.

The effects of the positive feedback loops controlling Cdk1:CycB activity were investi-

gated in a further study by Pomerening et al. [155]. Using two approaches, they found

that the oscillations in Xenopus egg extracts are due to an underlying relaxation oscillator,

which relies on a positive feedback (between Cdk1, Wee1, and Cdc25) as well as the neg-

ative feedback (Cdk1 activates the APC/C) required in all oscillators [147]. Firstly, extracts

were supplemented with 200 nM of WT Cdk1, or 200 nM of Cdk1AF, which has Thr14 and

Tyr15 mutated to Ala and Phe, respectively, and so cannot be inhibited by phosphoryla-

tion of these residues [109]. H1 kinase assays showed damped oscillations in the Cdk1AF

case. Secondly, the system was forced to rely more substantially on the Cdk1AF, rather

than endogenous Cdk1, with the addition of constitutively active Wee1 (Wee1-OP11). In

this case, the Cdk1 activity closely matched the cyclin level in the system, and the resulting

graded kinase activity was not able to support oscillations; APC/C activity settled to an in-
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termediate steady state. Positive feedback of Cdk1:CycB is therefore important to sustain

the relaxation oscillations of Xenopus egg extracts.

The importance of the balance of Wee1 and Cdc25 activities was demonstrated recently

by Tsai et. al. [189]. If the balance of Cdc25:Wee1 is manipulated, there are important con-

sequences for the control of the cell cycle. In Xenopus laevis embryos, the first mitotic cycle

takes around 85 minutes, but the subsequent 11 cycles take around 30 minutes each. Ad-

dition of Wee1/Myt1 inhibitor PD0166285 shortened the first cycle and embryo viability was

reduced. Restoring the length of the first cycle with inhibitor plus low does of cycloheximide

partially restored viability. This led the authors to argue, with the aid of a mathematical

model, that the first cycle behaves like a positive-plus-negative feedback oscillator, whereas

the subsequent eleven cycles behave like a negative-feedback-only oscillator [189]. It is

possible to produce an oscillating system without positive feedback; negative feedback can

generate oscillations if it has a time delay [147]. Tsai et al. [188] explored the benefits

to cells of using relaxation oscillators compared with negative feedback oscillators alone

in a computational study. They found that the frequency of negative-feedback oscillators

cannot be easily adjusted without having an effect on the amplitude of the oscillations, but

with positive and negative feedback, it is possible to have a wide range of frequencies but

maintain near-constant amplitude in oscillations. This, together with an argument for being

easier to evolve, makes oscillations due to positive and negative feedback ideal for mitotic

cell cycles.

1.3.2.5 Cyclin B translocation

Cdk1:CycB is regulated in space as well as in time [153]; it moves across the nuclear

envelope, with mainly cytoplasmic localisation in interphase [215]. It was found that phos-

phorylation of Ser113 of Xenopus cyclin B1 abrogates nuclear export of cyclin B1; the site

lies within the nuclear export sequence of cyclin B1 and inhibits the binding of the nuclear

export factor CRM1 [216]. It was also found that abrogating the nuclear export signal en-

hances the effect of Wee1 on Cdk1 [71]. The nuclear import rate is also modulated by

phosphorylation, with phosphorylation of four serines (Ser94, Ser96, Ser101, and Ser113)

required for increased rate of nuclear import at the G2/M transition [216]. This did not in-

fluence the binding of cyclin B1 to the interphase factor promoting the slow import of cyclin

B1 to the nucleus, importin-β, so an additional factor was postulated [216]. A separate

study also showed that phosphorylation enhanced nuclear import independently of import-

in-β [70]. Two studies found that polo-like kinase 1 (Plk1) phosphorylates at least one of the

sites [186, 222].
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The localisation of Cdk1:CycB is of importance in itself, but it was also proposed to

mediate cell division and cell growth [217]. In a mathematical modelling paper, Yang et al.

[217] incorporated the shuttling between the nucleus and cytoplasm of cell cycle regulators

using partial differential equations. They claim this leads to a ‘natural’ cell-sizer for the

G2/M transition.

Cdk1:cyclin B1 itself phosphorylates cyclin B1, and therefore promotes its own nuclear

localisation [55]. This finding is the basis of a study by Santos et al. [170] that elucidates a

positive feedback loop in the activation/localisation of Cdk1:CycB [170]. Cdk1:CycB is ini-

tially activated on the centrosomes [96], phosphorylates other cyclin B molecules, and pro-

motes their nuclear translocation. The elevated Cdk1:CycB activity in the nucleus, in turn,

inhibits nuclear export of cyclin B. This was shown to give a possible bistable response

in active nuclear Cdk1:CycB [170]. The importance of the centrosome as the signalling

platform that initiates mitotic entry is unclear, however, as physical destruction or genetic

ablation of the centrosome has little effect on mitotic entry [104, 174]. The enforced en-

richment of Cdk1:CycB in the nucleus can cause premature mitotic entry, so this spatial

positive feedback could be of fundamental importance to the G2/M transition.

1.3.3 Regulation of PP2A-B55

Since Cdk1:CycB is the major upstream kinase promoting mitotic entry, it is, of course,

important to consider how it is regulated. Equally important, however, is consideration of

the regulation of its counteracting phosphatases, which act to ‘undo’ all of the work of the

kinase. One of the major Cdk1:CycB-counteracting phosphatases is protein phosphatase

of type 2A, in complex with its B55 regulatory subunit. PP2A-B55 consists of three subunits:

the A scaffold, B regulatory, and C catalytic [97].

As the regulation of the Cdk1-counteracting phosphatase was unknown, its activity was

modelled to be constitutive [146]. It is now known that the regulation of PP2A-B55 con-

tributes to ordering of late mitotic events [32], and PP2A-B55 targets substrates with dis-

tinct, predictable rates [33]. Work in Xenopus egg extracts found that PP2A-B55 activity

is suppressed in mitosis, and that depletion of PP2A-B55 from interphase extracts accel-

erates their entry into mitosis [135]. It was one year after this finding when the molec-

ular mechanism was elucidated in back-to-back Science papers. The phosphorylated

forms of the small, unstructured peptides alpha-endosulphine (ENSA) and cyclic adeno-

sine monophosphate-regulated phosphoprotein 19 (Arpp19) inhibit PP2A-B55 [136, 57].

The discrepancy between these two papers – one claims Ensa and the other Arpp19 –

remains to be resolved. The inverse relationship between Cdk1 activity and PP2A-B55
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Figure 1.6: PP2A-B55δ is inhibited in mitosis in Xenopus egg extracts. Fresh cycling ex-
tracts were incubated at 23 ◦C and aliquots taken every 7 minutes. The phosphorylation
of Apc3, cyclin B2, and Cdc2 phosphorylation of Tyr15 were assessed by immunoblotting.
MBP-Fzy-Ser50 phosphatase and histone H1 kinase activities were measured, with 100%
set at 0 minutes for phosphatase activities and 70 minutes for kinase activities. Arrows
indicate the mobilities of mitotic and interphasic Apc3. From Mochida et al. [136], Fig. 3C.

activity was neatly demonstrated by Mochida et al. [136], as shown in Figure 1.6.

Further details on the inhibitory mechansim of PP2A-B55 by phosphorylated ENSA

were shown by the Goldberg group. This works by an ‘unfair competition’ mechanism, with

pENSA binding to PP2A-B55 with high affinity, titrating the phosphatase away from other

substrates [210]. But pENSA is also a substrate of the PP2A-B55 to which it is bound –

a reaction with a relatively low kcat value [210]. ENSA is phosphorylated at its S67 site

by Greatwall kinase [136]. To maintain the inactive state of PP2A-B55, the rate of ENSA

phosphorylation by Gwl needs to exceed that of ENSA dephosphorylation by PP2A-B55.

This inhibitory mechansim of PP2A-B55 is depicted in Figure 1.7. To understand further

how PP2A-B55 is regulated, we need to look at the regulation of the activity of Gwl.

1.3.3.1 Greatwall regulates PP2A-B55 activity

The first allele of Greatwall was discovered in Drosophila and was termed Scant, for Scott

of the Antarctic, because of its mutant (dominant) phenotype [209]. Mitotic spindles devel-

oped, but one of the centrosomes was lost from the poles. The phenotype only became

apparent when the activity of Polo was also reduced, with a further caveat that it was only

observed in embryos [209]. It was then Michael Goldberg’s group who found recessive

alleles and gave the gene its now commonly used name, Greatwall [220]. The resulting

phenotype was delay at the G2/M transition and chromosome condensation defects [220].
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Figure 1.7: PP2A-B55 inhibition by Gwl-phosphorylated ENSA.

The recognition of Gwl as an allele of scant came some time later, after the attempts to find

scant revertants. The Scant mutation was found to be a point mutation at residue 97, from

Lys to Met (K97M), and this Gwl mutant showed increased activity to artificial substrates

[8].

Goldberg’s group switched to Xenopus egg extracts to further characterise Gwl bio-

chemically. They found that Gwl functions in the positive feedback loop of Cdk1:CycB –

if Gwl is depleted from mitotic extracts, Cdk1:CycB activity drops due to inhibitory Tyr15

phosphorylation. Also, cycling extracts do not enter mitosis when Gwl is depleted, and Gwl

depletion can be rescused by addition of Cdk1AF (which, as mentioned previously, cannot

be inhibited due to non-phosphorylable mutation of Thr14 and Tyr15) to extracts 30 minutes

prior to Gwl depletion. Finally, they found that Gwl is activated in mitosis with Cdk1 as an

upstream kinase [221].

Goldberg’s group then went on to show that activated Gwl accelerates mitotic entry in

cycling egg extracts, and can induce meiotic maturation in oocytes arrested in G2 without

progesterone [224]. The role of Gwl was also strongly suggested: it was stated to have a

similar role to okadaic acid (OA) – to inhibit a CDK-counteracting phosphatase. It was also

shown that addition of okadaic acid allows cycling extracts to enter mitosis in the absence

of Gwl, and that Gwl can induce phosphorylation of Cdc25 without directly influencing the

activity of Cdk1, Plx1, mitogen-activated protein kinase, or in the presence of an activator

of protein kinase A, which normally blocks mitotic entry [224]. Zhao et al. [224] speculated

(correctly) that Gwl down-regulates an okadaic acid-sensitive phosphatase that must be

inactivated in M phase.

The group of Anna Castro and Thierry Lorca showed that in Xenopus egg extracts Gwl

depletion promotes mitotic exit by dephosphorylation of downstream-of-Cdk1 mitotic sub-

strates, even though Cdk1:CycB activity is maintained [199]. The phosphatase responsible

is PP2A, which was shown to bind to Gwl, and inhibition with microcystin or OA, or specific
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Figure 1.8: Regulation of Gwl kinase at multiple phosphorylation sites. Cdk1:cyclin B phos-
phorylates Thr193 and Thr206, and Gwl then auto-phosphorylates on Ser883 in cis.

depletion of PP2A, rescued the mitotic exit phenotype caused by Gwl inactivation [199].

The binding of PP2A to Gwl was implicated in the inhibition of PP2A, but now the mecha-

nism of PP2A inhibition of Gwl is known to be indirect; this binding is probably due to Gwl

being a substrate of PP2A.

These results are consistent with findings from a further study by the Goldberg group.

They showed that Gwl specifically inhibits PP2A with the B55δ subunit, and that Gwl which

has been activated by Cdk1:CycB requires no further Cdk1:CycB activity to maintain phos-

phatase inhibition [21]. The Castro and Lorca group reported a year later that human Gwl

is required for mitotic entry, whilst partial depletion resulted in multiple mitotic defects. This

is due to the role of Gwl in inhibiting PP2A-B55; co-depletion or addition of okadaic acid

resulted in partial rescue [18].

Now, more has been elucidated about the regulation of Gwl itself. Gwl is an atypi-

cal member of the AGC family of kinases [60] with spatial as well as temporal regulation

[206]. It is phosphorylated on two sites by Cdk1:CycB, Thr193 and Thr206, and auto-

phosphorylates on Ser883 in cis in Xenopus laevis (Ser875 in humans) [12]; this chain of

phosphorylations is depicted in Figure 1.8. Whilst it was shown that Gwl phosphorylation by

Cdk1 is required for auto-phosphorylation of Gwl, it is not known whether there is a specific

order to the dephosphorylation of these sites. The double-phosphorylated form (CDK- and

auto-phosphorylated) is the most active towards ENSA. There are several other phospho-

rylation sites on Gwl in the unstructured region; the identity of the phosphatases regulating

these sites is an active area of research [37].

There is potential input to the mitotic entry control network from Cdk2:CycA here, as it

can activate Gwl in vitro [137]. Cdk2:CycA also activates Cdc25 [133] and inhibits Wee1

[36]. By phosphorylating the regulators of Cdk1:CycB and PP2A-B55, Cdk2:CycA acts to

promote mitotic entry, helping to initiate the self-promotion of Cdk1:CycB when Cdk1:CycB

is mainly inhibited (in G2). For these reasons, Cdk2:CycA can be thought of as a ‘starter’

kinase for mitotic entry.

The phosphatases that dephosphorylate the Cdk1- and auto-phosphorylation sites of
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Figure 1.9: Regulation of PP1 in Xenopus extracts.

Gwl need to be considered to understand the regulation of Gwl activity. The proposal that

PP2A-B55 is the phosphatase that dephosphorylates Cdk1 sites on Gwl was shown to have

attractive dynamic features by Vinod and Novák [201]. This poses a bootstrapping problem,

however: how can PP2A-B55 be the phosphatase that inactivates Gwl at mitotic exit if it is

inhibited by pENSA at that time?

Dephosphorylation of the sites on Gwl have also been attributed to PP1 [74, 126, 165].

It was shown by Ren et al. [164] that PP1γ targets the Gwl auto-phosphorylation site

with PP1 subunit 3B. PP1 association with Gwl was shown to be disrupted in mitosis, and

dephosphorylation of the Gwl auto-phosphorylation site was shown to occur before the de-

phosphorylation of other mitotic substrates. In much the same way that Cdk2:CycA can

be considered a ‘starter’ kinase for mitotic entry, PP1 can be considered a ‘starter’ phos-

phatase for mitotic exit. By dephosphorylating a component of the mitotic exit regulatory

network, PP1 helps to initiate mitotic exit whilst PP2A-B55 is inhibited.

1.3.4 Regulation of PP1

PP1 targets CDK sites, as well as the sites that the kinase Aurora B phosphorylates, but the

regulation of PP1 is somewhat harder to address than PP2A because of the vast number

regulatory subunits of PP1 in addition to its catalytic subunit [22]. One study in Xenopus

shows that PP1 is inhibited by Cdk1:CycB directly, being phosphorylated at site Thr320.

PP1 is itself the phosphatase that targets this site, acting in trans [212]. PP1 is inhibited by

a second mechanism, whereby phosphorylated inhibitor 1 (Inh1) binds to PP1 and prevents

it from dephosphorylating other substrates [212]. This presumably works by the same

unfair competition mechanism as PP2A-B55 and pENSA, with PP1 dephosphorylating the

Inh1-p to which it is bound, as has been shown for other phosphatases [48] and cell cycle

transitions [85]. These regulations are depicted in Figure 1.9.
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1.3.5 Systems-level investigation of mitotic entry and exit

1.3.5.1 Directionality of mitosis to interphase

All of the players outlined above combine to control the entry into and exit from mitosis.

A series of papers from the Gorbsky group looks at the effects of perturbing the control

network [159, 158, 160]. They found that directionality of mitosis to interphase is imposed

at nuclear envelope breakdown (by adding CDK inhibitor at different times) [160]. Addition

of CDK inhibitor during or before prophase resulted in cells going to a G2 state, with the

cells capable of entering mitosis after washout of the inhibitor. When CDK inhibitor was

added after prophase, the cells progressed through mitosis into G1, with degradation of cy-

clin B and cell division. The difference in cyclin B degradation between the two cases was

attributed to APC/CCdc20 activation. There was a rapid rise of substrate phosphorylation

from prophase to prometaphase (although APC/C substrate phosphorylation was not fol-

lowed directly, Lindqvist et al. [118] found APC-Cdc27/APC3 Thr446 and Ser426 became

phosphorylated during prophase and prometaphase). Whilst this provides an explanation

for whether or not cyclin B is degraded, it does not explain why processes relating to cy-

tokinesis are induced or not.

The directionality can be attributed theoretically to an incoherent feed-forward loop

(iFFL), depicted in Figure 1.10. iFFLs can produce a pulse in time with a step change

in input, or they can produce a pulse in steady state response against dose. We can also

apply the iFFL to DNA synthesis and cytokinesis. Unlike cell cycle phases, processes of

DNA replication and cytokinesis are not to be maintained for a prolonged time period, but

are to be permitted only once; this prevents multiple replication and division events from oc-

curring. For DNA replication, CDK activity must go from a low to a high state, but then high

CDK activity prevents further DNA replication. For cytokinesis, CDK activity must reach a

certain threshold to permit, for example, chromosomal passenger complex (CPC) activity,

but must then fall to allow cytokinesis events to occur. The iFFL imparts ideal properties for

cells to replicate their DNA or execute cytokinetic processes.

1.3.5.2 Irreversibility of mitotic exit

Irreversibility of mitotic exit was also assessed by the Gorbsky group by determining what

happens to cells when mitotic exit is induced with chemical inhibition of Cdk1 [159]. When

flavopiridol (a CDK inhibitor) was added to Xenopus S3 cells in mitosis (prior to metaphase),

premature mitotic exit was induced, although sister chromatid separation failed. When cy-

clin B degradation was prevented, either with proteasome inhibitor (MG132) or expression
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Figure 1.10: Incoherent feed-forward loops regulating DNA synthesis and cytokinesis. Both
have CDK activity as input and the process of interest as output. For DNA synthesis (A),
CDK activity is rising and preRCs can only form at low CDK activity. DNA replication re-
quires both CDK activity and pre-replication (preRCs) complexes. At high CDK activity,
reformation of preRCs is inhibited and so DNA replication cannot re-occur. For cytokinesis
(B), CDK activity is falling and there is a window in CDK activity (or time) in which cytoki-
nesis can occur. Cytokinesis requires CDK activity to have reached a high enough level
for the chromosomal passenger complex (CPC) to reach centromeres, and then fall so the
CPC reaches the central spindle.

of non-degradable cyclin B, flavopiridol could be added at metaphase. This induced mitotic

exit and cytokinesis; the chromosomes decondensed and the nuclear envelope reformed.

When CDK inhibitor was subsequently washed out, the cells reverted to a metaphase state,

with the midbody disappearing and the cytokinetic furrow retracting. The cells could then

undergo a second mitotic exit when MG132 was removed, with sister chromatid separation

and movement and a second cytokinesis. MKLP1 and Aurora B were shown to have their

typical metaphase and mitotic exit distributions and have reversible distribution.

The amount of time cells were exposed to flavopiridol had an effect on the reversibility

of the induced mitotic exit, with increased exposure time reducing the proportion of cells

undergoing reversal (25 minutes were compared to 60 minutes). Several early regulators

of mitosis are degraded in a ‘normal’ mitosis (e.g. cyclin A), but it was found that mitotic exit

could be reversed even when these regulators were degraded. Cells were treated with the

microtubule-destabilising drug nocodozole before being transferred into media with MG132,

and mitotic exit induced with flavopiridol was still reversible. Using non-degradable cyclin B

had similar effects, although in this case some cells had sister chromatid separation.

Next, they assessed the mechanism of the dependence of mitotic exit reversibility on

the length of time cells are exposed to flavopiridol [158]. Evidence is presented that the

inhibitory phosphorylation mechanism of Cdk1 by phosphorylation of Thr14 and Tyr15 by

Wee1 and Myt1 kinases is present in G1 phase after flavopiridol treatment, when it had

previously been thought to not be active until S phase. This may be because in a ‘normal’

mitosis G1 levels of cyclin B are low, and so the substrate of Wee1/Myt1 is normally not

present. When Wee1/Myt1 is inhibited cells can revert back to a mitotic state from a late

G1 state following removal of Cdk inhibitor if the cyclin B level is preserved, but cells often
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Figure 1.11: Steady state Cdk1 activity against total cyclin B. The mechanisms underlying
the reversibility of flavopiridol-induced mitotic exit being dependent on the time exposed to
flavopiridol are elucidated. If the system has crossed over the unstable steady state during
exit from mitosis, the cell will commit to mitotic exit even when flavopiridol is removed. The
system will be attracted to the upper steady state if Wee1 has not sufficiently inhibited Cdk1
upon flavopiridol removal. Adapted from Kapuy et al. [102].

undergo caspase-dependent cell death. Mutation of Cdk1 sites confirmed that the time-

dependent reversal capability was due to inhibitory phosphorylation of Cdk1. This shows

that the classical model of Cdk1 activation [146], with Cdk1 activity plotted against cyclin B

total, has steady states corresponding to M phase and interphase.

Mathematical modelling of the experiments elucidated the mechanisms behind the de-

pendence of the irreversibility of mitotic exit on the exposure time to flavopiridol [102]. Plot-

ting steady state Cdk1:CycB activity against cyclin B total (Figure 1.11), the double neg-

ative feedback and positive feedback of Cdk1:CycB with Wee1 and Cdc25, respectively,

together with the regulation of the Cdk1:CycB counter-acting phosphatase, gives a bistable

Cdk1 activity steady state with respect to total cyclin B. For intermediate cyclin B levels, the

system can be in either of two stable steady states, which are separated by an unstable

steady state. In the framework of the experiments that are recapitulated, the cyclin B total

is constant, and so the system moves along the vertical dashed line of the figure. When

Cdk1 inhibitor is added in mitosis, the curve shifts to the right and the state of the system

moves down the vertical cyclin B total line. When the inhibitor is removed, the curve moves

back leftwards, but now Wee1 is partially activated and Cdc25 is partially inhibited due to

the time of lower Cdk1 activity. If the system has crossed the unstable steady state, it will

be attracted to the lower steady state and the cell will continue to exit mitosis.

An important point can be drawn from the analysis of the bifurcation diagram (Figure

1.11), which was utilised in another paper from the Gorbsky group [160] and in a math-

ematical modelling analysis of some experiments in that paper [192]. When cells enter

mitosis, the vertical line in the Cdk1 activity vs cyclin B total bifurcation diagram, which cor-
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responds to the constant level of cyclin B in the cell, must be in excess of the mitotic entry

threshold corresponding to the saddle node bifurcation as the cell enters mitosis. Addition

of CDK inhibitor and removal after 1 hour makes it possible to reach the lower steady state

corresponding to an irreversible mitotic exit, so the cell moves to the regime of two possible

steady states, when during mitotic entry there was only the steady state corresponding to

mitosis. The simplest explanation might be that factors other than cyclin B which promote

mitosis are degraded (such as cyclin A), but this irreversibility still occurs when cells are in

MG132, and not just when non-degradable cyclin B is used. This argues for a shift in the

curves around a fixed vertical cyclin B total, such as might occur when the nuclear envelope

breaks down, when Gwl and Cdk1:CycB are no longer co-localised.

Expanding on these findings, Potapova et al. [160] investigated the effects of perturbing

the regulators of Cdk1, Wee1 and Cdc25. The use of Wee1/Myt1 inhibitor at the end of

S phase resulted in cells entering mitosis, even though they had not gone through the G2

phase, where proteins are thought to be synthesised prior to mitosis. This suggests that

the cyclin level has already accumulated to a high enough level for mitotic entry by the end

of S phase if the inhibitory phosphorylation on Cdk1 is removed. In a similar conceptual

manner, Pomerening et al. [157] over-expressed Cdk1AF in HeLa cells and found that G2

was largely abrogated, but also found Cdk1 activity cycled with damped amplitude. The

discrepancy between the studies could be due to the over-expression of Cdk1AF rather

than use of Wee1/Myt1 inhibitors, or the oscillations could have been dependent on the

endogenous Cdk1.

Next, dual inhibition of Wee1/Myt1 and Cdc25 was performed, and this time mitotic

entry was sluggish due to increased levels of Thr14 and Tyr15 Cdk1 phosphorylation com-

pared with the Wee1/Myt1 inhibition alone [160]. In this case, mitotic exit was unusual in

that substrates became dephosphorylated even without substantial cyclin B degradation, in

what the authors termed ‘mitotic collapse’. Addition of okadaic acid prevented the mitotic

phospho-proteins from being dephosphorylated, which suggests that phosphatases are ac-

tive in this case. This is consistent with subsequent findings, that Gwl is required to prevent

mitotic collapse [7].

Mathematical modelling of the mitotic collapse case provides a satisfactory explanation

for the findings; Tuck et al. [192] built a model with Cdk1:CycB regulation by Wee1 and

Cdc25, as well as PP2A-B55 regulation by Gwl and ENSA and PP2A-B55 self-promotion.

The model incorporates implicit spatial regulation of Gwl, with nuclear envelope breakdown

imparting a stress on the system as Cdk1 and Gwl are no longer localised to the nuclear

compartment. The system is bistable in substrate phosphorylation with respect to cyclin
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B total. Plotting the phosphorylation rate of Gwl against cyclin B in a two-parameter bifur-

cation diagram shows how the saddle-node bifurcations corresponding to mitotic entry and

exit are influenced by nuclear envelope breakdown. In this graphical analysis, a ‘normal’ mi-

totic entry results in the system moving from the mitotic steady state to the bistable regime

after NEBD. This provides an explanation for why cells do not revert back to mitosis after

one hour of flavopiridol exposure and MG132 followed by flavopiridol washout, from above

[159]; even though cells initially have enough cyclin B to exceed the mitotic entry threshold,

the system changes and the curves shift to the right in the plot of substrate phosphorylation

against cyclin B, and it becomes possible for cells with fixed cyclin B to exist in the state

of low substrate phosphorylation. Upon Wee1/Myt1 and Cdc25 inhibition, the system goes

from the mitotic state, through the bistable region and to the interphase-only state, all whilst

maintaining the cyclin B level. This provides an explanation for the mitotic ‘collapse’.

In summary, mitotic entry and mitotic exit are fundamentally controlled by phosphory-

lation and dephosphorylation of hundreds of proteins (as well as the degradation of two

key proteins, securin and cyclin B, discussed more in the following Section). Cdk1:cyclin

B must overcome the activity of its counteracting phosphatases to bring about mitotic

entry. PP2A-B55 and PP1 are two major Cdk1-counteracting phosphatases that initiate

mitotic-exit processes. The two chapters following this Introduction explore the regulation

of PP2A-B55 in a biochemical reconstitution and how all of the regulatory components

come together to bring about a robust mitotic state in cells. But first, an introduction to the

metaphase-to-anaphase transition.
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Figure 1.12: Cartoon of the metaphase-to-anaphase transition. In metaphase, kinetochore
microtubules (green) have captured all kinetochores (purple) and the chromosomes (blue)
align on the metaphase plate. Anaphase A is initiated when separase cleaves a subunit of
cohesin (red) and chromosomes spring apart. In anaphase B, centrosomes (orange) move
further apart due to pushing forces from polar microtubules. Adapted from Alberts et al. [5].

1.4 Metaphase-to-anaphase transition

1.4.1 Overview of the metaphase-to-anaphase transition.

The metaphase-to-anaphase transition is one the most striking events to observe in a pro-

liferating cell. In metaphase, the chromosomes are aligned at the equator of the cell, with

sister chromatids being held together by cohesin complexes and pulled apart by the mitotic

spindle. At anaphase onset, the cohesion between sisters is removed, and the sister chro-

matids move to opposite poles of the cell in a synchronous fashion, outlined in Figure 1.12.

The synchrony and timing of this transition is critical. If the cohesion between sisters is lost

before all chromosomes have become correctly attached to the mitotic spindle, the genetic

material will not be equally distributed to each daughter cell (aneuploidy). Lagging chromo-

somes can also produce undesirable effects, such as ‘cut’ (cell untimely torn) phenotypes

where the DNA is cut during cytokinesis [214].

To understand the fundamental processes in the metaphase-to-anaphase transition, it

is necessary to go all the way back to S phase. When the chromatin is copied in S phase,

each copy or ‘sister chromatid’ is bound to its copy or ‘sister’ by protein complexes named

cohesin [143]. Cohesin has two rod-shaped Smc proteins, Smc1 and Smc3, which form
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Figure 1.13: Cohesin removal by the prophase pathway and separase activity. (A) The
prophase pathway removes cohesin from chromosome arms by opening the Scc1-Smc3
gate. (B) Separase cleaves the Scc1 subunit to bring about anaphase. Based on ref. [17].

a hinge domain [143]. The third component of the tripartite ring is Scc1. It is believed

that cohesin entraps the sister chromatids and allows tension to be transmitted between

sisters. Cohesin is loaded by Scc2-Scc4-mediated opening of the Smc1-Smc3 gate, and

from S phase onward cohesin removal by Wapl-mediated opening of the Smc3-Scc1 gate

is down-regulated [17]. In metazoans, cohesin is found along the chromatin arms up until

prophase, when all but the centromeric pool of cohesin is removed (Figure 1.13A) [17]. The

centromeric cohesin is protected by shugoshin in complex with PP2A (SGO1-PP2A) [122],

and this pool of cohesin is what gives the chromosomes their well-known ‘X’ shape [204].

The key trigger of anaphase is the cleavage of the Scc1 subunit by the protease separase

(Figure 1.13B) [72], which until anaphase is maintained in an inhibited state. Cleavage of

Scc1 opens the cohesin ring and allows sister chromatids to separate due to tension from

the spindle microtubules (anaphase A). When the prophase pathway is blocked, sisters still

separate without problems, which suggests there is an excess of separase to that required

for centromeric cohesin cleavage [110, 43].

The critical nature of the maintenance of the cohesion between sister chromatids until
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all chromosomes are bioriented stems from the information content that the connection pro-

vides. It is clear from equation 1.1 that the processes of protein degradation and enzyme

inactivation have fundamentally the same consequences from a dynamical systems per-

spective, and it is just that the typical time-scales are different [148]. Just as a protein being

phosphorylated can be reversed by a dephosphorylation reaction, so protein degradation

can be ‘reversed’ by protein synthesis. But when cohesion between sister chromatids is

lost, the information that these chromatids are sisters and should be transferred to different

daughter cells is irreversibly lost, and this is what makes controlling separase activity so

critical.

Due to the critical nature of this ‘information’, there are several mechanisms regulating

the cleavage of Scc1, centring on both the enzyme and the substrate. Separase has mul-

tiple ‘layers’ of regulation: there is a bona fide mechanism with the stoichiometic inhibitor

securin, and a more elusive mechanism of inhibition involving Cdk1:CycB which is the sub-

ject of Chapter 4. The substrate of separase is also modified to be a better substrate at

anaphase onset. Scc1 is enhanced as a separase substrate when serine residues close to

the cleavage site are phosphorylated by polo kinase [6].

The focus of the work on the metaphase-to-anaphase transition in this Thesis is the

regulation of separase and its interactions with several proteins, particularly its inhibitors

securin and cyclin B. Securin and cyclin B are degraded from metaphase onward, which

triggers separase activation. We must therefore turn our attention to the mechanisms of

their degradation to understand how anaphase is initiated.

1.4.2 APC/C regulation

The degradation of securin and cyclin B is mediated by the anaphase-promoting complex,

or cyclosome (APC/C) [29, 93]. The APC/C is a huge multi-subunit E3 ubiquitin ligase which

is made up of three gross sub-complexes: the catalytic core, the platform, and the tetra-

tricopeptide repeat lobe [24]. The APC/C has two main co-activators, Cdc20 and Cdc20-

homolog 1 (Cdh1) [202]. Cdh1 is the dominant co-activator in G1 phase, and gets inacti-

vated at the G1/S transition [223]. Cdh1 ‘takes over’ from Cdc20 in activating the APC/C at

the end of mitosis, when APC/CCdh1 promotes the degradation of Cdc20 [152]. APC/CCdc20

ubiquitinates substrates that contain specific recognition motifs, termed the D box (with se-

quence R-X-X-L-X-X-X-X-N) [59], and the KEN box (with sequence K-E-N-X-X-X-N) [152].

Phosphorylation also contributes to the regulation of APC/C activity. In mitosis, the

APC/C must be phosphorylated to target securin and cyclin B [108], and Cdh1 is not active

when it is phosphorylated [225]. Similarly, Cdc20 is inactive when it is phosphorylated [114,
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75]. The APC/C’s dependence on phosphorylation in mitosis creates a negative feedback

loop that drives the entire cell cycle: Cdk1:CycB promotes APC/C activity, and the APC/C

targets CycB for degradation.

The APC/C is inhibited in early mitosis when it binds with the mitotic-checkpoint complex

(MCC), which inhibits the APC/C from targeting other substrates by out-competing them

[94]. A further detail is that the MCC binds to a second Cdc20 molecule to inhibit the APC/C,

although the consequences of this molecule involving a second Cdc20 are unknown [95].

One of the exceptional APC/C substrates is cyclin A, which is degraded early in mitosis.

This requires Cdc20 and the CDK cofactor Cks; cyclin A binds to Cdc20 by out-competing

the MCC, and then the Cdc20:CycA complex requires Cks to bind to APC/C [39]. Inhibition

of the APC/C by MCC is the output of the spindle-assembly checkpoint, which acts to

prevent the onset of mitotic exit until the cell is ‘ready’, i.e. when all sister chromatids are

connected to opposite poles via the mitotic spindle.

The production of MCC occurs on kinetochores that are not attached to the mitotic

spindle [50]. The MCC is composed of four subunits: BubR1, Bub3, Mad2, and Cdc20

[116, 87, 182]. The kinetochore is effectively a signalling hub, bringing together the subunits

of the MCC and acting as the site of the catalytic conversion of open Mad2 to closed Mad2,

which is required for incorporation into MCC [125, 35]. The kinase Mps1 is a critical SAC

component and phosphorylates a constituent of the kinetochore, Knl1. This creates docking

sites for other players in the signalling hub [142].

Once all chromosomes have bioriented on the mitotic spindle, the formation of MCC

must cease, or at least reduce to below the rate at which it is turned-over by the APC/C.

It has been proposed that microtubule binding to kinetochores displaces Mps1, in either

a competitive [99] or in a ‘partly non-competitive’ manner [81]. Once Mps1 has been dis-

placed, its substrates need to be dephosphorylated to silence the SAC. PP2A-B56 dephos-

phorylates Mps1 sites on Knl1 to promote SAC silencing [46].

The localisation of Mps1 is regulated by Aurora B [200, 169], a further critical SAC

kinase that also phosphorylates kinetochore subunits responsible for Bub1 binding [127].

Aurora B also features in ensuring correct kinetochore–microtubule attachments (discussed

further below) [68, 207], so a more detailed consideration is worthwhile here. Aurora B

is found in the chromosomal passenger complex (CPC), which consists of four subunits:

Aurora B, INCENP, survivin, and borealin [20]. The Aurora B subunit is the catalytic centre

of the CPC, with lobes at N and C termini, which binds to the C terminus of INCENP.

INCENP acts as a scaffold, binding to borealin and survivin at the N terminus of INCENP

in a three-helix bundle [98]. INCENP is important for activation and localisation [3]. The
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CPC localises to centromeres in early mitosis, before translocating to the central spindle in

anaphase; hence its name.

Lots of details are now known about the regulation of the CPC, about how its subunits

interact with each other, and what affects Aurora B activity. The most relevant point to

consider for this Thesis is what controls the translocation of the CPC from centromeres to

the central spindle. The CPC binds with the mitotic kinesin MKlp2 [66], but only when the

Cdk1:CycB site Thr59 of INCENP is unphosphorylated [91]. The translocation is therefore

Cdk1-dependent.

1.4.3 Error correction

As a cell’s nuclear envelope breaks down and the mitotic spindle forms, chromosomes are

‘captured’ by the mitotic spindle. Microtubules emanate from two opposing poles (Figure

1.14), and capture chromosomes. There are five possible attachment states for each chro-

mosome, and only one leads to correct segregation of the sister chromatids. Monotelic

attachments have just one chromatid attached to a spindle pole with the other sister chro-

matid unattached, and forms first at spindle poles before the chromosomes congress to the

equator of the cell. Amphitelic attachment, or biorientation, is when sister chromatids are

each attached to opposite poles; it is the attachment state that needs to be reached by all

chromosomes before anaphase. Before this state is reached, chromosomes can become

‘erroneously’ attached to the mitotic spindle, and this commonly occurs [10]. Either one

spindle pole can be attached to both sister chromatids, which is syntelic attachment, or one

sister chromatid can become attached to both spindle poles, which is merotelic attachment.

If either of these attachment states are not corrected before anaphase onset, the daughter

cells will not receive an equal share of the genetic material, which can lead to apoptosis or

abnormal cell proliferation [63].

Micromanipulation experiments by Bruce Niklas using insect spermatocytes established

that it is tension across the centromere which stabilises microtubule–kinetochore interac-

tions [144, 145]. Building on this principle, several mechanisms have been proposed for

the function of error correction, all of which are centred on findings that Aurora B affects

attachment [183] by disassembly of kinetochore-microtubule fibres [115], and that tension

between kinetochores suffices for biorientation [38, 4]. Aurora B localises to the inner cen-

tromere and phosphorylates substrates constituting the KMN network of the kinetochore

[25]. This phosphorylation disrupts microtubule–kinetochore binding. Spatial separation

between Aurora B and its kinetochore substrates was proposed to sense bi-orientation

[120]. Samejina et al. [168] attribute this to INCENP acting as a ‘leash’ to prevent Aurora
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Figure 1.14: Microtubule–chromosome attachment states. Monotelic: one kinetochore con-
nected to one pole; amphitelic: kinetochores connected to different poles from each other
(ideal attachment state); merotelic: one kinetochore connected to each pole; syntelic: kine-
tochores connected to the same pole; and unattached (not shown).

B from phosphorylating substrates when they are pulled away from the inner centromere.

When amphitelic attachment is reached, the critical substrates of Aurora B are pulled away

from the kinase, and its counteracting phosphatases maintain the dephosphorylated state.

However, deletion of the INCENP coiled-coil region, which would shorten the ‘reach’ of Au-

rora B in this model, does not impinge on error correction [194]. A second model posits

that the coiled-coil region binds to microtubules [190], and so rather than acting as a leash,

INCENP could target Aurora B to its substrates in this way, and be dependent on tension

across the kinetochore.

A third model for the tension-sensitive nature of Aurora B substrate phosphorylation is

built on spatial inhomogeneity in Aurora B. It is based on the findings that Aurora B and

INCENP have a turnover rate of ~50 s at the inner centromere [2, 141]. After localising to

the inner centromere, Aurora B diffuses away to outer-kinetochore substrates. As Aurora

B activates in trans [171], and there are cytoplasmic phosphatases inactivating Aurora B

[103], this could create a spatial gradient of Aurora B activity. The distances over which

this gradient must act, however, are small (~100 nM) [205, 207], and it is unclear whether

a gradient could be established on this length scale. It is also unclear how this model is

compatible with other models of Aurora spatial gradients. A spatial gradient of Aurora B

activity is proposed to act in anaphase, from the central spindle to the poles [51], which

monitors chromomsome movement and prevents decondensing of chromatin near the cen-
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tral spindle [1]. A model of Aurora A localisation has a spatial gradient centred at the pole,

which contributes to pole-based error correction and acts in the micrometre range [218]. Ye

and Maresca [219] suggest different mechanisms act to dampen the activities of Aurora A

and Aurora B, and highlight that the ‘leash’ model and the diffusion model are not mutually

exclusive.

No matter the exact mechanism of Aurora B action, there is a fundamental ‘anaphase

problem’. When the Scc1 subunit of cohesin is cleaved and sister chromatids separate in

anaphase A, tension across kinetochores is lost. The attachments between kinetochores

and microtubules are maintained, however, so there must be some other factor that influ-

ences the stability of the attachments [195, 151]. Vázquez-Novelle et al. [196] attempted

to solve the anaphase problem by focusing on the location of the CPC. The CPC moves

from centromeres to the central spindle in anaphase, so Aurora B cannot phosphorylate

kinetochore proteins in anaphase. But artificially retaining the CPC on chromosomes (and

perhaps centromeres) did not cause error correction to be reactivated; it merely resulted in

BubR1 and Bub1 to be recruited to kinetochores, which is consistent with previous findings

[66, 91].

The solution to the anaphase problem is rather that error correction relies on Cdk1 activ-

ity being high in addition to there being low tension across kinetochores. Vázquez-Novelle

at al. [197] showed, in HeLa cells, that maintaining Cdk1 activity in anaphase destabilses

kinetochore–microtubule attachments and that the spindle-assembly checkpoint requires

high Cdk1 activity, in a later paper to the one mentioned previously [197]. In a back-to-

back paper Rattani et al. [163] also showed, in mouse oocytes, that the spindle-assembly

checkpoint is dependent on Cdk1. This logical AND gate, of low tension and high Cdk1 ac-

tivity, ensures that error correction does not function in anaphase, when cyclin B has been

degraded below the level required for error correction to function, and that the metaphase-

to-anaphase transition operates as a bistable switch [73].

The underlying mechanism of the dependence of error correction on high Cdk1 activity

is still unknown. Rather than focusing on the effect of Cdk1 activity on Aurora B localisa-

tion, it is instructive to consider the effect of Cdk1 activity on Aurora B substrates, and to do

so also requires consideration of Aurora B-counteracting phosphatases. PP1 dephosphory-

lates Aurora B substrates in the KMN network of the kinetochore [121]. PP1γ binds to KNL1

in an RVSF sequence motif-dependent manner and stabilises kinetochore–microtubule at-

tachments. Aurora B disrupts the interaction of PP1γ with KNL1 [121]. Consistent with

the requirement of kinetochore–microtubule attachments becoming stabilised at low Cdk1

activity to ‘solve’ the anaphase problem, PP1 is inhibited at high Cdk1 activity [212]. This

29



AurBc AurBa Stretch MBSa

MCCAPC/CCdc20Cdk1:CycB

Cohesin

EC
SAC

Figure 1.15: The mitotic checkpoint is composed of two modules: the error correction mod-
ule and the SAC. EC, error correction; SAC, spindle-assembly checkpoint; MCC, mitotic
checkpoint complex; AurBc, centromeric Aurora B; AurBa, active Aurora B; MBSa, micro-
tubule binding sites attached to microtubules. Adapted from Mirkovic et al. [132].

could be the mechanistic basis of the solution of the anaphase problem. We can abstract

these details of the mitotic checkpoint into two modules: error correction and the spindle

assembly checkpoint (Figure 1.15).

1.4.4 Separase regulation

Now that we have the fundamental features that control the attachment of the chromosomes

to the mitotic spindle, and how anaphase is delayed until all attachments are correct, we

can turn our attention to separase. The domains of separase are shown in Figure 1.16.

There is a Pin1-binding region (more on this in Chapter 4), and further towards the C-

terminus there is a cyclin B binding domain, which is adjacent to the PP2A-B56 binding

domain. Further on, there are three cleavage sites that are targeted by separase (more

on this below). The protease domain is located at the C-terminus, with a pseudo protease

domain and an active protease domain [198].

The active protease domain of separase is key to the function of separase as the ini-

tiator of anaphase by cleaving the Scc1 subunit of cohesin [193]. Crystal structures of the

separase protease domain from the thermophilic fungus Chaetomium thermophilum were

recently reported [117]. The action of separase inhibition by securin binding was revealed

recently in Saccharomyces cerevisiae with crystal structures at up to 2.6 Å of the sepa-

rase:securin complex [124]. Residues 258–269 of securin occupy the active site of sepa-

rase, which is the main method of inhibition. Residues 258–373 of securin are in contact

with separase, and this region is termed the separase interaction segment [124]. Single-
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Figure 1.16: Domains of separase. Adapted from Kamenz et al. [101]

particle cryo-electron microscopy of the C. elegans separase:securin complex revealed

that securin is a pseudosubstrate and also binds away from the active site of separase. Se-

curin is protected from cleavage because of an aliphatic side chain at the P1 position [14].

These details are important to understand how changes in the isomerisation of separase

away from the protease domain could influence the inhibitive action of securin. In addition

to being a separase inhibitor, securin is also required for separase activity. Two reasons for

this have been postulated in the literature: that securin aids the folding of separase, and

that securin localises separase to its substrates [86, 173].

Less is known structurally about the binding of cyclin B with separase. Although this

binding is often considered ‘secondary’ to inhibition by securin, it is probably the more an-

cient mechanism, as securin is a non-essential gene [131] and the binding of separase to

cyclin B likely takes over. Cyclin B-mediated inhibiton of separase is essential in murine

embryonic germ cells and in embryonic development [89, 88]. Securin and cyclin B bind

to separase in a mutually exclusive manner, and both separase and Cdk1:cyclin B are in-

hibited when they are in complex [64]. The cyclin B binding site on separase has weak

homology to Saccheromyces cerevisiae Cdc6, which has similar separase-binding func-

tionality in a phosphorylation-dependent manner [15]. The initial report of separase being

inhibited by Cdk1:cyclin B by Stemmann et al. [178] had phosphorylation of S1126 as the

mechanism by which separase was inhibited. But it is now established that cyclin B binding

is what inhibits separase, and that separase fragments do not require phosphorylation on

S1126, unlike the Cdc6-like domain, to bind with separase [15]. This suggests phosphory-

lation of S1126 induces a conformational change in separase which allows cyclin B binding

(more in Chapter 4).

These regulatory facets of separase activity give each molecule several ‘roles’ to play

throughout mitotic progression, with so-called ‘topsy-turvy’ anaphase [177]. Cdk1:cyclin B

becomes securin-like in its inhibition of separase, and separase becomes CKI-like in its

inhibition of Cdk1:cyclin B. This poses a ‘handover’ problem, however. When is separase

active? Is it after securin binding and before binding to cyclin B? Or does separase remain
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inhibited throughout the handover, and only become activated after cyclin B to which it is

bound is degraded? In the papers of Queralt and Uhlmann [162] and Holland and Taylor

[83] which framed this problem, it was thought that separase becomes able to target Scc1

after separase-bound cyclin B is degraded.

The levels and degradation rates of securin and cyclin B must also be considered in

this framework. In prometaphase-arrested cells the ratio of separase:securin is roughly

1:5 [76]; this excess is required for securin to operate as a stoichiometric inhibitor. The

ratio of securin:cyclin B is approximately 1:4, and both securin and cyclin B are degraded

at a similar rate [23]. There are conflicting reports in the literature about the effect of the

level of non-degradable cyclin B on separase activity. Expression of endogenous levels

of non-degradable cyclin B was found to cause pseudo-metaphase arrest by Wolf et al.

[211], but sister chromatid separation was not blocked. Conversely, Chang et al. [23] found

that endogenous levels of non-degradable cyclin B blocked sister chromatid separation,

but 30 % of endogenous levels did not. Huang et al. [90] found that cells expressing a

non-phosphorylatable separase mutant, which cannot be inhibited by cyclin B, do not enter

anaphase prematurely, whilst Rattani et al. [163] had to use a non-phosphorylatable form

of separase to achieve sister chromatid separation. The molecular mechansims underlying

these issues are explored in Chapter 4.

In addition to the regulated binding of securin and cyclin B to separase, separase un-

dergoes auto-cleavage at three adjacent sites [203, 226]. Whether the cleavage is due to

a cis- or trans-acting mechanism is contentious [27, 226]. The separase fragments remain

associated with each other, and the cleavage influences the binding of PP2A-B56 to sep-

arase [82], but unlike most caspase proteases cleavage does not influence the catalytic

activity of separase [130, 203].

The binding of B56 to separase is abrogated when separase is cleaved [82]. This is im-

portant because the separase-bound B56 targets securin for dephosphorylation, and this

influences the rate of securin degradation [76]. Phosphorylated securin is degraded more

rapidly than unphosphorylated securin [76]. The PP2A-B56 bound to full-length separase

targets the associated securin, lowering the degradation rate of the separase-bound se-

curin and so ‘protecting’ separase from activation at an inappropriate time. By introducing

phospho-mimetic and non-phosphorylable site mutants, Hellmuth et al. [76] showed that

the dephosphorylation of separase-bound securin is important to prevent precocious sep-

aration of sister chromatids. This degradation was dependent on the APC/C, which is in

disagreement with previous findings which stated that phosphorylated forms of securin are

ubiquitinated in an SCF-dependent manner [58].
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Figure 1.17: Positive feedback found in separase activation in budding yeast. Separase
relieved of securin inhibition releases Cdc14, which accelerates securin degradation and
further separase release. [84].

In budding yeast the situation is reversed. It was shown by Holt et al. [84] that phos-

phorylated securin is degraded more slowly than dephosphorylated securin. There is a

positive feedback loop in separase activation, because liberated separase releases Cdc14

phosphatase, which targets securin for dephosphorylation (Figure 1.17). In this way, ac-

tive separase promotes the release of more separase by increasing the rate of degradation

of its inhibitor [84]. In vertebrates, there is the possibility of positive feedback if separase

auto-cleaves in trans. In this case, separase liberated of securin can cleave other separase

molecules that are still bound to securin, disrupting the B56 binding and increasing the rate

at which the separase-bound securin is degraded.

1.4.5 Dephosphorylation of proteins during mitotic exit

The sequence of events that takes place during mitotic exit is ultimately controlled by the re-

duction in Cdk1:cyclin B activity as cyclin B is degraded and its counteracting phosphatases

are reactivated. The discussion on separase regulation so far has focused on the critical

action of separase cleaving cohesin subunits to initiate anaphase, and the effects of its in-

teractions with securin and cyclin B on the timing of this cleavage. But separase binding to

cyclin B not only inhibits the protease, but the kinase as well. Abrogating this inhibition has

been explored and shown to influence mitotic exit events.

Shindo et al. [173] developed a fluorescence-based sensor that monitors separase ac-
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tivity. They found that separase undergoes abrupt activation shortly before anaphase onset

and binds to cyclin B after it has become active. Securin (or cyclin B) was also required to

localise separase to its substrate. Using a mutant of separase that could not be phosphory-

lated on S1121A (S1126 in humans), the effects of preventing cyclin B from binding to sep-

arase were observed. The speed with which chromosomes moved apart during anaphase

reduced (Figure 1.18A). The CPC, which normally translocates from the chromosomes to

the central spindle in anaphase, stayed on chromosomes (Figure 1.18B). The Thr59 site

on INCENP remained phosphorylated with separase S1121A, which is consistent with the

mechanism by which INCENP is translocated to the central spindle.

The chromosomes moving more slowly in anaphase with the S1121A separase in the

Shindo paper has similarity to a more recent study looking at the requirements for anaphase

chromosome movement. Su et al. [181] tracked chromosome movement during anaphase

in human cells, and found that when protein dephosphorylation was inhibited, either by

phosphatase inhibition or using non-degradable cyclin B, anti-poleward motion of chromo-

somes increased (Figure 1.18C and 1.18D). The authors argue that both chromosome-

and kinetochore-derived forces contribute to the anti-poleward motion of chromosomes in

okadaic acid-treated cells. Vázquez-Novelle et al. [197] also used non-degradable cyclin

B and found increased chromosome oscillations, and kinetochores became detached from

microtubles (Su et al. [181] used lower levels of non-degradable cyclin B).

In summary, regulation of separase activity at the metaphase-to-anaphase transition is

critical to ensure proper segregation of the genetic material to daughter cells. Cells have

a ‘mitotic checkpoint’ to ensure separase only becomes activated once chromosomes are

properly attached to the mitotic spindle. Once the checkpoint is ‘satisfied’, the activation of

separase begins; this is complex and is what we explore in Chapter 4.

Of course our models cannot account for all of the information presented in this Intro-

duction. As modellers, we must decide what details are pertinent to the questions we want

our models to answer. Now we turn to the three projects comprising this Thesis. Firstly, the

regulation of PP2A-B55 in a biochemical reconstitution is explored. Then the interplay of

the regulatory components of the mitotic entry and exit switches in HeLa cells is analysed.

Finally, we turn to the regulation of separase at the metaphase-to-anaphase transition,

specifically to the binding of separase with securin and cyclin B1 and the relative timing of

the protease’s activity.
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Figure 1.18: Similarities with separase S1121A and okadaic acid addition. (A) Murine cells
with separase S1121A (S1126 in humans) show slower anaphase chromosome move-
ments and (B) the CPC stays on chromosomes in anaphase. From Shindo et al. [173].
(C) Addition of okadaic acid in anaphase slows chromosome movements, and (D) addition
of non-degradable cyclin B causes chromosome oscillations. From Su et al. [181]. (E)
Addition of non-degradable cyclin B (at a higher level than Su et al.) causes chromosme
oscillations and detachment of kinetochores from microtubules. From Vázquez-Novelle et
al. [197].
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Chapter 2

Mitotic phosphatase regulation
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2.1 Overview

This chapter is primarily about work conducted with our experimental collaborator Dr Satoru

Mochida of Kumamoto University. It relates to mitotic entry and mitotic exit, with experi-

ments in Xenopus laevis egg extracts and a biochemical reconstitution of purified proteins.

The work has been published in Currently Biology : ‘Two Bistable Switches Govern M Phase

Entry’, by Satoru Mochida, Scott Rata, Hirotsuga Hino, Takeharu Nagai, and Béla Novák

[137]. All of the experiments in this chapter were conducted by Dr Satoru Mochida.

2.2 Introduction

Mitotic entry and exit are controlled by a protein interaction network consisting of tens of

proteins, with regulation mediated by post-translational modifications, controlled synthesis

and degradation rates, and localisation (discussed in detail in Section 1.3 of the Intro-

duction). This chapter explores the interplay between a critical subset of these proteins:

Cdk1:CycB, Gwl, ENSA, and PP2A-B55 (Figure 2.1). The post-translational modification

of phosphorylation is critical in the action and regulation of these components: Cdk1:CycB

and Gwl are both protein kinases, and PP2A-B55 is a protein phosphatase; Gwl is phos-

phorylated by Cdk1:CycB and then auto-phosphorylates into an active form. It is now

well established that Gwl kinase phosphorylates ENSA, which then inhibits PP2A-B55. I

present evidence that there is feedback within the regulation of these three components,

with PP2A-B55 dephosphorylating and thereby inactivating Gwl, forming a double negative

feedback loop that generates a bistable response.

2.3 Luminescent probe of phosphorylated substrate

The mitotic state is characterised by the phosphorylation of hundreds of proteins; as such,

it is important to be able to assess their phosphorylation state. Western blots allow for a

semi-quantitative assessment of substrate phosphorylation at regular time intervals. This is

useful for mathematical modellers, since having snapshots of the system throughout time

allows the rate of change of the system to be assessed, which is more informative than

having just one end-point measurement. For experiments performed by our experimental

collaborator in a low-volume biochemical reconstitution, Western blots would not only be

laborious but also restricted by volume. To assess the phosphorylation status of mitotic

substrates at multiple time-points, luminescent probes were developed that emit differing

amounts of light based on their phosphorylation status, as shown in Figure 2.2.
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Figure 2.1: Wiring diagram of the model for the proteins of the biochemical reconstitution.
The luminescent probe is phosphorylated by Cdk1:CycB and dephosphorylated by PP2A-
B55. Cdk1:CycB phosphorylates Gwl, which then auto-phosphorylates into the active form.
PP2A-B55 dephosphorylates Gwl on both the Cdk1:CycB and auto-phosphorylation sites.
Active Gwl phosphorylates ENSA, which then binds to PP2A-B55 and titrates it away from
its other substrates. PP2A-B55 dephosphorylates the ENSA to which it is bound, liberating
itself.
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Figure 2.2: Luminescent probe with phospho-site. Cdc20 Ser50 phospho-site (CDK sub-
strate) is recognised by the WW domain of Pin1, which induces a conformational change in
the probe. The N- and C-termini come into closer proximity, which results in higher activity
of Renilla luciferase. The inefficiency is utilised by Venus, which emits more light in this con-
figuration. Light emittance is reduced when the phosphorylation is removed by PP2A-B55.
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The probes allow the phosphorylation status of the protein to be determined at one-

minute intervals in a highly automated protocol. The linker region of the probe is a phospho-

site from the APC/C regulator Cdc20 (Fizzy) of Xenopus laevis, which is a bona fide

Cdk1:CycB and PP2A-B55 substrate. The phosphate interacts with the WW domain from

Pin1, which is a bona fide phosphate-binding domain. The structural change induced when

the probe is phosphorylated brings about higher Renilla luciferase activity; energy is trans-

ferred to the Venus component, which emits light that is then detected quantitatively.

2.3.1 Probes detect the kinase:phosphatase activity ratio

The probes detect the activity ratio between kinase and phosphatase, so the rate constants

of the phosphorylation and dephosphorylation reactions must also be taken into account

when analysing the probe data. For example, equation 2.1 shows the rate of change of

phosphorylated substrate (the probe) with respect to time when only CDK and the probe

are mixed. The second-order rate constant, the concentration of CDK added, and the con-

centration of unphosphorylated substrate are multiplied. The unphosphorylated substrate

concentration is given by ([Sub]T ot − [Subp]) using conservation of mass. This is a mod-

elling framework of mass-action kinetics, whereby the rate of a reaction is proportional to

the substrate concentration(s) and assumes that the Km values of the reactions are larger

than the substrate concentrations, such that the enzyme-substrate complex is negligible

compared to the substrate level. Equation 2.2 gives the rate of change of phosphorylated

substrate with respect to time once more, but in this case the probe is mixed with CDK and

PP2A-B55 so the right-hand side has two terms. The positive term is the same as before,

with CDK phosphorylating unphosphorylated substrate. The negative term captures the re-

moval of the phosphate from the substrate catalysed by PP2A-B55: kB55,Sub · [B55] · [Subp].

It uses mass action kinetics again, with the rate being proportional to concentration of phos-

phorylated substrate and PP2A-B55. To capture the dynamics of the system, it is important

to determine the rate constants, kCDK,Sub and kB55,Sub.

For the case where only CDK and the probe are combined:

d [Subp]
dt

= kCDK,Sub · [CDK] · ([Sub]T ot − [Subp]) (2.1)

When phosphatase is also added:

d [Subp]
dt

= kCDK,Sub · [CDK] · ([Sub]T ot − [Subp])− kB55,Sub · [B55] · [Subp] (2.2)
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2.3.2 Probe parameters for phosphorylation and dephosphorylation

In order to determine the probe parameters of phosphorylation and dephosphorylation, ex-

periments were conducted by using Cdk2:CycA addition at different levels alone (Figure

2.3A), and with a constant level of phosphatase addition as well (Figure 2.3B). It should be

noted here that both Cdk1:CycB and Cdk2:CycA are used in the experiments in this chap-

ter. Purifying Cdk1:CycB in sufficient amounts for the experiments we wanted to perform

is not feasible in Xenopus extracts or insect cells, but we show that both work well for the

questions we asked.

The probe phosphorylation rate constant, kCDK,Sub, was determined by phosphoryla-

tion of the probe with different levels of Cdk2:CycA without counteracting phosphatase,

which gives the time course for the phosphorylated probe:

[pSub] = [Sub]T ot · (1− exp (−kCDK,Sub · [CDK] · t)) (2.3)

The CDK-dependence of the specific phosphorylation rate gives kCDK,Sub:

1
[Sub] ·

d [Sub]
dt

= − kCDK,Sub · [CDK] (2.4)

Addition of the phosphatase at constant level allows the probe phosphorylation to reach

a rapid steady state, with hyperbolic dependence on the CDK activity:

[pSub]SS =
[Sub]T ot · kCDK,Sub · [CDK]

kB55,Sub · [B55] + kCDK,Sub [CDK] (2.5)

which can be linearised similarly to the Lineweaver-Burk plot of the Michaelis-Menten

equation:

1
[pSub]SS

= 1
[Sub]T ot

+ kB55,Sub · [B55]
[Sub]T ot · kCDK,Sub

· 1
[CDK] (2.6)

The slope of the line gives kB55,Sub, given that the other values are known. The ex-

ponential decay of phosphorylated probe upon p27Kip1 addition (not shown) provides an

alternative estimate of kB55,Sub. These were used as initial values in the parameter fitting

routine (discussed more below); the parameters are given in Table 6.2.

The factors contributing to PP2A-B55 substrate sensitivity were recently uncovered [33].

Modifying the phospho-site and the surrounding region of the probe allowed our experimen-

tal collaborators to alter the PP2A-B55 dephosphorylation rate constant. Having probes

available with a range of sensitivities to PP2A-B55 proved useful in different experimental

conditions.

A control experiment for the probes was done by Serine to Alanine mutations of the
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Figure 2.3: Probe phosphorylaton by increasing levels of Cdk2:CycA alone (A), and in-
creasing levels of Cdk2:CycA with constant B55 level (50 nM) (B). The steady states on
the left, without probe ‘decay’, are all full probe phosphorylation, whereas the steady states
scale with the level of Cdk2:CycA on the right. The S50-1G12 probe was used, with ad-
dition of CDK at t = 10 minutes. Representative result of three experiments shown here.

Ser50 phospho-site (Figure 2.4A). Normalising to when zero CDK was added, this showed

that abolishing phosphorylation did prevent increased light emittance. The extent to which

the phosphorylated form of the probe emits more light than the unphosphorylated form is

the dynamic range. The dynamic ranges of the probes are 1.5 – 2, which is an improvement

on the value of 1.15 reported previously [56].

2.4 Mitotic entry threshold in Xenopus laevis egg extract

Next, the effectiveness of the probes in Xenopus egg extracts was explored. Interphase

extracts were supplemented with cycloheximide (CHX), to prevent protein synthesis, and

144 nM non-degradable CycB (CycB-ΔN) to induce phosphorylation of mitotic proteins.

This truncated form of CycB has its KEN and D boxes removed; these are the APC/CCdh1

and APC/CCdc20 recognition motifs [152, 106]. From the mitotic state, addition of 450 nM

p27Kip1, a stoichiometric CDK inhibitor [154], induced dephosphorylation of the mitotic sub-

strates (Figure 2.5A). The egg extracts were also supplemented with the S50-1G4 lumines-

cent probe. The probes show phosphorylation status similar to that of mitotic substrates in

both the phosphorylation and dephosphorylation phases (Figure 2.5A and 2.5B). Similarly

to the in vitro probe controls, Serine to Alanine mutations of the S50-1G4 probe were added

to extracts (Figure 2.4B). The probe was phosphorylated in mitosis, but only marginally in

interphase, as expected.

A series of CycB-ΔN concentrations were added to interphase extracts and aliquots

were taken after 80 minutes incubation. This is similar to the experiments performed by

Solomon et al. [175], but assessing substrate phosphorylation rather than Cdk1 actvity. It is
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Figure 2.4: Phosphorylation of the probes in vitro and in Xenopus egg extracts. (A) Probes
were phosphorylated in vitro at 30 ◦C by Cdk1:CycB (left) or Cdk2:CycA (right) for 40 min-
utes, with emittance measured in relative light units and standard deviation of three sep-
arate experiments. Serine to Alanine mutations of the phospho-site showed little change
in luminesensce from that at the start of the experiment. (B) Interphase Xenopus extracts,
at 23 ◦C, were supplemented with S50-1G4 or S50A-1G4 probes and mitotic entry was
induced with 120 nM CycB-ΔN. After 80 minutes incubation the probe luminescense was
determined (average of three separate experiments plotted).
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apparent that a threshold CycB level is required to induce mitotic substrate phosphorylation,

as shown by the end-point analysis of Figure 2.6A, ‘Mock’. At and below 108 nM of CycB,

mitotic substrates are dephosphorylated and Cdk1 is phosphorylated at Tyr15, putting it into

inactive form. With addition of 126 nM of CycB-ΔN, mitotic substrates and the luminescent

probe became phosphorylated, and Tyr15 phosphorylation of CDK was removed. Mitotic

substrate phosphorylation thus coincided with CDK activation.

We next assessed the effect of removing the impact of the Cdk1 self-promotion loops

in the system with addition of Wee1/Myt1 inhibitor PD166285 to the extract, to see if the

threshold of substrate phosphorylation persisted. The inhibitory Tyr15 was indeed abol-

ished, as shown by the lower band on the right (+Wee1 inhibitor) of Figure 2.6A; in this

scenario the threshold in CycB level required to activate CDK is abolished, since CDK ac-

tivity is directly proportional to the CycB level. There is, however, a threshold in substrate

phosphorylation between 54 and 72 nM CycB-ΔN; a graded increase in CDK activity in-

duces a sigmoidal change in substrate phosphorylation. The luminescent probe showed

similar behaviour (Figure 2.6B).

We must be careful to distinguish two distinct but related thresholds: that of CDK acti-

vation and mitotic substrate phosphorylation. There are numerous ways a mitotic substrate

phosphorylation threshold of CycB could be established in the absence of a CDK activity
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threshold, such as ultrasensitivity in the phosphorylation/dephosphorylation reactions by

mechanisms such as multi-site phosphorylation. Our luminescent probe has only a single

phosphorylation site, however, and so the mechanism we want to study is systems-level

regulation of a CDK-counteracting phosphatase. The phosphorylation level of substrates

depends on the balance of kinase and phosphatase, so a graded response in kinase ac-

tivity could give switch-like substrate phosphorylation if the activity of phosphatase were

switch-like.

One of the phosphatases in the system, PP2A-B55, is regulated by Gwl and ENSA

and we therefore investigated whether this regulation creates a switch-like phosphatase

response. Depletion of ENSA from the extract (Figure 2.7) resulted in a sigmoidal probe

phosphorylation but with reduced levels compared to mock, which shows PP2A-B55 reg-

ulation is important to get full probe phosphorylation. The response is sigmoidal however,

which shows that despite PP2A-B55 not being inhibited by ENSA, the Cdk1 self-promotion

loops are still functioning.

2.5 Biochemical reconstitution of PP2A-B55 regulation

2.5.1 Purified proteins

To investigate the role of the Gwl-ENSA-PP2A-B55 regulatory pathway further, a biochem-

ical reconstitution of purified proteins was developed. It was necessary to move away from

intact cells and even Xenopus laevis egg extracts to analyse this pathway in isolation, as

the regulation of Gwl is emerging to be complex and it would not be possible to separate

the Gwl-ENSA-PP2A-B55 pathway from the other layers of regulation (described in Section

1.3.3.1). As well as the proteins already mentioned, Cks2 and p27Kip1 were also purified.

Cks2 is a regulatory subunit of CDK, binding to both CDK and the substrate and aiding
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Figure 2.8: Mitotic entry-like experiments and simulations both with and without ENSA. (A)
Biochemical reconstitution without the Gwl-ENSA-PP2A-B55 pathway generates a graded
response of mitotic probe phosphorylation. (B) With the Gwl-ENSA-PP2A-B55 pathway a
CDK activity threshold of probe phosphorylation is generated. ENSA = 300 nM, PP2A-
B55 = 50 nM, and Gwl = 20 nM. The T50-NCP probe was used. (C) Simulation of A.
(D) Simulation of B. Parameters can be found in Table 6.1. Representative result of five
experiments shown here.

in the phosphorylation reaction [176]. It is essential for Gwl phosphorylation by CDK [Tim

Hunt, personal communication].

2.5.2 Mitotic entry threshold with the Greatwall-ENSA-PP2A-B55 path-

way

The reconstitution consisted of Cdk1:CycB (varying levels), PP2A-B55 (50 nM), Gwl (20 nM),

the T50-NCP probe (50 nM), and Cks2 (200 nM). Readings of the luminescent probe were

taken every minute (Figure 2.8A); the corresponding model output (discussed more below)

is presented in Figure 2.8C. In the first case, ENSA was not added and so PP2A-B55 was

fully active. The probe quickly reached a steady state given by equation 2.5, where it re-

mained with some decay of probe signal. We attribute this to the probe losing luminescence

even whilst remaining phosphorylated to the same extent, and so model this as a decay in

the total level of the probe. There is no threshold in Cdk1:CycB level for probe phosphory-

lation; it is an expected graded response. The control case without PP2A-B55 shows full

probe phosphorylation for comparison.

Next, the protocol was repeated but ENSA (300 nM) was also added to the reconstitu-

tion. This allowed the PP2A-B55 inhibitory pathway to function, and qualitatively changed

the behaviour of the system, as seen by the output of the luminescent probe (Figure 2.8B;
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with corresponding simulations in Figure 2.8D). Now, a threshold of Cdk1:CycB activity is

apparent between 5.1 and 6.8 nM. Below the threshold, the probe behaves in the same

graded manner, but above the threshold the probe approaches the fully phosphorylated

state. There is evidence for bistability within this figure alone. With the addition of 6.8 nM

Cdk1:CycB, just above the threshold, the system took longer to reach the steady state than

when the Cdk1:CycB levels were further above the threshold. This is termed critical slowing

down (explained in Section 1.3.2.4).

Plotting the end-points of the probe phosphorylation percentage against the Cdk1:CycB

level is an alternative way to visualise the Cdk1:CycB threshold for mitotic probe phospho-

rylation, and again clearly shows the qualitative change in the system between 5.1 and

6.8 nM Cdk1:CycB (Figure 2.9A; with corresponding model output in Figure 2.9B). Aliquots

at these end-points were taken and analysed for Gwl and ENSA phosphorylation in both the

case where ENSA was left out and the case where ENSA was added (Figure 2.9C). Without

ENSA addition, the phosphorylation of Gwl showed a graded response with respect to the

Cdk1:CycB level, as expected. With ENSA addition, however, the phosphorylation of Gwl

showed a switch-like response at the same Cdk1:CycB threshold as the probe phosphory-

lation. The Gwl-phosphorylated form of ENSA, pS67-ENSA, also showed a switch-like re-

sponse at this Cdk1:CycB threshold. ENSA phosphorylated at S67 then titrates PP2A-B55

away from other phosphorylated substrates. At Cdk1:CycB levels below the threshold, the

probe and Gwl are phosphorylated to a similar extent, indicating the phosphatase is not

inhibited at these levels when ENSA is present.

The existence of graded steady state Gwl phosphorylation, and a threshold in the sys-

tem, is evidence that every reaction has a counter reaction; if Gwl were not dephosphory-

lated by PP2A-B55, neither the graded response nor the threshold would exist. At small

levels of Cdk1:CycB activity Gwl would become fully phosphorylated at steady state, which

would induce phosphorylation of ENSA and inhibition of PP2A-B55. The probe would be

phosphorylated to a near-maximal extent even at low Cdk1:CycB levels. This is also evi-

dence for a systems-level regulation determining the threshold rather than ultrasensitivity

within one reaction.

To get a quantitative understanding of the system, and to be able to make predictions,

we developed a mathematical model of the biochemical reconstitution; some of the simula-

tions have already been presented next to the corresponding experiments. The regulatory

network depicted in Figure 2.1 is not a simple linear cascade; the mutual antagonism be-

tween PP2A-B55 and Gwl can lead to interesting properties of the system, which can be

investigated using dynamical systems theory.
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Steady state of the model recapitulates the experiments. See Section 6.1.2 for XPPAUT
code.

47



2.5.3 Model development

The development of the mathematical model was a process of continuous iteration of ex-

periments, model-structure determination, parameter fitting, and best-fit analysis. For the

model structure, we started with the simplest network that still captures the mechanistic

essence of the reactions, before investigating additional complexities that may be neces-

sary to capture more experimental data. Mass action kinetics were used; it was not justifi-

able to use more exotic reaction schemes without strong evidence from the literature. We

used literature data for certain parameters in the model, and as benchmarks for simulation

outputs. We also reinterpret some data in the literature using the experience of working

with our model.

From a modelling perspective, there are four main ‘players’ in the reconstituted system;

they are Cdk2:CycA, Gwl, ENSA, and PP2A-B55. Two of these are themselves protein

complexes, with CycA and Cdk2 being a heterodimer and PP2A-B55 a heterotrimer com-

posed of the scaffold A, regulatory B, and catalytic C subunits. The fluorescent probe is

also added, as is Cks2, which is required for Cdk2:CycA to be active on Gwl, and ATP is

added.

Gwl has numerous phosphorylation sites, outlined in Section 1.3.3.1, and the phos-

phatases responsible for dephosphorylating these sites have received considerable interest

recently [74, 165, 126]. The dynamical implications of PP2A-B55 dephosphorylating Gwl

have been explored previously [201]; I build on these models and tailor to experiments per-

formed. Dephosphorylation of Gwl by PP2A-B55 imparts a double-negative feedback loop

into the network of protein-protein interactions: Gwl promotes the inhibition of PP2A-B55

through ENSA, and PP2A-B55 promotes the inhibition of Gwl through dephosphorylation of

Gwl. Cdk1:CycB also phosphorylates ENSA directly on T28 [150], which we model by the

same unfair competition mechanism as the S67 site that is phosphorylated by Gwl [210].

Gwl is phosphorylated by Cdk2:CycA or Cdk1:CycB complexes at site T193, which

permits the in cis auto-phosphorylation reaction of Gwl to its double-phosphorylated form:

Gwl Gwl Gwl

P P

P

Cdk1

CycB

Auto

B55 B55
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2.5.3.1 Model definition

Both of the phosphorylations on Gwl are removed by PP2A-B55, as it is the only phos-

phatase in the system. Gwl dynamics can be described by two ODEs, since there is a

conservation condition on total Gwl.

d [pGwl]T ot

dt
= kCDK,Gwl · [CDK] · ([Gwl]T ot − [pGwl]T ot) (2.7)

− kB55,Gwl · [B55] · ([pGwl]T ot − [pGwlp])

d [pGwlp]
dt

= kauto · ([pGwl]T ot − [pGwlp])− k′B55,Gwl· [B55] · [pGwlp] (2.8)

where [pGwl]T ot is the sum of the single- and double-phosphorylated forms of Gwl and

[pGwlp] is the double-phosphorylated form of Gwl. The parameter fitting routine suggests

the second ODE is fast, so we assume that pGwlp and pGwl are in pseudo-steady states:

[pGwlp] = [pGwl]T ot

1 + α · [B55] (2.9)

[pGwl] = α · [B55] · [pGwl]T ot

α · [B55] (2.10)

where α indicates the ratio of k′B55Gwl to kauto. Equation 2.7 then takes the form:

d [pGwl]T ot

dt
= kCDK,Gwl · [CDK] · ([Gwl]T ot − [pGwl]T ot) (2.11)

− kB55,Gwl · α · [B55]2 ·
[pGwl]T ot

1 + α · [B55]

ENSA is phosphorylated on its T28 site by CDK and on its S67 site by pGwlp. Both

of these sites have the phosphorylation removed by PP2A-B55. The complex formation is

modelled explicitly (Figure 2.10).

The rate of change with respect to time of Gwl-phosphorylated ENSA:

d [pENSA]
dt

= kGwl,ENSA · [pGwlp] · [ENSA] + kdis · [B55:pENSA] (2.12)

− kass · [pENSA] · [B55]− kCDK,ENSA · [CDK] · [pENSA]
+ kcatB55T · [pENSAp:B55]

The complex of PP2A-B55 with pS67-ENSA:

d [B55:pENSA]
dt

= kass · [pENSA] · [B55]− kdis · [B55:pENSA]− kcatB55 [B55:pENSA]
(2.13)

ENSA phosphorylated on both S67 and T28:
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Figure 2.10: Wiring diagram of the model used to recapitulate ENSA phosphorylation by
Gwl and Cdk1:CycB. The T28 site on ENSA is phosphorylated by Cdk1:CycB, and the
S67 site on ENSA is phosphorylated by Gwl. The dephosphorylation of these sites by
PP2A-B55 explicitly includes the complex formation of PP2A-B55 and ENSA.

d [pENSAp]
dt

= kCDK,ENSA · [CDK] · [pENSA] + kdisT · [pENSAp:B55] (2.14)

− kassT · [pENSAp] · [B55] + kGwl,ENSA · [pGwlp] · [ENSAp]
+ kdis · [B55:pENSAp]− kass · [B55] · [pENSAp]

ENSA phosphorylated on both S67 and T28 in complex with PP2A-B55 on the pT28

site of ENSA:

d [pENSAp:B55]
dt

= kassT · [pENSAp] · [B55]− kdisT · [pENSAp : B55] (2.15)

− kcatB55T · [pENSAp : B55]

ENSA phosphorylated on both S67 and T28 in complex with PP2A-B55 on the pS67

site of ENSA:

d [B55:pENSAp]
dt

= kass · [pENSAp] · [B55]− kdis · [B55:pENSAp] (2.16)

− kcatB55 · [B55:pENSAp]

The T28-phosphorylated form of ENSA:

d [ENSAp]
dt

= kcatB55 · [B55:pENSAp]− kassT · [ENSAp] · [B55] (2.17)

+ kdisT · [ENSAp:B55]− kGwl,ENSA · [pGwlp] · [ENSAp]
+ kCDK,ENSA · [CDK] · [ENSA]
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The T28-phosphorylated form of ENSA in complex with PP2A-B55:

d [ENSAp:B55]
dt

= kassT · [B55] · [ENSAp]− kdisT · [ENSAp:B55] (2.18)

− kcatB55T · [ENSAp:B55]

The total ENSA level is conserved in the system, so a conservation equation can be

used:

ENSA = [ENSA]T ot − [pENSA]− [B55:pENSA]− [pENSAp] (2.19)
− [pENSAp : B55]− [B55 : pENSAp]− [ENSAp]− [ENSAp:B55]

The total B55 level is also conserved:

[B55] = [B55]T ot − [B55:pENSA]− [pENSAp:B55]− [B55:pENSAp] (2.20)
− [ENSAp:B55]

Substrate phosphorylation with ‘degradation’ of the probe:

d[pSub]
dt

= kCDK,Sub · [CDK] · ([Sub]T ot − [pSub])− (kB55,Sub · [B55] + kdSub) · [pSub]
(2.21)

The probe total level is modelled to decay because the probe output decreases even

when the phosphorylation state should theoretically be maintained:

d[Sub]T ot

dt
=− kdSub · [Sub]T ot (2.22)

2.5.3.2 Mitotic entry threshold of CDK activity

I used this model to recapitulate the experimental findings (Figures 2.8C and 2.8D). The

explanation, from this model, for the threshold Cdk1:CycB level for substrate phosphoryla-

tion is an underlying bistability due to the mutual antagonism between Gwl and PP2A-B55

(Figure 2.9B). This results in a strong and experimentally testable prediction that the sys-

tem exhibits hysteresis – that is, the state of the system depends not only on the state of

certain variables, but also its history. The system requires more Cdk1:CycB activity to go

from the OFF (interphase-like) to the ON (mitotic-like) state than to maintain the ON state.

Cdk2:CycA was used in the experiments probing for hysteresis in the system. Cdk2:CycA

behaves similarly to Cdk1:CycB in the reconstitution (Figures 2.11A, 2.11B, 2.12, and

2.13A), with the same protocol as before but with the S50-G12 probe. We were able to

simulate the time courses with our model (Figures 2.11C and 2.11D), and the threshold re-

sponse is again due to underlying bistabilty in the protein interaction network (Figures 2.13B

and 2.13C). That Cdk2:CycA behaves similarly to Cdk1:CycB has intriguing ramifications
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Figure 2.11: Time course entry experiments in the biochemical reconstitution and simula-
tions. (A) Probe phosphorylation against time without ENSA addition and (B) with ENSA
addition, using the S50-1G12 probe. ENSA = 300 nM, PP2A-B55 = 50 nM, and Gwl = 20
nM. (C) Simulation without and (D) with ENSA. Parameters can be found in table 6.1. Note
the increased probe phosphorylation compared with Figure 2.8 because this probe is less
sensitive to PP2A-B55. Representative result of six experiments shown here.
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Figure 2.12: Western blot of the end-points of the experiments of Figure 2.11 for Gwl and
ENSA. Representative result of six experiments shown here.

beyond the focus of this project. In cells and Xenopus extracts, Cdk2:CycA activity rises

before mitosis, throughout G2 phase, and before Cdk1:CycB activity rises. This makes

Cdk2:CycA well-placed to be a so-called ‘starter kinase’ for mitosis, helping to trigger the

Cdk1:CycB self-promotion loops involving Wee1 and Cdc25, either directly or by inhibiting

PP2A-B55 via Gwl. For the purposes of this project, importantly, Cdk2:CycA addition still

produced a threshold for mitotic probe phosphorylation, which shows that it phosphorylates

Gwl as well as the probe. We next set out to test the mitotic exit-like threshold expected

from our models.
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Figure 2.14: Addition of p27Kip1 and staurosporine (Sts) to the biochemical reconstitution
at different initial conditions. (A) Addition of p27Kip1, a CDK inhibitor, cannot induce probe
dephosphorylation (S50-1G12) within the timeframe of the experiment, but addtion of stau-
rosporine, a generic kinase inhibitor, can. (B) End-point analysis shows that Gwl is still
phosphorylated with p27Kip1 addition, and in the mitotic state. Staurosporine addition has
an end-point with Gwl dephosphorylated, and a characteristic delay in probe dephospho-
rylation for ENSA to be dephosphorylated. Representative data of two experiments are
shown.

2.5.3.3 Assessing bistability in PP2A-B55 activity

To test for hysteresis, p27Kip1 was added to the biochemical reconstitution in the OFF and

ON states. Inhibitor level in excess of the supra-threshold Cdk2:CycA level (450 nM com-

pared to 20 nM) blocked the phosphorylation of the probe when added five minutes before

the kinase, but when added 25 minutes after the kinase, was insufficient to turn the system

OFF in the time-span of the experiments. The probe and the proteins in the biochemi-

cal reconstitution remained phosphorylated (Figures 2.14A and 2.14B). The apparent ir-

reversibility of the system is in agreement with the model (Figure 2.15A), with simulations

showing ~300 minutes required for the system to undergo the ON to OFF transition (Fig-

ure 2.15B). This is due to the threshold being very close to the y-axis; the system moves

slowly around the bifurcation point, as it is still influenced by the nearby steady state (critical

slowing down).
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Figure 2.15: Simulations of the effect of protein kinase inhibitors on the biochemical re-
constitution. (A) From a phosphorylated state, p27Kip1 or staurosporine is added to the
reconstitution. Staurosporine, but not p27Kip1, can induce probe dephosphorylation (S50-
1G12). (B) A longer time period with p27Kip1 addition would allow the system to move to
the lower branch of the bifurcation diagram of Figure 2.13B.

The underlying reason for this long delay in the ON to OFF transition is the continued

activity of Gwl. Even though its activator is inhibited, the phosphatase required to remove

the activating phosphorylation on Gwl is also inhibited. When the system is in the ON state,

PP2A-B55 is continually removing the phosphorylation of pENSA, whilst being titrated away

from other substrates. But because Gwl is phosphorylated, it re-phosphorylates the de-

phosphorylated ENSA, and so maintains PP2A-B55 inhibition and Gwl activity. In Xenopus

extract, this time delay is not observed, but can be induced by inhibition of PP1. Start-

ing from the phosphorylated state, after supra-threshold addition of CycB-ΔN, p27Kip1 was

added to the extract, which induced dephosphorylation of the probe (Figure 2.16A). When

a PP1 inhibitor was added in addition to p27Kip1, however, the probe remained phospho-

rylated for the 40 minutes observed after the addition of inhibitors. This shows that PP1

activity is important to trigger mitotic exit. Assessing probe phosphorylation after one hour

incubation with CycB-ΔN from an interphase state showed that PP1 has little influence

on the entry threshold (Figure 2.16B). This makes the extract and the biochemical recon-

stitution behave similarly. Thus, in Xenopus extract PP1 acts on Gwl to kick-start Gwl

inactivation and act as a ‘starter phosphatase’ for mitotic exit.

We wanted to assess the OFF threshold in the biochemical reconstitution, and so 10 µM

staurosporine was added, which is a generic kinase inhibitor (and so inhibits both CDK and

Gwl), instead of p27Kip1, with otherwise the same protocol as before. When added whilst

in the ON state, the system underwent the ON to OFF transition within the time-frame of

the experiment (Figure 2.14A), and the proteins in the regulatory network became dephos-

phorylated (Figure 2.14B). There was a characteristic time delay in the dephosphorylation

of the luminescent probe, which was expected from the unfair competition mechanism and

54



0 20 40

0

20

40

60

80

100

Min after +p27Kip1

P
ro

b
e 

P
ho

’n
 (

%
)

A Inhibition of PP1 on mitotic exit

+p27

mock

+p27 +NIPP1

Interphase control

1.0

1.1

1.2

1.3

1.4

1.5

0 0.06 0.12 0.18 0.24

mock

NIPP-added

B

R
el

at
iv

e 
P

ro
be

 P
ho

'n

CycB-ΔN (a.u.)

Figure 2.16: PP1 inhibition and CDK inhibition in mitotic Xenopus egg extract is similar
to the biochemical reconstitution. (A) From a phosphorylated state following addition of a
supra-threshold level of CycB-ΔN, p27Kip1 is added to the extract and the probe is dephos-
phorylated (S50-1G4). When PP1 inhibitor NIPP1 is also added, the probe does not be-
come dephosphorylated, as in the mock treatment. (B) PP1 inhibition has a small influence
on the CycB-ΔN mitotic entry threshold. Xenopus egg extracts were supplemented with
PP1 inhibitor NIPP1 and different levels of non-degradable CycB. Probe phosphorylation
(Pho’n) one hour after addition of CycB is plotted. Representative data of two experiments
are shown.

because there is an excess of pENSA. The pENSA in complex with PP2A-B55 is dephos-

phorylated, and cannot be re-phosphorylated since Gwl is inhibited. But on addition of

staurosporine there is an excess of pENSA to PP2A-B55, which binds rapidly to the newly

liberated PP2A-B55; hence the delay.

We added the effects of staurosporine to our mathematical model using the wiring dia-

gram in Figure 2.17. We can recapitulate the luminescent probe time course data (Figures

2.14A and 2.15A) and we also predict that the ON and OFF thresholds with staurosporine

are different (Figure 2.18A). Different sensitivities of Gwl and CDK to staurosporine cannot

generate bistability by itself. I showed this using the Chemical Reaction Toolbox developed

in Prof. Martin Feinberg’s group [100]. One writes the reaction network, and the toolbox

shows whether any combination of rate constant values, using mass action kinetics, could

give rise to bistability. Without PP2A-B55 dephosphorylating Gwl, bistability was not pos-

sible, even with staurosporine inhibiting CDK and Gwl. XPPAUT code and parameters for

staurosporine addition are in Appendix Section 6.1.2.

Rather, staurosporine is complementary to PP2A-B55 in inactivating Gwl, so the steady

state of the system can be realised in the time-frame of the experiment. Exponentially

increasing concentrations of staurosporine were added to the biochemical reconstitution

before or 25 minutes after the addition of a supra-threshold level (20 nM) of Cdk2:CycA,

and probe phosphorylation was followed. The end-points were then taken and plotted (Fig-

ure 2.18B). Probe phosphorylation at the OFF to ON transition was suppressed by 40 nM
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staurosporine, whilst 320 nM staurosporine was required to induce dephosphorylation at

the ON to OFF transition. This shows that the Gwl-ENSA-PP2A-B55 pathway constitutes a

bistable switch with two distinct kinase activity thresholds.

2.5.3.4 Reducing the critical slowing-down effect with less Gwl

We wanted to reduce the time delay for the system to undergo the ON to OFF state fol-

lowing excess p27Kip1 addition and manipulated the Gwl levels in silico to this end (Figure

2.19). Lower Gwl levels reduce the time delay by increasing the ON to OFF Cdk2:CycA ac-

tivity level threshold; when the system is pushed to the y-axis with large excess of p27Kip1,

the system is further from the bifurcation point and so the vector field has larger magnitude.

The OFF to ON threshold also increases, and so a higher level of Cdk2:CycA was used.

We made experimentally testable predictions using the mathematical model that were sub-

sequently tested using the biochemical reconstitution.

To test this prediction, 100 nM Cdk2:CycA and lower Gwl levels (Figure 2.20) were

added to the reconstitution. The system was allowed to reach the ON state for 16 min-

utes before addition of p27Kip1 (time = 0 on the figure). Phosphorylation of S67-ENSA was

measured just before inhibitor addition; higher Gwl levels led to greater phosphorylation of

ENSA, reaching stoichiometric balance with PP2A-B55 around 3 nM Gwl. Assessment of

ENSA and Gwl phosphorylation 95 minutes after p27Kip1 addition showed the system had

undergone an ON to OFF transition, and this can be confirmed by analysing the phospho-

rylation status of the fluorescent probe (Figure 2.21B).

I used the mitotic exit-like experiment of figure 2.21B in conjunction with the mitotic
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Figure 2.20: The simulations in Figure 2.19 were tested experimentally in the reconstituted
system. Cdk2:CycA (100 nM) was added at -16 mins, with p27Kip1 addition at time = 0
mins. Samples were taken at 0 mins (left) and 95 mins (right) after inhibitor addition. The
concentrations (nM) of S67-phosphorylated ENSA are shown. Note 50 nM PP2A-B55 is
added to the reconstitution.
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Figure 2.21: Mitotic-exit-like simulations and experiments with different Gwl levels. (A) Sim-
ulation and (B) experimental time courses of probe phosphorylation (S50-1G12) of experi-
ment in Figure 2.20. Note the biphasic nature of probe dephosphorylation. Representative
data of four experiments are shown.

entry-like experiment of figure 2.11B to parameterise the model. I recapitulated the time

course experiments in silico (using MATLAB) and used the program MEIGO [42] to min-

imise the objective function based on least squares. This resulted in good agreement with

the experiment (Figure 2.21A). For the experiment with Cdk1:CycB in Figure 2.8 (instead

of Cdk2:CycA here), we used a trial-and error approach to fit the parameter kCDK,Gwl,

keeping the other parameters the same (Table 6.1).

The higher levels of Gwl caused more delay in probe dephosphorylation, which showed

a biphasic response. The second-order rate constant of probe dephosphorylation by PP2A-B55

and gradient of the probe phosphorylation plot were used to calculate the release of PP2A-B55

as a function of time (Figure 2.22A) using equation 2.23 (see Mochida et al. [137] for more

details). It shows a rapid release at the break-point of the biphasic probe dephosphory-

lation, which we captured in the model (Figure 2.22B). The initial small amount of free
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inhibition; high levels of Cdk2:CycA cause significant T28-ENSA phosphorylation, which
inhibits the phosphatase.

PP2A-B55 is due to the excess of high affinity pENSA.

Estimation of concentration of free PP2A-B55 from the rate of dephosphorylation of the

probe:

1
[pSub] ·

d [pSub]
dt

= −kB55,Sub · [B55] (2.23)

Whilst the key finding is the double-negative feedback between PP2A-B55 and Gwl,

there are several details that proved important. Mochida et al [134] found that the Gwl-

mediated S67-phospho-site of ENSA has greater than two orders of magnitude lower Kd

value than the CDK-mediated T28-phospho-site of ENSA. Based on this, I initially neglected

this form of ENSA phosphorylation. It was possible to recapitulate the entry experiments,

but it was not possible to capture the low Gwl experiments with p27Kip1 addition of Fig-

ures 2.20 and 2.21B without this added complexity; the probe was dephosphorylated too

abruptly in the model. In the same experiment, the absence of Gwl still generated an inhi-

bition of PP2A-B55 (Figure 2.22A), which would not be expected in the model with only the

S67-phosphorylated form of ENSA.

2.5.3.5 Threshold dependence on the PP2A-B55 level

We used the mathematical model to predict that the level of PP2A-B55 in the system has a

non-linear effect on the CDK activity threshold of the OFF to ON transition. This prediction

was experimentally validated, as depicted in Figure 2.23A, 2.23B, and 2.23C. The bifurca-

tion diagrams (Figure 2.23D) show how the ON and OFF CDK activity thresholds change as
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Figure 2.23: Changing the B55 level had a nonlinear yet predictable effect on the OFF to
ON CDK activity threshold. Experimental results with 50 (A), 70 (B), or 100 nM (C) PP2A-
B55 depicting end-point relative probe phosphorylation (T50-NCP). ENSA total = 700 nM,
Gwl = 20 nM. (D) Simulation recapitulating the experimental conditions. ENSA total = 700
nM. B55 total = 50, 70, and 100 nM. Representative data of two experiments are shown.

the PP2A-B55 level is varied, which are in good agreement with the experimental findings.

2.6 Re-interpreting literature findings

Using experience gained in analysing the luminescent probe phosphorylation in this chap-

ter, I conceived of alternative explanations for previously published findings relating to the

phosphorylation of the players in the Cdk1 self-promotion loops. The phosphorylation of

Cdc25C by Cdk1 was analysed in Xenopus laevis egg extracts and in vitro by Trunnell et

al. [187]. In the extract, it was reported that there is a sharp threshold of Cdk1 activity for

phosphorylation of Cdc25C. Different concentrations of non-degradable cyclin B together

with an excess of Cdk1 mutant that cannot be inhibited by Wee1/Myt1 were added to ex-

tracts (see legend of Figure 2.24A for detailed experimental protocol).

The Cdk1 activity was confirmed to correlate with the level of CycB added (lower lanes).

The phosphorylation of Cdc25, a substrate of Cdk1:CycB and PP2A-B55, was assessed

after two hours incubation (upper lanes), and showed a clear cyclin threshold between

50 and 60 nM. As the Cdk1 activity scales with the CycB added, the phosphorylation of

Cdc25C showed a threshold with respect to Cdk1 activity, as depicted in Figure 2.24B. The

underlying mechanism responsible for generating the threshold is attributed to multi-site

phosphorylation of Cdc25C.
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A B

Figure 2.24: Cdc25 phosphorylation is ultrasensitive. From Trunnell et al. [187], Figures
1B and 1D. (A) Different concentrations of non-degradable Δ65-cyclin B were added to
Xenopus laevis egg extracts supplemented with 200 nM CDK1AF. The phosphorylation of
Cdc25C was assessed after 120 mins at room temperature. The AF mutation prevents
the inhibitory phosphorylation by Wee1 and Myt1, so the Cdk1 activity corresponds to the
cyclin level. (B) Cdc25C hyperphosphorylation is plotted against Cdk1 activity. Data from
11 experiments were scaled and pooled to give a Hill coefficient of 11.

The experiment of Figures 2.6A and 2.6B is different from that performed by Trunnell, but

is fundamentally recapitulated in the Wee1/Myt1 inhibition case. Instead of supplementing

the extract with a form of Cdk1 that cannot be inhibited by Thr14/Tyr15 phosphorylation,

here Wee1/Myt1 inhibitor was added and it was confirmed the inhibitory phosphorylation

was abolished (both cases had addition of non-degradable cyclin B).

It is therefore unsurprising that the Fizzy pS50 band of Figure 2.6A with the addition

of Wee1/Myt1 inhibitor appears remarkably similar to Cdc25C phosphorylation of Figure

2.24A, with the threshold cyclin level being similar in both cases as well. The luminescent

probe phosphorylation was also switch-like (Figure 2.6B), but it is not possible that multi-

site phosphorylation is responsible for the underlying threshold in this case – there is only

one phosphorylation site on the fragment of the protein. Other CDK substrates in Figure

2.6A also showed a switch-like response.

One explanation for this global switch-like phosphorylation of mitotic substrates with

graded increase in kinase activity is regulation of the Cdk1-counteracting phosphatase.

The same mechanism that we have uncovered, with the double-negative feedback between

PP2A-B55 and Gwl kinase, is likely to be responsible for this seemingly systemic threshold

in substrate phosphorylation at mitotic entry. The underlying bistable switch can give rise

to such a large Hill coefficient, as can be seen in Figure 2.9B.

As with our study, Trunnell et al. [187] also did experiments in vitro. With further insight

into how substrates are phosphorylated by Cdk1:CycB in vitro following the work contained

in this chapter, I can also interpret Figure 3 of Trunnell et al. [187] differently to the authors of

that paper. Purified full-length recombinant Cdc25C was phosphorylated in vitro by different

levels (in arbitrary units) of recombinant p13 Suc1-Δ65-Cyclin B1-CDK1AF complex with

500 µM MgATP for one hour (Figure 2.25A). Data from nine experiments were scaled,

pooled and fitted to a Hill coefficient of 2.3.
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Figure 2.25: Cdc25 phosphorylation can be interpreted as having not reached steady state.
(A) From [187], Figure 3. Purified full-length Cdc25C was phosphorylated for one hour. (B)
Simulation using equation 2.31 with time set to 60 mins and phosphorylation rate constant
set 0.025 AU-1· min-1.

Here, I reinterpret these data. There are two main problems with the Trunnell narrative:

the Hill coefficient reducing by so much in vitro, and whether the in vitro system did reach

a steady state. A different explanation for the findings is as follows.

With multi-site phosphorylation, one can write the processive scheme:

Cdc25 Cdc25p Cdc25pp

Cdk1:CycB Cdk1:CycB

From this, one can write the ordinary differential equations describing how the protein

levels change in time:

d [Cdc25]
dt

= − kCDK,Cdc25 · [CDK] · [Cdc25] (2.24)

Assuming Cdc25 is unphosphorylated at the start of the experiment:

[Cdc25] = [Cdc25T ot] · exp (−kCDK,Cdc25 · [CDK] · t) (2.25)

For the single-phosphorylated form of Cdc25, Cdc25p:

d [Cdc25p]
dt

= kCDK,Cdc25 · [CDK] · [Cdc25]− kCDK,Cdc25 · [CDK] · [Cdc25p] (2.26)

Substituting in 2.25 gives:

d [Cdc25p]
dt

= kCDK,Cdc25 · [CDK] · ([Cdc25T ot] · exp (−kCDK,Cdc25 · [CDK] · t)− [Cdc25p])
(2.27)

Using an integrating factor method and the chain rule, this can be solved:

[Cdc25p] = kCDK,Cdc25 · [CDK] · [Cdc25T ot] · t · exp (−kCDK,Cdc25 · [CDK] · t) (2.28)
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Writing the differential equation for the double-phosphorylated form of Cdc25, Cdc25pp

(one could also use conservation of total protein to determine Cdc25pp at this point):

d [Cdc25pp]
dt

= kCDK,Cdc25 · [CDK] · [Cdc25p] (2.29)

Substituting equation 2.28 gives:

d [Cdc25pp]
dt

= k2
CDK,Cdc25 · [CDK]2 · [Cdc25T ot] · t · exp (−kCDK,Cdc25 · CDK · t)

(2.30)

Which can be solved to give:

[Cdc25pp] = [Cdc25T ot] ·
(

1− exp (−kCDK,Cdc25 · [CDK] · t) (2.31)

− kCDK,Cdc25 · [CDK] · t · exp (−kCDK,Cdc25 · [CDK] · t)
)

From this it can be seen that as t → ∞, [Cdc25pp] → [Cdc25T ot]. In general for n

phosphorylation sites:

[Cdc25pn] = [Cdc25T ot]−
(

[Cdc25T ot] · exp (−kCDK,Cdc25 · [CDK] · t)
)
· (2.32)(

kCDK,Cdc25 · [CDK] · t+ 1
2 · k

2
CDK,Cdc25 · [CDK]2 · t2

+ 1
6 · k

3
CDK,Cdc25 · [CDK]3 · t3 + . . .

+ 1
(n− 1)! · k

(n−1)!
CDK,Cdc25 · [CDK](n−1)! · t(n−1)!

)
Using equation 2.31, I can plot the relative level of Cdc25pp after one hour. With

Cdk1:CycB phosphorylating both sites with rate 0.025 AU-1·min-1, a good correspondence

to the data can be obtained (Figure 2.25B). The attribution of a Hill coefficient to such an

output is nonsensical, however, as it is merely a snapshot of substrate phosphorylation well

before it reaches steady state. I can now incorporate this multi-site phosphorylation into

the model, along with phosphatase regulation, to explain the larger Hill coefficient in the

extract.

2.7 Discussion

This chapter explored a novel interaction within the mitotic entry and mitotic exit control

network. We used a luminescent probe that acted as a read-out of the ratio of Cdk1:CycB

and PP2A-B55 activities, and determined the rate constants for each enzyme acting on
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Figure 2.26: Influence diagram of the main conclusion of the chapter. To enter mitosis,
Cdk1:CycB must overcome its counteracting phosphatase, PP2A-B55, to phosphorylate
hundreds of substrates. Cdk1:CycB is involved in well-known self-promotion loops that can
generate bistablility with Wee1 and Cdc25. We find that PP2A-B55 is also involved in a
self-promotion loop involving Gwl and ENSA, which can generate bistability by itself. There
is mutual antagonism between the Cdk1:CycB and PP2A-B55 self-promotion loops, with
Cdk1:CycB phosphorylating Gwl to inhibit PP2A-B55, and PP2A-B55 dephosphorylating
Tyr-modifying enzymes to inhibit Cdk1:CycB

it. The probe was confirmed to work in Xenopus laevis extracts, and a threshold level of

non-degradable cyclin B was found for mitotic substrate and probe phosphorylation. When

Wee1/Myt1 inhibitor was added to the extract, the threshold in non-degradable cyclin B for

substrate/probe phosphorylation was maintained but reduced, suggesting regulation on the

phosphatase was also playing a role.

To investigate this further we moved to an in vitro setup of purified proteins, reconstitut-

ing the regulatory pathway of PP2A-B55. The luminescent probe again showed a thresh-

old Cdk1:CycB activity level, but a graded response when the phosphatase regulation was

removed. We constructed a mathematical model to recapitulate these findings, which ex-

plained the probe phosphorylation with an underlying bistable switch. The activities of Gwl

and PP2A-B55 are antagonistic, and the inhibtion of PP2A-B55 with an ‘unfair competi-

tion’ mechanism generates the required ultrasensitivity for bistability. As expected from

the model, the reconstitution exhibited different Cdk1:CycB activity thresholds for probe

phosphorylation/dephosphorylation. Experience gained using the model was used to re-

interpret results from the literature. The next step is to go back into cells with a combined

model of PP2A-B55 and Cdk1:CycB regulation, which I do in the next chapter.
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The double negative feedback we found can be incorporated into what else is known

about the regulators of mitotic entry and exit, shown on the influence diagram of Fig-

ure 2.26. Cdk1:CycB is involved in well-known positive and double negative feedback

loops with Cdc25 and Wee1, shown with the arrow from Cdk1:CycB to itself. In a similar

manner, PP2A-B55 inhibits a component of its inhibitory pathway, Gwl, thereby promot-

ing its own activation. By phosphorylating and thereby activating Gwl, Cdk1:CycB inhibits

PP2A-B55 from activating itself; by dephosphorylating Wee1 and Cdc25, PP2A-B55 inhibits

Cdk1:CycB from activating itself. The two enzymes are therefore inhibited by the opposing

player, which gives the possibility of either Cdk1:CycB being ON and PP2A-B55 OFF, or

vice versa. A further feature of this mutual antagonism between two positive feedback loops

is that the difference in thresholds between state transitions is increased: for example, to

go from a low CDK activity G2 state to a high activity M state, not only must CDK overcome

inhibitory Tyr15 phosphorylation, it must also turn off the PP2A-B55 self-promotion loop.

This makes the transitions more robust but also more difficult to initiate. A ‘starter kinase’

consisting of cyclin A has been proposed to aid mitotic entry [52, 67], and it was recently

proposed that PP1 acts as a ‘starter phosphatase’ during mitotic exit [74, 126, 165]. These

concepts are consistent with our findings.
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Chapter 3

Hysteresis of mitotic entry and

exit
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3.1 Overview

The work presented in this chapter pertains to mitotic entry and mitotic exit and was under-

taken with our experimental collaborators Stephy Joseph and Maria Suarez in Dr Helfrid

Hochegger’s group at the University of Sussex. Hysteresis in mitotic entry and exit is ex-

plored in genetically modified HeLa cells. All of the experiments in this chapter were con-

ducted by Stephy Joseph, Maria Suarez, and Helfrid Hochegger in Dr Helfrid Hochegger’s

lab.

3.2 Introduction

Mitotic entry and mitotic exit are brought about by respective phosphorylation and dephos-

phorylation of hundreds of substrates (see Section 1.3 for a more in-depth introduction).

One of the major mitotic kinases is cyclin-dependent kinase 1 (Cdk1) that forms a complex

with its rate-limiting subunit cyclin B. This kinase must overcome the activity of its coun-

teracting phosphatases for substrates to become phosphorylated and for a cell to enter

mitosis. One of the major Cdk1-counteracting phosphatases in mammalian cells is protein

phosphatase 2A in complex with its regulatory subunit B55 (PP2A-B55). PP2A-B55 de-

phosphorylates substrates to bring about mitotic exit [135]. The picture we arrived at in the

previous chapter is presented again here in Figure 3.1, with Cdk1:cyclin B and PP2A-B55

being regulated by bistable mechanisms, which are interlinked.

The experiments confirming bistability in Sha et al. [172], Pomerening at al. [156],

and Mochida et al. [137] were performed in Xenopus extracts or in in vitro reconstitution.

In this project, we set out to investigate whether the regulatory controls are also present

in somatic mammalian cells, and aim to address fundamental questions relating to the

regulatory network controlling mitotic entry and mitotic exit. Is bistability present in cells?

If Cdk1:cyclin B and PP2A-B55 are both regulated by bistable mechanisms, what is the

overall effect of having two interlinked bistable mechanisms?

3.3 Experimental procedures

There is a fundamental difference in the approach that we took to assess the bistable nature

of mitotic entry and mitotic exit to the aforementioned studies in Xenopus extracts and in

vitro with purified proteins, as cyclin B cannot be ‘titrated’ into cells. We used genetically

modified HeLa cells, which have a form of Cdk1 that can be specifically inhibited (HeLa

Cdk1as) by 1NMPP1, a selective, ATP-competitive inhibitor of mutant kinases [11]. Whilst
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Figure 3.1: Overview of the two interlinked bistable mechanisms that control Cdk1:cyclin B
(CycB) and PP2A-B55. Sub: mitotic substrate.

there are several CDK inhibitors available which are capable of arresting cells in G2 phase,

this system is ideal as the inhibition is specific for Cdk1 (and a G1 arrest is avoided) and

the inhibition is reversible [11, 13].

To investigate the effects of the regulation on Cdk1:cyclin B and PP2A-B55, four exper-

imental cases are considered. The control case analyses how the two potentially bistable

mechanisms interlink. To assess the effect of Cdk1 regulation, Gwl siRNA is performed.

This prevents PP2A-B55 from being inhibited by Gwl-phosphorylated ENSA. To assess the

effect of PP2A-B55 regulation, a Wee1 inhibitor is added to the media; this prevents Cdk1

from becoming phosphorylated and inhibited. Gwl siRNA together with Wee1 inhibition is

also done, and this addresses the potential role of other factors that we did not consider.

This experimental setup assesses an ‘artificial’ mitotic entry and mitotic exit, with the ex-

plicit purpose of probing the regulation of Cdk1:cyclin B and PP2A-B55. The scheme is

presented in Figure 3.2.

3.3.1 Mitotic entry

For mitotic entry experiments, HeLa Cdk1as cells were arrested in G2 with addition of the

Cdk1 inhibitor 1NMPP1 at 2 µM. After 20 hours the cells were released into media contain-

ing the proteasome inhibitor MG132 at 25 µM, with different sub-populations transferred into

different concentrations of 1NMPP1. The percentages of cells in mitosis were assessed af-
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Figure 3.2: Scheme of the experimental protocol for mitotic entry and exit for control cells.
For mitotic entry (top), cells are arrested in G2 by addition of 2 µM 1NMPP1 for 20 hours.
Cells are then tranferred into media containing the proteasome inhibitor MG132, with dif-
ferent subpopulations transferred to different concentrations of 1NMPP1. The percentages
of cells in mitosis are assessed after a further four hours. For mitotic exit (bottom), a similar
approach is used but following the G2 arrest, MG132 is added and cells are left to progress
into mitosis for two hours. Different subpopulations are then transferred to different con-
centrations of 1NMPP1, and after a further four hours the percentages of cells that stay in
mitosis are assessed.

ter 4 hours from the release. Cell rounding is the ‘marker’ used to determine the state

(mitosis or interphase) of the cell. In the case of Wee1 inhibition, following the release from

the G2 block the sub-populations of cells were transferred into media that contained 2 µM

MK1775 (Wee1 inhibitor), as well as 25 µM MG132 and different levels of 1NMPP1. In the

case of Gwl siRNA, Gwl siRNA was performed 42 hours before the release. The combined

Wee1 inhibition and Gwl siRNA was a combination of these two perturbations.

3.3.2 Mitotic exit

For mitotic exit, much the same procedure as mitotic entry was followed. HeLa Cdk1as

cells were arrested in G2 with addition of 2 µM 1NMPP1. After 20 hours they were released

into media containing 25 µM MG132 and the cells were this time allowed to progress into

mitosis. After 2 hours from the release, different concentrations of 1NMPP1 were added to

different sub-populations. After a further 4 hours, the percentages of cells that remained

in mitosis were determined. For the Wee1 inhibition, Gwl siRNA, and dual Wee1 inhibition

with Gwl siRNA cases, the same protocol was followed as for the mitotic entry experiments

but for exit.
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Figure 3.3: Percentage of cells in mitosis for different levels of Cdk1as inhibitor, 1NMPP1,
starting from G2 and mitosis. This represents the control experiment without further pertur-
bation. Mean and standard deviation of three experimental repeats are plotted.

3.4 Experimental data

3.4.1 Control cells

Figure 3.3 shows the percentage of cells that are in mitosis with different levels of 1NMPP1

at the end-points for both mitotic entry and mitotic exit in the control case. The cells in

the ‘entry’ case effectively show the amount of inhibitor that is required to block entry into

mitosis, whereas the ‘exit’ case shows how much inhibitor is required to ‘push’ cells out of

the mitotic state and into interphase. That the levels are different shows that the system

is bistable: it takes more inhibitor to push cells out of mitosis than to block their entry; the

mitotic state is self-maintaining.

3.4.2 Wee1 inhibition

Figure 3.4 shows the end-points for both mitotic entry and mitotic exit when Wee1 is inhib-

ited. As a first approximation, in this case the Cdk1 self-promotion loops are non-functional,

since the Cdk1:cyclin B complexes cannot be converted to pre-MPF (Thr14 and Tyr15 phos-

phorylated), however Myt1 may still play a role. The curve for mitotic entry in Figure 3.4 is

shifted rightwards compared with control (Figure 3.3); this is logical – more Cdk1 inhibitor

is required to block mitotic entry in this case, where an endogenous Cdk1 inhibitor (Wee1)

is inhibited, compared to control. This case is similar to that in the study by Mochida et al.

[137].

70



1NMPP1 (μM)

M
ito

tic
 c

el
ls

 (
%

)

entry

exit

Figure 3.4: Percentage of cells in mitosis for different levels of Cdk1as inhibitor, 1NMPP1,
starting from G2 and mitosis. Wee1 inhibitor was also added in this experiment. Mean and
standard deviation of three experimental repeats are plotted.

3.4.3 Greatwall siRNA

In the Gwl siRNA case, PP2A-B55 is constitutively active to a first approximation; it is

intuitive that the plots in Figure 3.5 are shifted to the left compared to the control case

(Figure 3.3). This experimental case is comparable to the Novák and Tyson model [146].

3.4.4 Wee1 and Greatwall siRNA

Combined Wee1 inhibition and Gwl siRNA are shown in the end-points for mitotic entry and

mitotic exit (Figure 3.6). The hysteresis in mitotic entry and exit is largely diminished in this

case, which is an important finding. If hysteresis were maintained, then we would have to

explore what other positive feedback loops were maintaining the mitotic state.

3.5 Model development

The first task in the development of a mechanistic mathematical model is to use available

literature data and recapitulate the experimental findings. Using the well-known regulation

of Cdk1:cyclin B and the finding that PP2A-B55 dephosphorylates Gwl, we conceive the

G2/M transition as being controlled by two bistable switches that mutually inhibit each other

(Figure 3.1).

There are qualitative requirements of the mathematical model based on the experi-
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Figure 3.5: Percentage of cells in mitosis for different levels of Cdk1as inhibitor, 1NMPP1,
starting from G2 and mitosis. Gwl siRNA was also performed in this experiment. Mean and
standard deviation of three experimental repeats are plotted.
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Figure 3.6: Percentage of cells in mitosis for different levels of Cdk1as inhibitor, 1NMPP1,
starting from G2 and mitosis. Wee1 inhibitor was added and Gwl siRNA was performed in
these experiments. Mean and standard deviation of three experimental repeats are plotted.
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ments. The control case, Wee1 inhibition, and Gwl siRNA should have hysteresis in sub-

strate phosphorylation due to underlying bistability of Cdk1:cyclin B or PP2A-B55 activity

(or both). In order to have a bistable system response, it is necessary that there is a positive

loop and ultrasensitivity in the network. Positive loops arise from positive or double-negative

feedbacks, and ultrasensitivity arises from co-operativity, inhibitor titration, multi-site modifi-

cations, or additional positive circuits (more details on this can be found in Section 1.2.1.2).

The requirements of the model can be summarised:

• Bistability in the control case.

• Bistability in the Wee1 inhibition case, with increased Cdk1 inhibitor threshold for

mitotic entry, and largely unchanged Cdk1 inhibitor level for mitotic exit.

• Bistability in the Gwl siRNA case, with reduced Cdk1 inhibitor threshold for mitotic

entry and exit.

• Diminished or no bistability in the dual Wee1 inhibition and Gwl siRNA case. The

threshold of mitotic entry and exit should correspond to the control entry threshold.

In the control case, there are numerous possible sources of the required positive feedbacks

and ultrasensitivity, which we will see in exploring the other cases. In the Wee1 inhibition

case, the model reduces to a ‘constitutive’ Cdk1 activity that follows the cyclin B level. As the

experimental data show that hysteresis persists in this case, the regulation of PP2A-B55

in the model is required to have a bistable response, as in the previous chapter. The

positive feedback comes from the double negative feedback of Gwl and PP2A-B55. The

ultrasensitivity arises from the unfair competition mechanism with pENSA and PP2A-B55.

In the Gwl siRNA case, the model reduces to the Cdk1:cyclin B regulation and consti-

tutive PP2A-B55 activity, as in the Novák and Tyson model [146]. The positive feedback

arises from Cdk1:cyclin B, Cdc25, and Wee1 interactions. As there are two positive feed-

backs, a small hysteretic response is possible; one of the positive feedbacks acts as a

source of ultrasensitivity for the other [40]. But this generates bistability over a very narrow

range of parameters. Both Wee1 and Cdc25 are phosphorylated by Cdk1 on multiple sites

[105, 187], which adds to the ultrasensitivity and is incorporated into the model. In the case

with both Wee1 inhibition and Gwl siRNA, the model reduces to constitutive PP2A-B55 and

Cdk1:cyclin B activities and the hysteresis is gone.

We therefore have the basis of a mathematical model that is at least capable of qual-

itatively recapitulating the experimental findings. To quantitatively model the mitotic entry

and mitotic exit transitions, we use mass action kinetics to convert the influence diagram of
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Figure 3.7: Influence diagram of the model, to a greater resolution than Figure 3.1.

Figure 3.7 into a set of non-linear ordinary differential equations (below) that we can then

solve numerically. The dynamic variables are given in Table 6.4.

There are certain assumptions that can be made given the experimental protocol. I as-

sume that the total level of each protein remains constant, which is significant for proteins

that are normally degraded in mitosis (e.g. cyclin A and Wee1). This assumption is particu-

larly important for cyclin B, which is discussed further below. With a 20 hour G2 block there

is sufficient time for the proteins to reach a steady state level. Transfer of cells into MG132

after the block prevents degradation by the proteasome.

The generic mitotic substrate in the model is phosphorylated by Cdk1, to form Subp,

and dephosphorylated by PP2A-B55 and PP1.

d[Subp]
dt

= kcBc1Sub · VCdk1 · ([Subtot]− [Subp])

− (kB55Sub · [PP2AB55] + kP P 1Sub · [PP1]) · [Subp]

Cdk1, when in complex with cyclin B (CycB:Cdk1), is phosphorylated by Wee1 and

dephosphorylated by Cdc25.

d [CycB:Cdk1]
dt

= VCdc25 · ([CycB:Cdk1tot]− [CycB:Cdk1])

− VW ee1 · [CycB:Cdk1]

The binding of 1NMPP1 (InhCdk) and Cdk1:cyclin B is assumed to be in steady state

to give the rate function for Cdk1, VCdk1.

VCdk1 = [CycB:Cdk1]
1 + InhCdk

KdInhCdk

PP1 is inactivated by phosphorylation by Cdk1 and auto-activates in trans [212].
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d [PP1]
dt

= (kaP P 1 + kaP P 1a · [PP1]) · ([PP1tot]− [PP1])

− (kiP P 1 + kiP P 1Cdk1 · VCdk1) · [PP1]

The total level of phosphorylated ENSA, pENSAtot, is the sum of the PP2AB55:pENSA

complex and free pENSA. Gwl phosphorylates free, unphosphorylated ENSA. PP2A-B55

dephosphorylates pENSA to which it is bound.

d [pESNAtot]
dt

= VGwl · ([ENSAtot]− [pENSAtot])

− kcatB55 · [PP2AB55:pENSA]

Gwl is phosphorylated by Cdk1:cyclin B and Cdk2:cyclin A. Phosphorylated Gwl, Gwlp,

is dephosphorylated by a constitutive phosphatase, PP2A-B55, and PP1.

d [Gwlp]
dt

= (kcBc1Gwl · VCdk1 + kcAc2Gwl · [CycA:Cdk2]) · ([Gwltot]− [Gwlp])

− (kppxGwl + kB55Gwl · [PP2AB55] + kP P 1Gwl · [PP1]) · [Gwlp]

Free PP2A-B55, PP2AB55, is formed when the complex of pENSA and PP2A-B55

dissociates and when pENSA is dephosphorylated.

d [PP2AB55]
dt

= kdiss · [PP2AB55 : pENSA] + kcatB55 · [PP2AB55:pENSA]

− kass · [PP2AB55] · ([pENSAtot]− [PP2AB55:pENSA])

The complex of pENSA and PP2A-B55 by conservation.

[PP2AB55:pENSA] = [B55tot]− [PP2AB55]

Wee1 is phosphorylated by Cdk1:cyclin B and Cdk2:cyclin A. Wee1p is dephosphory-

lated by a constitutive phosphatase and PP2A-B55.

d [Wee1]
dt

= (kppxY 15 + kB55W ee1 · [PP2AB55]) · [Wee1p]−

(kcBc1W ee1 · VCdk1 + kcAc2W ee1 · [CycA:Cdk2]) · [Wee1]

Wee1 has two phosphorylation sites in the model, both of which are

phosphorylated/dephosphorylated with the same rate constants.

d [Wee1pp]
dt

= (kcBc1W ee1 · VCdk1 + kcAc2W ee1 · [CycA:Cdk2]) · [Wee1p]

− (kppxY 15 + kB55W ee1 · [PP2AB55]) · [Wee1pp]

Wee1p is determined by conservation.

[Wee1p] = [Wee1tot]− [Wee1]− [Wee1pp]
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Similar to Wee1, Cdc25 is phosphorylated by Cdk1:cyclin B and Cdk2:cyclin A and

dephosphorylated by a constitutive phosphatase and PP2A-B55.

d [Cdc25]
dt

= (kppxY 15 + kB55Cdc25 · [PP2AB55]) · [Cdc25p]

− (kcBc1Cdc25 · VCdk1 + kcAC2Cdc25 · [CycA:Cdk2]) · [Cdc25]

Cdc25 also has two phosphorylation sites in the model, both of which are phosphory-

lated/dephosphorylated with the same rate constants.

d [Cdc25pp]
dt

= (kcBc1Cdc25 · VCdk1 + kcAc2Cdc25 · [CycA:Cdk2]) · [Cdc25p]

− (kppxY 15 + kB55Cdc25 · [PP2AB55]) · [Cdc25pp]

Cdc25p is given by conservation.

[Cdc25p] = [Cdc25tot]− [Cdc25]− [Cdc25pp]

The rate function for Wee1 includes a term for the less active, phosphorylated Wee1,

and the more active, unphosphorylated form.

VW ee1 = kW ee1S · ([Wee1tot]− [Wee1]) + kW ee1F · [Wee1]

The rate function for Cdc25 has a term for the less active, unphosphorylated Cdc25,

and the more active, phosphorylated form.

VCdc25 = kCdc25S · ([Cdc25tot]− [Cdc25pp]) + kCdc25F · [Cdc25pp]

The rate function for Gwl.

VGwl = kGwlENSA · [Gwlp]

3.5.1 Model analysis

We solve the equations numerically using XPPAUT (the code is in Section 6.2). A partic-

ularly useful plot is the steady state level of the Cdk1/PP2A-B55/PP1 substrate phospho-

rylation against total cyclin B (Figure 3.8). We observe three stable steady states, one

corresponding to interphase with low substrate phosphorylation, one corresponding to mi-

tosis with high substrate phosphorylation, and one with an intermediate level of substrate

phosphorylation which is discussed later. To convert this model output (substrate phospho-

rylation level) into what is observed experimentally (whether a cell is in mitosis or not), an

arbitrary threshold of substrate phosphorylation defines the mitotic state of the cell, which

we take to be 50 % of the maximum.
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Figure 3.8: Steady state response of substrate phosphorylation against cyclin B total for
different Cdk1 inhibitor levels. In our setup, the cyclin B total is assumed to be constant
after the release from the G2 block, and so the system is constrained to moving on a
vertical line. Parameter values are in Table 6.3.

When we draw the plots for different Cdk1 inhibitor levels, the difference in our approach

to the studies assaying bistability in vitro becomes apparent. With increasing Cdk1 inhibitor

levels, the plots move rightward (Figure 3.8). We assume that following the release from

the G2 block, the cyclin B total does not change (as mentioned previously, due to the 20

hour block and the addition of MG132). The system is therefore constrained to move along

a vertical line in Figure 3.8.

We can interpret the observed hysteresis of mitotic entry and mitotic exit within this

framework. In the G2 block, with high level of Cdk1 inhibitor, the cells are in the lower steady

state. The inhibitor is washed out and for the mitotic entry experiments an intermediate

level of Cdk1 inhibitor is added back immediately, which shifts the curves leftwards. For the

mitotic exit experiments, the Cdk1 inhibitor is washed out and the cell progresses to the

mitotic state (vertically upwards on the bifurcation diagram). Intermediate levels of Cdk1

inhibitor are added back to the cells; this shifts the curves rightwards. The transition from

the interphase to the mitotic state occurs at a lower Cdk1 inhibitor threshold than the mitosis

to interphase Cdk1 inhibitor threshold.
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Figure 3.9: Steady state substrate phosphorylation against total cyclin B for the control
case.

3.5.1.1 Control cells

The model output we have assessed so far is the steady state substrate phosphorylation

level against the total cyclin B for the control case (Figure 3.9). This is useful when con-

sidering a ‘normal’ cell cycle, because the mitotic state is driven by accumulating cyclin B

level and then cells exit mitosis when cyclin B is degraded; in this way, the mitotic cycle can

be followed around the hysteresis loop. A more intuitive way to compare the model output

with the experimental data is to plot steady state substrate phosphorylation against Cdk1

inhibitor, presented in Figure 3.10 for the control case. Here we can see that the mitotic

entry threshold of Cdk1 inhibitor is lower than the mitotic exit threshold, and the values are

similar to the 1NMPP1 levels giving 50 % of cells in mitosis.

3.5.1.2 Wee1 inhibition

In the Wee1 inhibition case, when assessing the steady state substrate phosphorylation

against Cdk1 inhibitor (Figure 3.11), the Cdk1 inhibitor mitotic entry threshold is increased

compared with control but the mitotic exit threshold remains the same. Importantly, we

also retain bistability in this case due to the PP2A-B55 regulation, but it is reduced – this

model reduces to that explored in Chapter 2. This is in agreement with the fundamental

requirements of our mathematical model mentioned previously. A further feature in this

case is that the cells in interphase have increased substrate phosphorylation compared

with control cells, and the substrate phosphorylation in mitosis is still almost maximal.
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Figure 3.10: Steady state substrate phosphorylation against Cdk1 inhibitor for the control
case, with cyclin B total fixed at 6.17 AU.

By assessing the activity of Wee1 against Cdk1 inhibitor in the model for the control

case (Figure 3.12), we can discern why the exit threshold of Cdk1 inhibitor is unchanged

in the Wee1 inhibition case compared with control. In the control case in the mitotic state,

just at the point of mitotic exit, Wee1 is not being re-activated, and so Wee1 inhibition does

not influence the system at this point. In the case where Wee1 is inhibited, the substrate

phosphorylation level is increased in the G2-like state compared to control (Figure 3.13).

The mathematical model is consistent with this finding (Figure 3.11).

3.5.1.3 Greatwall siRNA

The Gwl siRNA case is interesting from a historical perspective, as this model reduces

to one that is similar in nature to the Novák-Tyson model with constitutive phosphatase

activity [146]. The steady state substrate phosphorylation against Cdk1 inhibitor (Figure

3.14) shows reduced substrate phosphorylation in the mitotic state due to constitutively

active PP2A-B55. Coming back to our model requirements, both the Cdk1 inhibitor mitotic

entry and mitotic exit thresholds are reduced, as is the bistability in the response.

Assessing the steady state level of free, active PP2A-B55 against Cdk1 inhibitor in

the model in the control case (Figure 3.15) allows us to reason why the Cdk1 inhibitor

entry threshold changes in the Gwl siRNA case compared with control. We see that in the

interphase state PP2A-B55 is not fully active. It is this minor difference between fully active

PP2A-B55 (in Gwl siRNA) and the partially inactivated PP2A-B55 just before mitotic entry
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Figure 3.11: Steady state substrate phosphorylation against Cdk1 inhibitor for the Wee1
inhibition case. Set the parameter kW ee1F to 0.1 AU-1·min-1.
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Figure 3.12: Steady state Wee1 against Cdk1 inhibitor for the control case.
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Figure 3.13: Cdk1 substrate phosphorylation is increased with Wee1 inhibition. Mitotic
phosphorylation is much higher than G2 (top). The three G2 cases (bottom) show con-
trol with 1NMPP1 (1NM) at 1 µM (left), Wee inhibitor MK1775 (MK) at 0.5 µM with 1 µM
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Figure 3.14: Steady state substrate phosphorylation against Cdk1 inhibitor for the Gwl
siRNA case. Set the parameter Gwltot to 0 AU.

in control that causes the threshold to change. Adding a constitutive phosphatase, with

equal activity to the small amount inhibited in the control case, reduces the entry threshold

to that in the Gwl siRNA case (not shown).

3.5.1.4 Wee1 and Greatwall siRNA

With both Wee1 inhibition and Gwl siRNA, the bistability is removed from the model, and

the steady state substrate phosphorylation against Cdk1 inhibitor (Figure 3.16) shows a

graded response.

3.5.2 Comparing the model with the data

3.5.2.1 Mitotic-substrate phosphorylation threshold

The deterministic model described above is useful for analysing the behaviour in a single

cell, but the experimental output is based on a population of cells. To be able to compare

the model output with experimental data, these different outputs must be reconciled. The

data are presented as the percentage of cells in mitosis for different inhibitor levels; the

model has output of substrate phosphorylation for different inhibitor levels. The substrate

phosphorylation level must be translated into a decision as to whether a cell is in mitosis

or not; I chose (arbitrarily) a threshold of half maximal phosphorylation, as before with the

bifurcation diagrams.
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Figure 3.15: Steady state free PP2A-B55 against Cdk1 inhibitor for the control case.
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Figure 3.16: Steady state substrate phosphorylation against Cdk1 inhibitor for the com-
bined Wee1 inhibition and Gwl siRNA case.
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Figure 3.17: Distribution of cyclin B in the population of cells, with median 6.17 AU and
standard deviation 3.4 AU (from parameter fitting).

3.5.2.2 Variability within the population of cells

If every cell received the same level of inhibitor, and the cells responded in the same manner

to a given inhibitor value, the response would be very different to that observed experimen-

tally: the entry and exit thresholds would be step functions. All of the cells in the population

would have substrate phosphorylation above or below the mitosis-defining threshold, with

no heterogeneity.

To capture the variability within the population of cells, some property must be different

between the cells in the population. I chose to vary the level of cyclin B in the cells. The

decision was somewhat arbitrary – I could have chosen another protein, but variation of

cyclin B incorpotates variation in all experimental cases, which would not occur if varying

say Gwl or Cdc25 levels. The distribution of cyclin B in a population of cells is log-normal

(from Toettcher et al. [184], Figure S3), and so I incorporated this variance into the model

(Figure 3.17). This can recapitulate the variance observed experimentally. The more cyclin

B a cell contains, the more inhibitor is required to prevent the cell from entering mitosis,

and the more inhibitor is required to push the cell out of mitosis. This is shown in Figure

3.8. The cyclin B distribution has median 6.17 AU and standard deviation 3.4 AU (from

paramater fitting, below).
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Figure 3.18: Model output simulating the control case for mitotic entry and mitotic exit with
a log-normal distribution of cyclin B for the populaiton of cells.

3.5.2.3 Parameterising the model

I used the parameter fitting routine MEIGO [42] to parameterise the model, building a cus-

tomised objective function that was minimised using the enhanced scatter search. I set out

at first to parameterise the model based on the levels of Cdk1 inhibitor required to have

50 % of the cells in mitosis, in all four experimental conditions and for mitotic entry and mi-

totic exit. I simulated for small values (0.1 AU) above and below these Cdk1 inhibitor levels

and added to the objective function value if the system was not in the desired state. From

this initial estimation, I then used the log-normal distribution of cyclin B for a population of

cells and fitted to all of the data points. The median level of cyclin B was determined in the

first step, and the standard deviation was fitted in the second step. This two-step process

was necessary as the second step involved running the simulations for each level of cyclin

B, rather than just the median level used in the first step. The parameter values after fitting

are given in Table 6.3.

3.5.2.4 Simulations with different cyclin B levels

Taking the log-normal distribution of cyclin B for a population of cells, I replicated the ex-

perimental protocol in silico, with parameter values in Table 6.3. The results for control

(Figure 3.18), Wee1 inhibition (Figure 3.19), Gwl siRNA (Figure 3.20), and combined Wee1

inhibition and Gwl siRNA (Figure 3.21) are presented.
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Figure 3.19: Model output simulating the Wee1 inhibition case for mitotic entry and mitotic
exit with a log-normal distribution of cyclin B for the population of cells.
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Figure 3.20: Model output simulating the Gwl siRNA case for mitotic entry and mitotic exit
with a log-normal distribution of cyclin B for the population of cells.
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Figure 3.21: Model output simulating the combined Wee1 inhibition and Gwl siRNA case
for mitotic entry and mitotic exit with a log-normal distribution of cyclin B for the population
of cells. In this case, the hysteresis is abolished and so the plots for entry and exit overlap.

3.6 Intermediate steady state

An interesting feature of the mathematical model not alluded to so far is the ‘intermediate’

stable steady state. Figures 3.9 and 3.10 both show that as well as there being a stable

steady state corresponding to interphase and mitosis, with substrate phosphorylation be-

ing low and high respectively, there is a regime between the mitotic entry and mitotic exit

thresholds that has a substrate phosphorylation level somewhere between the mitotic and

interphase levels.

The mathematical model only considers one substrate of Cdk1 and PP2A-B55/PP1,

so the cytological state of the cell in this intermediate state is not obvious. If the rate

constants for Cdk1/PP2A-B55/PP1 vary considerably, the intermediate stable steady state

could accentuate these differences, resulting in some substrates being closer to maximum

phosphorylation than others.

3.6.1 Uncoupling of the bistable mechanisms

If we consider a ‘normal’ mitosis, as in the bifurcation diagram of Figure 3.9, it is to be

expected that cyclin B accumulates in G2, when substrate phosphorylation is low, until a

certain threshold, where the system goes from the low to the high substrate phosphorylation

state. The cell then returns to the low mitotic-substrate phosphorylation state at mitotic exit

at a lower cyclin B level, and bypasses the intermediate state. Even though the Cdk1 activity
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thresholds for the (in)activation of PP2A-B55 and Cdk1 are different, a cell normally goes

through both of these thresholds during the mitotic cell cycle. This comes about because

of the interlinked nature of the regulation of Cdk1 and PP2A-B55. It should be pointed out

here that the mathematical model is parameterised to the four experimental conditions for

both mitotic entry and mitotic exit. There are parameter regimes where the system does

not exhibit an intermediate stable steady state, but it emerges based on the thresholds set

when the PP2A-B55/Cdk1 regulatory loops are experimentally manipulated.

3.6.2 Realising the uncoupled state

Despite the intermediate steady state not being observable in a normal mitotic entry and

mitotic exit, there are experimental strategies to test whether it does exist. One method

is to use a modified version of our mitotic entry experiments, but this time adding back

intermediate levels of Cdk1 inhibitor just as the cells are entering into the mitotic state. By

looking at substrate phosphorylation against total cyclin B, the plot is shifted rightwards

with 1NMPP1 in the G2 block (Figure 3.22A). The curve moves leftwards when 1NMPP1

is washed out (Figure 3.22B) and at this point MG132 is added, constraining the system to

move on a vertical line in this plot. We can picture the system as advancing to the mitotic

state, but not yet having reached it. Adding back Cdk1 inhibitor shifts the curves rightwards

(Figure 3.22C); if this is done at a particular time and with a particular Cdk1 inhibitor, the cell

could end up in the intermediate steady state. The phenotype of this would be intermediate

substrate phosphorylation levels, and a cell would appear to ‘rest’ in a state that neither

corresponds to G2 nor to a mitotic state.

How difficult it is to observe the intermediate steady state using the addition of Cdk1

inhibitor as cells progress to the mitotic state depends on numerous factors. Most obvious is

the range of values of Cdk1 inhibitor for which the steady state exists. Add too little inhibitor

and the intermediate state will not be reached – the curves will not shift rightward enough.

Add too much inhibitor and the intermediate state will be bypassed and the interphase

steady state will be reached. The larger the range of values for which the intermediate

state exists, the more likely it is to be observed with this approach. A second factor is the

rate at which the system undergoes the transition from G2 to mitosis. If the system moves

from the lower state to the upper state in a matter of seconds, it is unlikely that the addition

of inhibitor can be timed to capture the intermediate state.

We can use the model to assess the expected activity of components in the regulatory

network in the intermediate state. Figure 3.15 shows the steady state free PP2A-B55

against Cdk1 inhibitor. In the intermediate steady state, PP2A-B55 has an intermedi-
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Figure 3.22: Method to realise the intermediate steady state that is not observed in a nor-
mal mitotic entry and exit. (A) Steady state substrate phosphorylation against cyclin B total
for a cell blocked in G2 with 1NMPP1. (B) Washout 1NMPP1 and transfer to media contain-
ing MG132. The cell will progress on a vertical line on this bifurcation diagram towards the
mitotic state. (C) Add a moderate level of 1NMPP1 before the cell reaches the mitotic state.
The cell could become captured by the stable steady state. (D) Interpretation of the in-
termediate stable steady state corresponding to prophase. The substrate phosphorylation
threshold corresponding to cyclin B translocation to the nucleus is less than that for nuclear
envelope breakdown (which could be realised by different activities of Cdk1/PP2A-B55 to-
wards the substrates).
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Figure 3.23: Steady state Tyr15-unphosphorylated Cdk1:cyclin B against Cdk1 inhibitor for
the control case.

ate activity. We can also assess the activity of Cdk1:cyclin B; Figure 3.23 shows steady

state Tyr15-unphosphorylated Cdk1:cyclin B against Cdk1 inhibitor levels. This shows that

Cdk1:cyclin B is predominantly active in the intermediate state.

3.7 Verification of the intermediate state

A modified version of the mitotic entry experiments was used to capture cells in an inter-

mediate steady state. Cells were blocked in G2 with 1NMPP1, which was then washed out

and the cells transferred to media containing MG132. After around 20 minutes from the re-

lease, 1NMPP1 was added back in three different concentrations. Cells responded in three

different ways to this treatment, with a fraction of responses appearing at each 1NMPP1

level. The three examples are depicted in Figure 3.24 of cells with GFP-tagged cyclin B.

Cells either progress to metaphase (Figure 3.24A), go back to G2 (Figure 3.24B), or stay in

prophase with the nuclear envelope still intact and cyclin B in the nucleus (Figure 3.24C).

Quantification for the different 1NMPP1 levels is shown in Figure 3.24D. The cytology of

the intermediate stable steady state being in prophase can be interpreted within the frame-

work of the mathematical model as cyclin B translocation and nuclear envelope breakdown

having different Cdk1/PP2A-B55/PP1 thresholds (Figure 3.22D).
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Figure 3.24: Representative images of live GFP-cyclin B-tagged cells. (A) Cells moving
forward to metaphase, moving back to G2 (B), or staying in prophase (C). (D) Distribution
(percentage) of cells coming back to G2, stuck in prophase without NEBD and cells going
into mitosis, using 3 different concentrations (0.5, 0.75 and 1 µM) of 1NMPP1.
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3.8 Discussion

We set out to investigate the regulation of mitotic entry and mitotic exit, and whether the

bistability predicted in the activity of Cdk1:cyclin B [146] and PP2A-B55 [201] confirmed

in Xenopus egg extracts [172, 156] and in vitro with purified reconstituted proteins [137]

was present in somatic mammalian cells. We indeed confirmed that there is hysteresis in

mitotic entry and mitotic exit in HeLa Cdk1as cells, with more Cdk1 inhibitor required to

induce mitotic exit than is required to prevent mitotic entry. We then set about investigating

the effects of removing the positive feedback on Cdk1:cyclin B with addition of Wee1 in-

hibitor. Hysteresis persisted but was reduced; we attributed this hysteresis to the regulation

of PP2A-B55. This is one possible explanation of how fission yeast continue proliferating

with compromised Cdk1-Tyr15 phosphorylation [30]. Next, we removed the regulation of

PP2A-B55 with Gwl siRNA. Again, reduced hysteresis persisted. Finally, dual Wee1 in-

hibition and Gwl siRNA greatly diminished the hysteresis between mitotic entry and exit,

confirming that the positive feedback loops regulating PP2A-B55 and Cdk1:cyclin B are the

main factors in producing a bistable mitotic entry/exit response.

To get an understanding of the interplay of these regulatory processes we built a mathe-

matical model which incorporated the main players involved in the regulation of PP2A-B55

and Cdk1:cyclin B. The network structure represents the fastest way to switch between

states [19]. I parameterised the model to fit the four experimental cases, and introduced

variability by assuming a log-normal distribution of cyclin B total concentration in the pop-

ulation of cells; the resulting model was in good agreement with the experimental results.

The resulting bifurcation diagrams had an interesting feature: an intermediate steady state

that is not normally realised by cells. Using the model we devised an experimental protocol

that could realise the intermediate state. Adding Cdk1 inhibitor before the cells reached

the mitotic state arrested a fraction of them in prophase, which we attribute to the interme-

diate steady state. The bistable switches regulating PP2A-B55 and Cdk1:cyclin B usually

ensure only one enzyme is active at a time. In the intermediate state, the switches become

uncoupled and both enzymes are active.
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Chapter 4

Separase regulation at the

metaphase-to-anaphase

transition
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4.1 Overview

This chapter is about the metaphase-to-anaphase transition. The experiments in this chap-

ter were performed in Prof. Olaf Stemmann’s lab at the University of Bayreuth by Dr Su-

sanne Hellmuth. I contributed to the interpretation of experiments and the mathematical

modelling. The work has been publushed in Molecular Cell : ‘Human Chromosome Seg-

regation Involves Multi-Layered Regulation of Separase by the Peptidyl-Prolyl-Isomerase

Pin1’, by Susanne Hellmuth, Scott Rata, Andreas Brown, Stefan Heidmann, Béla Novák,

and Olaf Stemmann [78].

4.2 Introduction

A cell changes dramatically and irreversibly during the metaphase-to-anaphase transition

(described in detail in Section 1.4). Chromosomes align at the equator in metaphase, with

their sister chromatids held together by cohesin complexes at centromeres. Anaphase is

initiated when separase cleaves the Scc1 subunit of cohesin complexes; sister chromatids

separate and are then pulled to opposite poles of the cell. Separase is regulated by mutually

exclusive binding to securin and cyclin B1, which inhibits the protease [177]. The focus

of this chapter is the molecular mechansim by which this mutually exclusive binding is

controlled.

It is important that separase does not become activated until all chromsomes are aligned

on the equator of the cell and sister kinetochores are attached to opposite spindle poles.

There is a control network, termed the mitotic checkpoint and explained in detail in Section

1.4, which ensures this. Suffice to say here that before anaphase, separase is inhibited

by binding to its stoichiometric inhibitor securin, and does not become active until securin

is degraded. There is some contribution from cyclin B1 at this point as well, but separase

binding with cyclin B1 mainly occurs after securin degradation.

It was orginally proposed that phosphorylation of the S1126 site of separase inhibits

separase [178], but it is now known that cyclin B1 binds with separase on the Cdc6-like re-

gion of separase, which is dependent on phosphorylation of the Cdc6-like domain [15]. This

is presented as a ‘tosy-turvy’ anaphase because separase behaves like a CKI and cyclin

B1 a securin [177]. Separase fragments could bind with cyclin B1 without phosphorylation

of S1126, whereas full-length separase required the phosphorylation [15]. It was therefore

proposed that separase undergoes a conformational change, from one form being able to

bind to securin and the other to cyclin B1.

There remain several fundamental unanswered questions about separase regulation.
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Figure 4.1: Cartoon of the working model of separase interactions with Pin1. The WW
domain of Pin1 binds to phosphorylated S1153 of separase. This recruits the PPIase do-
main of Pin1 to isomerise P1127 adjacent to phosphorylated S1126. Cyclin B1 binds to
the Cdc6-like domain (CLD) of separase. The binding is dependent on the CLD being
phosphorylated on several residues.

What is the molecular basis for securin being an inessential gene? What makes the binding

of securin and cyclin B1 to separase mutually exclusive? Does separase cleave cohesin

before or after it binds to cyclin B1? We aimed to answer these questions in this project.

4.2.1 Pin1 interacts with separase in mitosis

Pin1 is a 17 kDa peptidyl-prolyl cis/trans isomerase (PPIase) that is known to have func-

tions in mitosis [119]. Pin1 has a C-terminal PPIase domain, which is adjacent to the

N-terminal WW domain [123]. Pin1 catalyses the (otherwise slow) cis/trans isomerisation

of phosphorylated Ser/Thr-Pro bonds [119].

Our study identified Pin1 as a mitosis-specific interactor and elucidated many molecular

details. The binding of the WW domain of Pin1 with separase is not dependent on separase

S1126 phosphorylation, but the binding of the PPIase domain with separase is dependent

on S1126 phosphorylation. The binding of the WW domain of Pin1 with separase is depen-

dent on phosphorylation of separase S1153 (see Figure 1 of Hellmuth at al. [78] for more

details). Figure 4.1 gives an overview of this working model.

4.2.2 Cyclin B1-dependent inhibition of separase requires Pin1

To test the dependence of cyclin B1 binding to separase on Pin1 activity, Xenopus egg

extracts were supplemented with Δ90-cyclinB1 and were either Pin1-depleted or mock-

treated (Figure 4.2A). Purified securin:separase complexes were incubated in the extracts;

securin became degraded in the extract. Separase was re-isolated, and its activity and

associated factors assessed. When Pin1 was depleted, separase did not bind to cyclin B1

and was active. With mock treatment, separase bound to cyclin B1 and was not active, but

a high salt wash led to removal of cyclin B1 and restored the proteolytic activity of separase.

The binding of cyclin B1 to separase was rescued in Pin1-depleted extract with addition of
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GST-Pin1 which was bacterially expressed, demonstrating the specificity of the depletion.

Next, transgenic HEK293 cells were depleted of Pin1 or mock-treated and induced to

over-express Myc-tagged separase-WT. The cells were then treated with nocodazole and

Pin1 inhibitor EGCG (or mock), and analysed by Myc immunoprecipitation and chromo-

some spreads (Figure 4.2B). Pin1 depletion abrogated cyclin B1 binding to separase, and

addition of Pin1 inhibitor had a compatible and synergistic effect. When separase could not

bind to cyclin B1, there was increased premature loss of cohesin. Expression of Flag-Pin1

from an siRNA-resistant transgene allowed cyclin B1 binding to separase and prevented

the increased sister chromatid separation, again confirming the specificity of the depletion.

The working model for the change in configuration of separase, which allows for cyclin

B1 binding, is presented in Figure 4.3A. Separase must first be phosphorylated on S1126

and S1153, and can then be isomerised by Pin1 at P1127. The phosphorylation of the CLD

is required for the subsequent binding of cyclin B1. With the WW domain of Pin1 binding to

phosphorylated S1153 and the PPIase domain of Pin1 targetting S1126, over-expression of

the PPIase domain could compensate for lack of the WW domain (Figure 4.3B). To explore

this, HEK293T cells were induced to over-express Myc-separase-S1126A, Myc-separase-

P1127A, or Myc-separase-S1153A either alone or with Flag-PPIase-WT or Flag-PPIase-

C113A (Figure 4.3C). The latter form of PPIase is not catalytically active.

With no addition of PPIase, only the wild-type form of separase had binding to cy-

clin B1. With Flag-PPIase-WT expression as well, the separase-WT retained cyclin B1

binding, and it was shown to bind to the PPIase as well. Myc-separase-S1126A and

Myc-separase-P1127A did not bind to cyclin B1 with wild-type PPIase, but

Myc-separase-S1153A did, and it was shown to bind to the Flag-PPIase-WT. Importantly,

the Flag-PPIase-C113A did not allow cyclin B1 binding, but did itself retain binding to sep-

arase. This supports the proposed model. The effect of separase over-expression was

analysed (Figure 4.3D); as expected, when separase could bind to cyclin B1 it helped to

prevent precocious sister chromatid separation.

4.2.3 Pin1 isomerises separase in anaphase

To determine the molecular interplay between separase, securin, and cyclin B1, different

tags and antibodies were used to show that Pin1 and securin do not co-purify with separase

in mitotic HEK293T cells (Figure 4.4A). As was shown by Gorr et al. [64], cyclin B1 is

present when separase is pulled down, but is not present in immunoprecipitation of securin.

This suggests a model whereby Pin1 isomerises separase only when the securin to which

it is initially bound is degraded. It is known that securin binds to separase at both the N and
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Figure 4.2: Pin1 reduces the ability of separase to cleave cohesin. (A) Xenopus
egg extracts were supplemented with Δ90-cyclin B1 and GST-Pin1 where indicated.
ZZ-Tev-separase from HEK293T cells in G1/S was incubated on IgG-sepharose in the ex-
tracts. The separase beads were re-isolated, washed with high salt, and the bound proteins
and Scc1 cleavage ability were assessed. (B) HEK293 cells expressing Myc-separase-WT
were transfected with siRNA against Pin1 or GL2, and a plasmid encoding Flag-Pin1 (re-
sistant to Pin1 siRNA). The cells were treated with Nocodazole and EGCG, followed by
Myc immunoprecipitation and chromsome spread analysis. Mean values are plotted of 3–4
experiments, each of at least 100 cells.

97



C D

A B

Figure 4.3: Binding of separase to cyclin B1 requires catalytically active Pin1. (A) Model
of the formation of the separase:cyclin B1 complex in a Pin1-dependent manner. (B) De-
piction of how S1153A separase can become isomerised by expression of the PPIase
domain of Pin1. (C) HEK293T cells expressing Myc-separase-WT, Myc-separase-S1126A,
Myc-separase-P1127A, Myc-separase-S1153A, and where indicated Flag-PPIase-WT or
Flag-PPIase-C113A, were synchronised in mitosis and lysates were analysed by Myc im-
munoprecipitation and immunoblotting. (D) Chromosome spreads of the cells in C. Mean
values of 3 experiments are plotted, each of at least 100 cells.

C termini of separase, and this binding could prevent Pin1 from isomerising separase by

’locking’ the configuration. A securin variant was engineered to have a human rhinovirus

3c (HRV) protease cleavage site after Q160. The securin was Flag-tagged and truncated

at the N terminus (Δ92) (Figure 4.4B), and confirmed to be cleaved by HRV and not TEV

(Figure 4.4C) . Anti-Flag agarose was used to purify this securin in complex with separase.

This securin:separase complex was then incubated in Pin1-containing Xenopus egg

extracts supplemented with Δ90-cyclinB1. The cyclin B1 did not associate with securin

(via separase), but when HRV protease was added it did (Figure 4.4D). This interaction

was greatly diminished when EGCG was also added to the extract. Addition of Pin1 and

cyclin B1 to isolated securin:separase complexes had the same effect (Figure 4.4E).

To assess the binding of securin and cyclin B1 with separase, HeLa K cells were Tax-ZM

treated (arrested in prometaphase with taxol, and then driven synchronously through mitotic

exit with addition of Aurora B inhibitor ZM447439) and separase was immunoprecipitated

at different time points (Figure 4.5). There was an initial binding of separase with cyclin

B1, and the level of this complex fell following ZM addition. The level of total cyclin B1 also

declined, as expected, and when the level was very low the level of the separase:cyclin B1

complex increased. When Pin1 inhibitor was added, however, the re-binding of separase

and cyclin B1 did not occur.
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Figure 4.4: Separase is isomerised by Pin1 in anaphase. (A) HEK293T cells were in-
duced to over-express Myc-Tev-separase and HA (hemagglutinin)-Pin1. Securin, separase,
and Pin1 were immunoprecipitated with anti-securin, anti-Myc, and anti-HA, respectively.
The negative controls were immunoprecitation with unspecific IgG, Myc immunoprecipita-
tion in the presence of TEV protease, and HA immunoprecipitation in cells with untagged
Pin1. (B) Scheme of wild-type separase and the Δ92 form with a human rhinovirus 3c
(HRV) cleavage site and a Flag. (C) HRV protease efficiently cleaves Δ92-securin-Flag,
but TEV protease does not. (D) Binding of cyclin B1 with securin-bound separase re-
quires cleavage of securin and Pin1 isomerisation of separase. Anti-Myc beads were used
to bind to Myc6-Tev2-separase in complex with Δ92-securinHRV-Flag. The separase was
eluted with TEV protease, and the securin:separase complex was immobilised on anti-
Flag agarose. The complex was incubated in Xenopus egg extracts supplemented with
Δ90-cyclin B1 and ECGC and/or HRV protease. Under low salt conditions, Flag beads
were re-isolated from the extract and associated proteins detected by immunoblotting.
(E) Myc-Tev-separase-Δ92-securinHRV-Flag was purified by Myc immunoprecipitation and
eluted with TEV protease. The complex was immobilised on anti-FLAG agarose and incu-
bated with Cdk1:Δ90-cyclin B1 and ATP, EGCG, GST-Pin1, and HRV protease where indi-
cated. Bound (beads) and unbound (supernatant) proteins were detected by immunoblot-
ting.

Figure 4.5: Pin1 is required to isomerise separase. HeLa K cells were Tax-ZM treated (ZM
addition at t = 0) and analysed at numerous time points. EGCG was added prior to release
where indicated.
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Figure 4.6: Pin1 converts separase into a form that cannot be inhibited by securin.
(A) Myc-TEV-separase-WT and Myc-TEV-separase-S1126A, in association with securin,
were incubated on anti-Myc beads in Xenopus egg extracts containing Δ90-cyclin B1,
re-isolated, and washed with high salt where indicated. Recombinant Δ92-securin was
incubated with the separases, which were then washed, eluted with TEV protease, and
analysed by immunoblotting and an Scc1 cleavage assay/autoradiography. (B) The
Myc-TEV-separase-WT was treated as in A, but with addition of EGCG or DMSO before
Δ92-securin.

4.2.4 The cis isomer of separase cannot bind with securin

To test if the cis configuration of separase could not re-bind to securin, in accordance with

our working model, securin-bound separase-WT and separase-S1126A were incubated

in Xenopus extracts supplemented with Δ90-cyclin B1. Securin was degraded and the

separase-WT was isomerised, judging by its binding to cyclin B1 (Figure 4.6A). Following

re-isolation and a high-salt wash to abrogate binding of separase-WT with cyclin B1, sepa-

rase-WT and separase-S1126A had similar proteolytic activity towards cohesin. Addition of

recombinant Δ92-securin had different responses: separase-WT retained proteolytic activ-

ity, but separase-S1126A became inhibited and associated with securin. With the highest

level of Δ92-securin, addition of Pin1 inhibitor decreased the association of separase-WT

with Δ92-securin compared to control (Figure 4.6B). This is because the trans separase in

this case is bound to securin, and is removed from the cis/trans equilibrium.

Following from these in vitro experiments, the association of securin and separase was

assessed in HeLa cells synchronised with Tax-ZM treatment. The cells were induced to

express non-degradable securin with mutations in the KEN and D boxes (KDMsecurin) just

prior to ZM addition. Separase immunoprecipitation and immunoblotting at different time

points following ZM addition (Figure 4.7A) showed that little KDMsecurin associated with

separase, even after the endogenous securin had been degraded. When Pin1 inhibitor was

added, however, separase bound with the KDMsecurin as the endogenous securin had been

degraded. Quantification of the securin and separase levels (Figure 4.7B) revealed that
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Figure 4.7: Pin1 isomerises separase into a form that cannot re-bind to securin. (A) HeLa
cells were arrested with taxol, supplemented with EGCG where indicated, and induced to
express Flag-securinKDM. Separase was immunoprecipitated at numerous times after ZM
addition (t = 0 min). (B) Quantification of securin from A. Total securin-bound separase
relative to separase was set to 1 at t = 0 min.

~80 % of separase that was initially bound to securin underwent trans–cis isomerisation.

This helps to explain how separase can become activated even with excess securin [76].

4.3 Phosphorylation of cyclin B1 influences its affinity for

separase

Separase that has been liberated of securin inhibition and isomerised by Pin1 is able to

bind with cyclin B1 (assuming that the CLD remains phosphorylated). An important ques-

tion arises: what is the order of cohesin cleavage and separase binding? Queralt and

Uhlmann [162] and Holland and Taylor [83] suggested a handover model where separase

is ‘handed over’ to cyclin B1 from securin, and when the separase-bound cyclin B1 is de-

graded, separase becomes active. Shindo et al. [173], however, found that it is mainly

the auto-cleaved form of separase that binds with cyclin B1 (Figure 4.8); since separase

must be active for this cleavage to happen, this suggests that separase becomes active

before binding to cyclin B1. Explicitly looking at the sensor of separase activity developed

by Shindo et al. [173] is a better way to compare the two possibilities, however – separase

could auto-cleave in cis and not target cohesin, for instance.

To this end, transgenic HeLa cells were transiently transfected to express the separase

activity sensor histone H2B-mCherry-Scc1107-268-eGFP and Myc-separase. The cells

were Tax-ZM treated and assessed for their binding to cyclin B1, and their activity towards

the sensor, with time-resolved immunoblotting of anti-Myc and anti-GFP, respectively. The

peak of separase:cyclin B1 formed after cleavage of the sensor, as shown in Figure 4.9.

When the separase:cyclin B1 complex formed, the total cyclin B1 was low. This suggests

that the affinity of separase and cyclin B1 increases in late mitosis.
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Figure 4.8: Cyclin B1 binds to the cleaved form of separase, from Shindo et al. [173], Figure
6A. HeLa cells were synschronised with monastrol and released with ZM addition. Cells
had endogenous separase replaced with either separase-WT or separase-S1121A (the
murine equivalent of S1126 in humans). Extracts collected 40 minutes after release were
immunoblotted for separase-Myc, and it was found that the separase:cyclin B1 complex
consisted mainly of cleaved separase.

Figure 4.9: Separase becomes active towards cohesin cleavage before binding
to cyclin B1. Transgenic HeLa FlpIn TRex cells transiently expressing histone
H2B-mCherry-Scc107–268-eGFP were arrested with thymidine. Myc6-Tev2-separase expres-
sion was induced by release into media containing doxycyclin. The cells were re-arrested
with taxol, and released with ZM addition (t = 0 min). At different time points, anti-Myc
immunoprecipitation was used to assess binding of cyclin B1 with separase, and anti-GFP
immunoprecipitation allowed for assessment of separase proteolytic activity.
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Figure 4.10: Unphosphorylated cyclin B1 has a higher affinity for separase than phospho-
rylated cyclin B1. (A) HEK293 cells expressing Myc-separase-WT and either Δ90-cyclin
B1-WT or Δ90-Cyclin B1-4A were Tax-ZM treated. Myc immunoprecipitation at differ-
ent time points was used to assess the separase-bound securin, endogenous cyclin B1
and the Δ90-cyclin B1 forms. (B) HEK293 cells expressing Myc-separase-WT and cyclin
B1-8A-Flag were treated as in A.

Cyclin B1 is phosphorylated on S126, S128, S133, and S147 by Plk1, Cdk1, or other

mitotic kinases [96]. During mitotic exit S147 is dephosphorylated [186], and it is likely

that the other sites are as well. To test whether the phosphorylation of cyclin B1 in-

fluences its affinity for separase, these four sites were mutated to alanine in addition to

an N-terminal truncation (Δ90) and expressed in HEK293 cells along with Myc-separase.

Following Tax-ZM treatment, Myc-IP followed by western analysis was performed (Figure

4.10A). In prometaphase, the 4A variant already out-competed the WT truncated form of

cyclin B1 (Figure 4.10A, time 0). The WT truncated form of cyclin B1 did not prevent the

formation of the endogenous separase:cyclin B1 peak in late mitosis, even though the WT

form remained high and the endogenous form was largely degraded. Together with the

weak binding of both forms in prometaphase, this suggests that the intial 90 residues of

cyclin B1 contribute to separase binding and that the binding is regulated.

Four of the first 90 residues of cyclin B1 are phosphorylated in mitosis (S9, S35, S69,

and S116) [34]. Mutating these sites to alanine, in addition to the other four aforementioned

sites, enhanced cyclin B1 binding to separase; the endogenous cyclin B1 was largely re-

placed by the 8A-mutant (Figure 4.10B). The 8A-mutant form of cyclin B1 was degraded in

a similar manner to endogenous cyclin B1, and the complex of this form of cyclin B1 and

separase did not decline transiently following Tax-ZM treatment.

4.4 Aggregation of separase in late mitosis

The different configurations of separase bind to either securin or cyclin B1. In addition

to this, they have different half-lives of activity. The motivation for determining the activi-

ties of the different configurations of separase comes from the observation that cohesin is

reloaded onto chromosomes as early as telophase, even though securin and cyclin B1 lev-
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Figure 4.11: HeLa K cells were treated with DMSO or EGCG prior to immunofluorescence.
Telophase cells with condensed DNA (by DAPI staining) and broad midbodies (by the sur-
vivin signal) were assessed for Scc1-positive chromatin. Mean values of 3 experiments are
plotted. Scale bar = 6 µm.

els are low. Two different forms of separase were expressed in Xenopus extracts containing

Δ90-cyclin B1: separase-S1126A and separase-ΔCLD. The former form of separase can-

not be isomerised, and is therefore active after securin degradation. The latter is isomerised

after securin degradation, but cannot be inhibited by cyclin B1. At different time points after

pre-incubation the activity of separase towards 35S-labelled cohesin was assessed. The

isomer of separase that binds to cyclin B1 was more prone to aggregation and losing its

capability to cleave cohesin (t1/2 = 10 min), whereas the form of separase that can bind

with securin did not lose its proteolytic activity over the course of one hour (more details in

Hellmuth et al. [78], Figure 7).

To test the effects of separase isomeristation on cohesin reloading, HeLa K cells in

telophase were assessed for Scc1 association with chromatin by immunofluorescence mi-

croscopy (Figure 4.11). With prior addition of EGCG, 34 % of telophase cells had Scc1

associated with cohesin, but Scc1 associated with chromatin in 87 % of control cells. This

shows that the isomerisation of separase is important for chromatin reloading in telophase.

Interestingly, the CPC moves to the midbody by telophase (judged by the survivin signal).

Addition of EGCG should have a similar effect to the separase-SA mutation used by Shindo

et al. [173], where the CPC stayed on chromosomes in anaphase (shown in Figure 1.18B).

This suggests that by telophase, Cdk1 activity has fallen enough for the CPC to translocate,

even without separase-mediated inhibition of Cdk1.

4.5 Mathematical modelling

Armed with all of these data, we are able to construct a mathematical model of separase

regulation. The activation of separase is of interest from a dynamical systems perspec-
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tive as there are several opposing constraints, based on the experimental results of this

study and from the literature. Starting with the literature, fourfold over-expression of non-

degradable cyclin B1 prevents sister chromatid separation, but non-degradable cyclin B1

expressed at endogenous levels does not [211]. It is also known that securin is an inessen-

tial gene [131]. From this study, inhibiting Pin1 prevents cyclin B1 from binding to separase

in late mitosis. During ‘normal’ mitotic progression, cohesin cleavage occurs before the

second ‘peak’ in the cyclin B1:separase complex (Figure 4.9).

Knowing all of this information is useful, because if the model that we construct is able to

account for all the outcomes in all of these perturbations, we can be more confident that the

model will hold true if different manipulations are made. But to be able to have internal con-

sistency, the model must be put into mathematical form. An example of this is seen where

two cases demand a compromise: that over-expression of cyclin B1 can block cohesin

cleavage, and that cohesin cleavage occurs before the formation of the separase:cyclin B1

complex.

We did not include all of what is known about separase regulation, but rather what is

pertinent to this study, as shown in the wiring diagram of Figure 4.12. Separase can be

in either the trans configuration or the cis configuration. In the former, it can bind with se-

curin, whilst in the latter it can bind with cyclin B1. Free, trans separase can be irreversibly

isomerised by Pin1 into the cis configuration; implicit here is the assumption that separase

remains phosphorylated in the timespan we are modelling. Cyclin B1 is either in the phos-

phorylated or unphosphorylated state and can bind with the cis configuration of separase.

The phosphorylation state of cyclin B1 influences its affinity for separase: unphosphory-

lated cyclin B1 binds to separase with higher affinity than phosphorylated cyclin B1; this

explains how the peak of separase:cyclin B1 forms even with low levels of total cyclin B1.

Cyclin B1 is phosphorylated by Cdk1:cyclin B1 and dephosphorylared by a Cdk1-regulated

phosphatase which is self-promoting. One important omission in our model is the cleavage

of separase – whereas Shindo et al. [173] attributed importance to this, we use the phos-

phorylation of cyclin B1 to regulate separase:cyclin B1 binding instead. We also assume

that the cleaved and full-length forms of separase have the same activity towards cohesin,

which is consistent with the literature [203].

We took the wiring diagram of Figure 4.12 and converted the reactions into a set of non-

linear ordinary differential equations with dynamic variables given in Table 6.5. We used

mass action kinetics except for cohesin cleavage by separase. The equations were solved

numerically and simulations were run using freely available software XPPAUT (http://www.m

ath.pitt.edu/~bard/xpp/xpp.html). The XPPAUT code in the Appendix Section 6.3 can be
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Figure 4.12: Wiring diagram of the model. Separase is synthesised in the free, trans form,
and binds with securin. Following ZM addition, the APC/C becomes active and marks se-
curin and cyclin B1 (CycB) for degradation. Separase free of securin inhibition can be
isomerised by Pin1 into the cis form. The cis form of separase binds to CycB and phospho-
rylated CycB, with greater affinity to the former. The model contains the phosphorylation
and dephosphorylation of CycB when in complex with separase (not shown here for clar-
ity). CycB is phosphorylated by Cdk1:CycB and is dephosphorylated by a self-promoting
phosphatase that is inhibited by Cdk1:CycB.
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used to run the simulations.

The simulations in Figures 4.13 are run from the prometaphase block, where the APC/C

is inactive due to high levels of MCC. ‘Normal’ mitotic progression is shown in Figure 4.13A,

where we are able to capture the formation of the ‘peak’ in separase:cyclin B1 from Figure

4.5, and that this occurs after cohesin cleavage as in Figure 4.9. The experiment with

cyclin B1-8A is simulated in Figure 4.13B; for this, the parameter kpCdk was set to 0 with

the following changes in the initial conditions: [Sec:Septrans] = 0.6, [CycB] = 20, CycBp =

0, CycB:Sepcis = 0.4, CycBp:Sepcis = 0. The formation of the separase:cyclin B1 complex

of Figure 4.10B is captured. With separase-S1126A, separase-P1127A, or Pin1 inhibition

or depletion, the same changes were made to the model: [Pin1tot] or kP in1 were set to

0, and the initial conditions for [Sepcis] and [CycBp:Sepcis] were set to 0. The lack of

separase:cyclin B1 complex formation in late mitosis, as in Figure 4.5, was captured (Figure

4.13C).

The literature findings of using fourfold over-expression of non-degradable cyclin B1

blocking sister chromatid separation, and expression of an endogenous level of non-degr-

adable cyclin B1 not preventing sister chromatid separation, are captured with the simu-

lations in Figures 4.13D and 4.13E, respectively. In these cases, the APC/C-dependent

degradation parameter is set to 0 from 0.15 AU-1·min-1 (kdCycB2). In the case of non-

degradable cyclin B1 over-expression, the intitial value of [CycBp] was increased fourfold,

from 20 to 80 AU, and the rate of synthesis (ksCycB) was increased fourfold as well, from

0.02 to 0.08 AU·min-1. With CHX addition, the synthesis rates of the proteins were set to 0

(by setting the parameter CHX to 0, which is multiplied by the synthesis rates). We simu-

late three cases with CHX: otherwise ‘normal’ mitotic progression; fourfold over-expression

of non-degradable cyclin B1; and separase-S1126A, separase-P1127A, or Pin1 inhibition

or depletion. These are shown in Figures 4.14A, 4.14B, and 4.14C, respectively.

Parameter values for the simulations, besides the specific cases mentioned here, can

be found in Table 6.6, which we determined by trial and error, starting from an initial guess

until the output matched the experiments. For ZM treatment, the value of kaSAC is changed

from 0.5 to 0.05 AU·min-1.

The model is defined by the following equations:

Securin is either in the separase-bound form or the free form and the total is Sectot.

Securin has a basal zero-order synthesis rate, a first-order basal degradation rate, and a

second-order degradation rate that also depends on the APC/C:

d [Sectot]
dt

= ksSec · CHX − (kdSec1 + VdSec) · [Sectot]
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D E

Figure 4.13: Simulation of progression from the taxol block without CHX. (A) ‘Normal’ mi-
totic progression. (B) With cyclin B1-8A. (C) Removal of Pin1 activity. (D) Four-fold over-
expression of non-degradable cyclin B1. (E) Expression of non-degradable cyclin B1 at
endogenous level.

A B C

Figure 4.14: Simulations from the taxol block with CHX addition. (A) ‘Normal’ mitotic pro-
gression. (B) Four-fold over-expression of non-degradable cyclin B1. (C) Removal of Pin1
activity.
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[Sepfree], representing free separase, is the sum of the trans and cis configurations

of separase that are not bound to cyclin B1 or securin. Separase has a basal zero-order

synthesis:

d [Sepfree]
dt

= ksSep · CHX − kdSep · [Sepfree]− kass1 · [Septrans] · [Sec]

+ (kdis1 + kdSec1 + VdSec) · [Sec:Septrans]− kass2 · [Sepcis] · [CycB]
+ (kdis2 + kdCycB1 + VdCycB) · [CycB:Sepcis]− kass3 · [Sepcis] · [CycBp]
+ (kdis3 + kdCycB1 + VdCycB) · [CycBp:Sepcis]

Sec:Septrans corresponds to the securin:separase complex:

d [Sec:Septrans]
dt

= kass1 · [Sec] · [Sep]− (kdis1 + kdSep + kdSec1 + VdSec) · [Sec:Septrans]

Sepcis is the free form of separase in the cis configuration, which can bind to cyclin B1:

d [Sepcis]
dt

= kP in1 · [Pin1] · [Septrans]− kdSep · [Sepcis]

− kass2 · [CycB] · [Sepcis] + (kdCycB1 + VdCycB + kdis2) · [CycB:Sepcis]
− kass3 · [Sepcis] · [CycBp] + [kdis3 + kdCycB1 + VdCycB ] · [CycBp:Sepcis]

CycB represents the Cdk1:cyclin B1 not bound to separase, and not phosphorylated on

cyclin B1:

d [CycB]
dt

= ksCycB · CHX

− kpCdk · [CycB] · ([CycB] + [CycBp]) + Vdp · [CycBp]
− (kdCycB1 + VdCycB) · [CycB]− kass2 · [Sepcis] · [CycB]
+ (kdis2 + kdSep) · [CycB:Sepcis]

CycB:Sepcis corresponds to the Cdk1:cyclin B1:separase complex, with the unphos-

phorylated form of cyclin B1:

d [CycB:Sepcis]
dt

= kass2 · [Sepcis] · [CycB] + Vdp · [CycBp:Sepcis]

− kpCdk · [CycB:Sepcis] · ([CycB] + [CycBp])
− (kdis2 + kdCycB1 + VdCycB + kdSep) · [CycB:Sepcis]

CycBp is free Cdk1-cyclin B1 not bound to separase and containing phosphorylated

cyclin B1:

d [CycBp]
dt

= kpCdk · [CycB] · (CycB + CycBp)− Vdp · [CycBp]

− (kdCycB1 + VdCycB) · [CycBp]− kass3 · [Sepcis] · [CycBp]
+ (kdis3 + kdSep) · [CycBp:Sepcis]

CycBp:Sepcis corresponds to the Cdk1:cyclin B1:separase complex, with cyclin B1 be-
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ing in the phosphorylated form:

d [CycBp:Sepcis]
dt

= kass3 · [Sepcis] · [CycBp]− Vdp · [CycBp:Sepcis]

+ kpCdk · [CycB : Sepcis] · ([CycB] + [CycBp])
− (kdis3 + kdCycB1 + VdCycB + kdSep) · [CycBp:Sepcis]

Cohesin is cleaved by free separase:

d [CohCl]
dt

= kCohCl · [Sepfree] · Cohtot − CohCl
JCoh + Cohtot − CohCl

PP is the phosphatase that removes the phosphorylation on cyclin B1:

d [PP ]
dt

= (kaP P 1 + kaP P 2 · [PP ]) · ([PPtot]− [PP ])− kiP P · ([CycB] + [CycBp]) · [PP ]

The total level of MCC is given the sum of the free and APC-bound forms:

d[MCCtot]
dt

= kaSAC − (kiSAC1 + kiSAC2 · [APC]) · [MCCtot]

[MCC:APC] complexes are calculated based on the assumption of steady state:

BB = [MCCtot] + [APCtot] +KdisSAC

[MCC:APC] = 2 · [MCCtot] · [APCtot]
BB +

√
BB2 − 4 · [MCCtot] · [APCtot]

[APC] = [APCtot]− [MCC:APC]

Rate functions describe the APC/C-dependent degradation of securin and cyclin B1:

VdSec = kdSec2 · [APC]

VdCycB = kdCycB2 · [APC]

Rate function for dephosphorylation of cyclin B1:

Vdp = kdp1 · ([PPtot]− [PP ]) + kdp2 · [PP ]

The level of free securin is calculated:

[Sec] = [Sectot]− [Sec:Septrans]

The level of free separase in the trans form is determined:

[Septrans] = [Sepfree]− [Sepcis]

4.6 Discussion

Separase is the crucial protease that initiates sister chromatid separation. Once sister

chromatids have separated, the information that they are sisters is irretrievably lost. The

regulation of separase is therefore of fundamental importance to understand the fidelity of

mitosis and has been well studied; despite this, there were several fundamental questions
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that remained unanswered. What is the molecular basis for securin being an inessential

gene? What makes the binding of securin and cyclin B1 to separase mutually exclusive?

Does separase cleave cohesin before or after it binds to cyclin B1?

This study has attempted to answer these questions. We identified the cis/trans iso-

merase Pin1 as a mitosis-specific interactor of separase which converts the protease from

a configuration able to bind to securin into one able to bind to cyclin B1. After being lib-

erated from securin inhibition, separase is isomerised by Pin1. Separase binds to cyclin

B1, forming a peak in the separase:cyclin B1 complex, which inhibits both the separase

and Cdk1 in the complex, after separase has cleaved cohesin. This binding is regulated by

cyclin B1 phosphorylation, which explains how the peak can form even with low amounts

of total cyclin B1.

The physiological relevance of the separase:cyclin B1 complex formation was demon-

strated by Shindo et al. [173] – the chromosomal passenger complex did not translocate

from the chromosomes to the midzone in anaphase when cells had a separase variant un-

able to undergo isomerisation. Our study suggests that the CPC does eventually translo-

cate, as demonstrated in Figure 4.11 (here, Pin1 was inhibited and the CPC was found

at the midzone in telophase). Separase promotion of mitotic exit once separase is free of

securin is also found in budding yeast [161], but in budding yeast this is through activation

of a phosphatase, Cdc14, rather than inhibition of the kinase Cdk1.

Our mathematical model helps to bring the multiple layers of separase regulation into a

formal, mathematical framework. In this way, we could test whether our model holds up to

several experimental perturbations, such as securin is an inessential gene; over-expression

of non-degradable cyclin B1 prevents cohesin cleavage, but expression of non-degradable

cyclin B1 at an endogenous level does allow cohesin cleavage; separase cleaves cohesin

before it forms a complex with cyclin B1; and Pin1 inhibition prevents separase:cyclin B1

complex formation. Whilst this does not guarantee our model is correct, it makes us explic-

itly state our assumptions and show whether our model is internally consistent [69].

We chose to not include all of what is known about the regulation of separase, such as

separase binding with PP2A-B56, but focused on what was important to the questions we

were asking. One important omission was separase auto-cleavage. Shindo et al. [173]

found that of the separase in complex with cyclin B1, most was auto-cleaved (Figure 4.8),

and argued that auto-cleaved separase has a higher affinity for cyclin B1 than full-length

separase. An alternative explanation, which we favour, is that full-length and cleaved sepa-

rase have the same affinity for cyclin B1 (which was found in cells arrested in prometaphase

[82]), and that at the time of separase:cyclin B1 complex formation most separase happens
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to be auto-cleaved. It is the phosphorylation of cyclin B1 that affects its affintiy for separase

(Figure 4.10). Full-length and cleaved separase also have similar catalytic activity [203],

hence our decision to omit separase cleavage from the model.

In addition to inhibiting Cdk1 during mitotic exit, the formation of the separase:cyclin B1

complex may play other roles. The catalytic activity of separase is required in G1 phase

for centriole disengagement [191], and it is possible that the separase:cyclin B1 complex

from anaphase is required for this, perhaps by preventing the aggregation of separase,

as centriole disengagement is compromised when endogenous separase is replaced with

separase-ΔCLD (which cannot bind to cyclin B1) [77]. Furthermore, Cdk1 inhibition due to

separase binding was reported to be required for cytokinesis at the end of female meiosis

I [65]. Our model could be useful in studies of these processes.
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Conclusions
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Figure 5.1: The mitotic checkpoint is composed of two modules: the error correction module
and the SAC. EC, error correction; SAC, spindle-assembly checkpoint; MCC, mitotic check-
point complex; AurBc, centromeric Aurora B; AurBa, active Aurora B; MBSa, microtubule
binding sites attached to microtubules. Adapted from Mirkovic et al. [132].

5.1 Similar dynamic features of the mitotic checkpoint and

mitotic entry and exit

In studying the metaphase-to-anaphase transition and mitotic entry and exit, we uncovered

similarities in the dynamic features of the control networks [92]. The mitotic checkpoint

ensures that chromosome segregation is not initiated until all chromosomes have correctly

attached to the mitotic spindle. It was recently proposed [132] (by our group) that the

underlying regulatory network consists of two modules, called error correction (EC) and the

spindle-assembly checkpoint (SAC), as shown in Figure 5.1, each having positive feedback.

The error correction module removes kinetochore–microtuble attachments that are im-

proper (see Section 1.4.3 for a more detailed discussion). The spindle-assembly checkpoint

module produces a ‘wait anaphase’ signal that prevents the separation of sister chromatids

until all kinetochores are attached to the mitotic spindle. The mechanistic basis of error

correction involves Aurora B kinase, within the chromosomal passenger complex, being

targeted to the inner centromere. Aurora B phosphorylates substrates in the outer kineto-

chore, which destabilises kinetochore–microtubule attachments. When tension is gener-

ated across the kinetochore–microtubule interface, it is proposed that Aurora B is then out-

of-reach of its substrates, and so attachments are stabilised. This model then requires that

incorrect microtubule–kinetochore attachments do not generate as much tension across

the kinetochore as correct attachments. The positive feedback loop in this module is in

the form of double negative feedback: Aurora B acts to remove kinetochore–microtubule

attachments, and correct attachments prevent Aurora B from reaching its substrates.
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Figure 5.2: Encapsulation of the metaphase-to-anaphase transition within the mitotic entry
and exit regulatory framework. Adpated from Hutter et al. [92]

The mechanistic basis of the SAC positive feedback loop is centred on Cdk1:CycB.

To prevent precocious degradation of securin and cyclin B, the SAC produces a diffusible

signal that inhibits APC/CCdc20, which marks securin and cyclin B for degradation. The

signal is the mitotic checkpoint complex (MCC), which binds to APC/CCdc20 and prevents it

from ubiquitinating securin and cyclin B. The production of MCC is dependent on a logical

AND gate with input of unattached kinetochores and high Cdk1 activity. This creates the

positive feedback: Cdk1 promotes MCC formation, which prevents CycB degradation.

The two modules of the mitotic checkpoint are interlinked, with each module promoting

the other. Cdk1 promotes the localisation of Aurora B to the centromeres, which promotes

error correction. Error correction produces unattached kinetochores, which are required for

the production of MCC. In this way, error correction promotes the SAC.

These modules interact with the network controlling mitotic entry and mitotic exit, as

shown in Figure 5.2. The activity profiles of the main players and the cell cytology are also

shown, which gives context to the mitotic checkpoint: it is encapsulated within the mitotic

entry and exit switches. By drawing the influence diagrams of mitotic entry and exit (Figure

5.3A) and the mitotic checkpoint (Figure 5.3B) side-by-side, their similarity is apparent.

Each of their constituent enzymes or modules are regulated by positive feedback. For

mitotic entry and exit, the enzymes are mutually inhibiting, but for the mitotic checkpoint the

modules are mutually activating.

To visualise and simulate the effects of these similarities and differences, we reduced

each of the networks to two dynamic variables. For mitotic entry and mitotic exit, we used

Cdk1 (X) and PP2A-B55 (Y) as the dynamic variables, and for the mitotic checkpoint we

used error correction (EC, X) and Cdk1 (Y). The equations take the form:
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116



Mutual inhibition of PP2A-B55 and Cdk1:

d [X]
dt

=
(
kax + kax2 · [X]n

Jn
x + [X]n

)
· ([XT ot]− [X])− ki · [X] · [Y ]

Jy + [Y ]

d [Y ]
dt

=
(
kay + kay2 · [Y ]n

Jn
y + [Y ]n

)
· ([YT ot]− [Y ])− ki · [Y ] · [X]

Jx +X

Mutual activation of EC and SAC:

d [X]
dt

=
(
kax + kax2 · [X]n

Jn
x + [X]n

)
· [Y ]
Jy + [Y ] · ([XT ot]− [X])− ki · [X]

d [Y ]
dt

=
(
kay + kay2 · [Y ]n

Jn
y + [Y ]n

)
· [X]
Jx +X

· ([YT ot]− [Y ])− ki · [Y ]

As we only use two dynamic variables we can plot the output of the model on a phase-

plane. This allows us to plot the steady state Cdk1 activity for different values of active

B55, which is the Cdk1 nullcline in Figure 5.3C, purple. The steady state B55 activity can

also be plotted for different levels of Cdk1 activity (Figure 5.3C, red). Where the two null-

cines intersect gives a steady state of the system; both dynamic variables are at steady

state. There are three intersections of the nullclines, showing that the system is bistable.

Two of the intersections are stable steady states (black circles) that are separated by an

unstable steady state (white circle). When Cdk1 activity is high, B55 activity is low and

this corresponds to the mitotic state. When Cdk1 activity is low, B55 activity is high, which

corresponds to the interphase state.

For the mitotic checkpoint, we plot Cdk1 activity against error correction activity (Figure

5.3D). The nullclines intersect in three places, but this time the stable steady states have

Cdk1 and error correction activities being both high or both low. The Cdk1 nullcline is

‘S’-shaped, due to the positive feedback of the SAC; this also shows that Cdk1 activity is

promoted by error correction activity. The error correction nullcine is also ‘S’-shaped when

plotted against increasing Cdk1 activity, showing that error correction activity is promoted

by Cdk1 activity due to the interlinked nature of the two mitotic checkpoint modules. The

‘S’ shape arises from the positive feedback within error correction.

The phase planes of Figures 5.3C and 5.3D are representative snapshots of the sys-

tems within the bistable regime. To understand how transitions between interphase/mitosis

are made, we vary the total cyclin B which causes the Cdk1 nullcline to change. To make

a transition from interphase to mitosis, the cyclin B total must increase enough so that the

nullclines only intersect in one place; the steady state corresponding to interphase and the

unstable steady state collide and cease to exist. The system then has one steady state

corresponding to mitosis. To make the transition from mitosis to interphase, the cyclin B

total must be lowered so that only one stable state exists once more, with high B55 and low

Cdk1 activities.
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Figure 5.4: The Cdk1 nullcline changes as the cyclin B total is varied, and the cyclin B
levels at which mitotic entry and mitotic exit occur are assessed for three model scenarios.
(A) The Novák and Tyson [146] model, with the PP2A-B55 nullcline as a horizontal line, as
PP2A-B55 activity is constant. (B) PP2A-B55 inhibition at high Cdk1 activity. Set param-
eters kay2=0 and kay=0.005. (C) Bistable PP2A-B55 activity with respect to cyclin B total
due to positive feedback in the regulation of PP2A-B55. Parameter values are in Table 6.7.
The cyclin B total is changed with Xt. Adapted from Hutter et al. [92].

By assessing the cyclin B total at which the transitions occur, and the ratio of the ac-

tivities of Cdk1 and B55 in the mitosis and interphase states, the advantages of the two

interlinked bistable mechanisms over previous models become apparent. The Novák and

Tyson model [146] had constitutive phosphatase activity (representative output is shown

on Figure 5.4A), so the PP2A-B55 nullcline is horizontal. In the second model scenario

(Figure 5.4B), PP2A-B55 is regulated, being inhibited as Cdk1 activity increases. The dif-

ference between the PP2A-B55 nullclines (A) and (B) results in transitions between mitosis

and interphase happening at a greater difference of cyclin B total; in (B) more cyclin B is

needed to trigger mitotic entry, and a lower value is needed to be reached before mitotic

exit occurs. The difference in the ratio of B55 to Cdk1 activities in the different states is also

greater when PP2A-B55 is regulated. The interphase and mitotic states are, therefore,

more separated in two ways. When PP2A-B55 feeds-back onto Gwl, the PP2A-B55 null-

cline becomes ‘Z’-shaped (as in Figure 5.4C) and the difference between states becomes

even greater, giving more robustness against noise.

In case C of Figure 5.4, each of the nullclines has an ‘S’ or a ‘Z’ shape due to the

positive feedback regulating each of Cdk1 and B55. Either of Cdk1 or B55 could have a

constitutive activity and the system would still be bistable. This is a further advantage of

having feedback regulation; the system not only has greater distinction between states, but

also embeds a fail-safe mechanism.
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5.2 Concluding remarks

Mitotic entry, the metaphase-to-anaphase transition, and mitotic exit are controlled by com-

plex regulatory networks of interacting proteins. We assessed the regulation of Greatwall

kinase in Xenopus egg extracts and in a biochemical reconstitution with purified proteins in

vitro. Mitotic substrates in the extract and a luminescent probe added, which could give a

time-resolved read-out of Cdk1:cyclin B/PP2A-B55 activity, showed a switch-like phospho-

rylation with respect to the level of non-degradable cyclin B added. With Wee1 inhibitor, the

probe and the substrates again showed a cyclin B threshold but the threshold was reduced.

This suggested that the regulation of the Cdk1-counteracting phosphatase was respon-

sible for the threshold, so we performed experiments in vitro with purified proteins to assess

the regulation of PP2A-B55. The luminescent probe showed a switch-like phosphorylation

response with respect to Cdk1:cyclin B when the regulatory components Gwl and ENSA

were added, but a graded response without regulation of PP2A-B55. We constructed a

mathematical model that explained these findings with an underlying bistable switch due to

the mutual antagonism between PP2A-B55 and Greatwall kinase. We could also reinterpret

literature data using experience gained in developing our model.

We then sought to assess the combined canonical bistable switch of Cdk1 activity with

respect to total cyclin B and that of PP2A-B55 activity with respect to Cdk1:cyclin B activity.

Experiments in HeLa Cdk1as cells showed hystersis in mitotic entry and mitotic exit – less

Cdk1 inhibitor was required to prevent mitotic entry than was required to induce mitotic

exit. Cells retained hysteresis between mitotic entry/exit when the positive feedback loop

on either Cdk1 or PP2A-B55 was removed, but the hysteresis was greatly diminished when

both regulatory loops were removed. This shows that these two regulatory loops are the

main determinants of producing a bistable system response for mitosis.

We built a mathematical model that included the main players in the mitotic entry/exit

network and parameterised the model to fit the entry/exit experiments in all four cases.

Assessing steady state Cdk1:cyclin B/PP2A-B55 substrate phosphorylation against cyclin

B total resulted in there being well-separated mitotic entry/exit thresholds, responsible for

the observed hysteresis. But there was also an interesting ‘intermediate’ phosphorylation

state that would not normally be realised. We devised an experimental protocol to test

the existence of this state, and with this protocol found a fraction of the cells to arrest in

prophase. In this state, we expect the Cdk1:cyclin B/PP2A-B55 bistable switches to have

become uncoupled so that both enzymes are active.

Encapsulated within the mitotic entry and mitotic exit transitions is the metaphase-to-

anaphase transition, when the protease separase becomes active and cleaves a subunit
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of cohesin which holds sister chromatids together. Once sister chromatids are separated it

is not possible to put them back together – the information is lost; it is therefore essential

that separase is activated at the right time. The cell has a checkpoint to ensure that it

starts at the right time, but there were several fundamental unanswered questions about

how separase is activated that we sought to address. What is the mechanism that ensures

mutually exclusive binding of securin and cyclin B1 to separase? And after separase is

liberated from securin inhibition, does it cleave cohesin or bind to cyclin B1 next?

We identified Pin1 as a mitosis-specific interactor with separase, which changes the

configuration of separase from a form that can bind to securin into a form that can bind

with cyclin B1. By using a separase cleavage sensor, we also determined that separase

cleaves cohesin before it binds with cyclin B1 and that this binding is regulated. Phospho-

rylated cyclin B1 has lower affinity for separase than unphosphorylated cyclin B1. We built

a mathematical model that is able to capture these findings as well as literature data. In

addition to this, we compared the dynamic features of the mitotic entry/exit network with

those of the mitotic checkpoint, and found that two interlinked bistable mechanisms gener-

ate robustness and distinction of states.

120



Chapter 6

Appendix

121



6.1 Appendix: Mitotic phosphatase regulation

6.1.1 Experimental procedures

Interphase Xenopus cell-free egg extracts Unfertilised Xenopus laevis egg extracts

were released into interphase from cytostatic-factor arrest for 40 mins at 23 ◦C by addition

of calcium chloride (0.4 mM) and cycloheximide (0.1 mg/mL). Extracts were stored in liquid

nitrogen.

Immunodepletion Protein-A sepharose beads covalently conjugated with antibodies for

ENSA and antisera were used for immunodepletion of ENSA from Xenopus laevis egg

extracts, as described in [135].

Antibodies and chemicals Antibodies to phosphoSer CDK targets and GFP were pur-

chased from Cell Signaling Technology (#2324) and Medical Biological Laboratories (clone

1E4). Antibodies to phosphoSer50-Cdc20 and phosphoTyr15-CDC2 were gifts from Drs

Tim Hunt and Julian Gannon (Crick Institute, UK). Antibodies of the form anti-Gwl, anti-

phosphoS67-ENSA, anti-phosphoT28-ENSA, were used as described previously [136, 134].

Coelenterazine-h, PD166285 dihydrochlorie, staurosporine, and phos-tag were purchased

from Wako (#035-22991), R&D SYSTEMS (#3785/1), LC Laboratories (#S-9300), and

NARD (AAL-107), repectively.

Recombinant proteins Bacterial strain BL21(DE3) codon+(PR) was used to express

polyhistidine-tagged Xenopus laevis ENSA, human Cks2, p27Kip1, and the luminescent

probes using HisPur Ni-NTA Resin (Thermo Scientific) according to the manufacturer’s pro-

tocol. The Aα, B55δ, and Cα subunits of the PP2A-B55 complex were simultaneously ex-

pressed in HighFive insect cells and purified as described [135]. Sf9 insect cells were used

to express GST-tagged Xenopus laevis Greatwall as described [21]; HRV-3C protease was

used to remove the GST portion. Cdk1:CycB was purified as described [113] with some

modifications: maltose-binding protein-tagged human CycB lacking 172 N-terminus amino

acids (CycB-ΔN) was expressed and purified from bacteria using amylose resin (New Eng-

land Biolab). Cdk2:CycA was prepared as described [16]. CycB-ΔN protein was incubated

with interphase egg extract in the presence of PD166285 (1 µM) for 30 mins at 23 ◦C.

Suc1 beads were used to purify CDK:Cyc comples; amylose resin was used to fur-

ther purify elute from the beads. All proteins were dialyzed against a storage buffer (20

mM Tris-HCL, 150 mM NaCl, 0.01% Tween-20m 0.1 mM dithiothreitol (DTT), 7.5 pH) and

stocked in small aliquots at -80 ◦C. Each protein concentration in the reconstitution, unless
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otherwise mentioned, was: Cks2 = 200 nM, Gwl = 20 nM, ENSA = 300 nM, and PP2A-B55

= 50 nM. Mochida’s rough estimates of endogenous concentrations of these proteins are:

Gwl= 17–21 nM, ENSA = 200–300 nM, PP2A-B55 = 50–70 nM.

Luminescent probe assay Luminescent probes were developed to detect the ratio of

Cyc:CDK and PP2A-B55 activities. Engineered luminescent protein “NanoLantern” had the

phosphopeptide-binding WW domain of Pin1, and a modified ~30-amino-acid-long peptide

derived from Xenopus laevis Fizzy containing the Ser50 residue (Figure 2.2), inserted just

after its Gly228 residue [167].

The three probes used in this chapter had different phosphorylation sequences, with an

asterisk denoting the phosphorylation site: Probe S50-1G4: (N’)-RSAYMMGGRRVSANTST

L*SPMKASNRSHSSSGG-LE-(C’), S50-1G12: (N’)- RSGGGCSSLNTSANTSTL*SPMKASN

YSHRNAYELE-(C’), T50-NCP: (N’)- RSGGGRAEKKKPANTSTL*TPMKASNTKQAKKGGVE

(C’). Serine/Threonine-to-alanine mutations of the probe were also made (Figure 2.4).

A reconstitution buffer consisting of 20 mM Tris-HCl, 50 mM NaCl, 5 mM MgCl2, 7.5 mM

KCl, 10 µM MnCl2, 0.01% Tween-20, 1 mM DTT, 20 mM ascorbic acid, 0.5 mM adenosine

triphosphate, 50 µg/mL bovine serum albumin, 10 µM Coelenterazine-h (CTZ), at pH 7.5

was mixed with 50 nM purified probe. Assays were conducted at 30 ◦C in a white-wall 96-

well microplate, with luminescence measured using an Infinite F200 Pro microplate reader

(TECAN).

SDS-PAGE analyses with phos-tag reagent and quantification of immunoblot data

Standard SDS polyacrylamide gel supplemented with 15 µM phos-tag reagent, which causes

slower migration of phosphorylated proteins on electrophoresis, was used to quantitate the

S67-phosphorylated form of ENSA. The S67-phosphorylated form of ENSA, but not the

T28-phosphorylated form, resulted in an up-shifted band due to decreased mobility [134].

A FUSION SOLO S system (VILBER LOURMAT) was used to acquire all immunoblot sig-

nals. The Fusion Capt Advance software was used to quantify the signal intensities of the

up-shifted bands of Figure 2.20. Lanes one and two show that CDK-phosphorylated ENSA

reacted less with the antibody, and so this was also taken into account in the quantifica-

tion. Assays in egg extract contained 200 nM probe and 10 µM Coelenterazine-h. Baseline

controls using samples without CDK in the reconstitution or without CycB in the egg extract

were used to standardise the data.
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6.1.2 XPPAUT code and parameters

XPPAUT code to reproduce simulations without staurosporine is below. For the steady

state, the rate of change of substrate total should be set to zero, and the initial condition

should be 100 % (or removed as dynamic variable).

The .ode files can be run using freely available software XPPAUT

(http://www.math.pitt.edu/~bard/xpp/xpp.html)

# .ode file for time-course simulation of the reconstituted system

dSubT/dt = - kdSub*SubT

dpSub/dt = kCdkSub*Cdk*(SubT-pSub) - (kB55Sub*B55 + kdSub)*pSub

dpENSA/dt = kGwENSA*pGwlp*ENSA + kdiss*B55pENSA - kass*pENSA*B55

- kCdkENSA*Cdk*pENSA + kcatB55T*pENSApB55

dB55pENSA/dt = kass*pENSA*B55 - kdiss*B55pENSA - kcatB55*B55pENSA

dpENSAp/dt = kCdkENSA*Cdk*pENSA + kdissT*pENSApB55 - kassT*pENSAp*B55 +

kGwENSA*pGwlp*ENSAp + kdiss*B55pENSAp - kass*B55*pENSAp

dpENSApB55/dt = kassT*pENSAp*B55 - kdissT*pENSApB55 - kcatB55T*pENSApB55

dB55pENSAp/dt = kass*pENSAp*B55 - kdiss*B55pENSAp - kcatB55*B55pENSAp

dENSAp/dt = kcatB55*B55pENSAp - kassT*ENSAp*B55 + kdissT*ENSApB55

- kGwENSA*pGwlp*ENSAp + kCdkENSA*Cdk*ENSA

dENSApB55/dt = kassT*B55*ENSAp - kdissT*ENSApB55 - kcatB55T*ENSApB55

dpGwlt/dt = kCdkGw*Cdk*(GwlT - pGwlt) - kB55Gw*alfa*B55^2*pGwlt/(1 + alfa*B55)

pGwlp = pGwlt/(1+alfa*B55)

B55 = B55T - B55pENSA - pENSApB55 - B55pENSAp - ENSApB55

ENSA = ENSAtot - pENSA - B55pENSA - pENSAp - pENSApB55 - B55pENSAp

- ENSAp - ENSApB55

aux S67pENSA = pENSA + B55pENSA + pENSAp + B55pENSAp + pENSApB55

aux pGwlp = pGwlt/(1 + alfa*B55)

aux B55free = B55T - B55pENSA - pENSApB55 - B55pENSAp - ENSApB55

init SubT=50, pSub=0, pGwlt=0

par Cdk=0

# kinetic parameters for Cdk1:CycB and T50-NCP probe:

par kCdkSub=0.01, kB55Sub=0.009, kdSub=0.001

par ENSAtot=300, B55T=50, kGwENSA=0.2358

par kass=0.3350, kdiss=0.0267, kcatB55=2.7504

par GwlT=20, kCdkGw=0.0023, kB55Gw=0.1447, alfa=0.003
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par kCdkENSA=0.0016, kassT=1.6068, kdissT=145.256, kcatB55T=0.5211

# for Cdk2:CycA and S50-1G12 probe set:

# kCdkSub=0.0073, kB55Sub=0.0013, kdSub=0.002, kCdkGw=0.0012

@ total=50,dt=0.5,meth=STIFF,xp=time,yp=pSub,xlo=0,xhi=50,ylo=0,yhi=50

@ NTST=15,NMAX=1000000,NPR=10000,DS=0.01,BOUNDS=2000

@ DSMAX=0.02,DSMIN=0.002,PARMIN=0,PARMAX=25

@ AUTOXMIN=0,AUTOXMAX=25,AUTOYMIN=0,AUTOYMAX=50

done

XPPAUT code for inhibition with staurosporine:

# .ode file for time-course simulation of the staurosporine effect

dSubT/dt = - kdSub*SubT dpSub/dt = kCdkSub*Cdka*(SubT-pSub)

- (kB55Sub*B55 + kdSub)*pSub

dCdka/dt = kdisSts*(Cdk - Cdka) - kasSts*Cdka*(10^logStau - (Cdk - Cdka) - (Gwltot -

Gwlfree))

dpENSA/dt = kGwENSA*pGwlp*ENSA + kdiss*B55pENSA - kass*pENSA*B55

- kCdkENSA*Cdka*pENSA + kcatB55T*pENSApB55

dB55pENSA/dt = kass*pENSA*B55 - kdiss*B55pENSA - kcatB55*B55pENSA

dpENSAp/dt = kCdkENSA*Cdka*pENSA + kdissT*pENSApB55 - kassT*pENSAp*B55

+ kGwENSA*pGwlp*ENSAp + kdiss*B55pENSAp - kass*B55*pENSAp

dpENSApB55/dt = kassT*pENSAp*B55 - kdissT*pENSApB55 - kcatB55T*pENSApB55

dB55pENSAp/dt = kass*pENSAp*B55 - kdiss*B55pENSAp - kcatB55*B55pENSAp

dENSAp/dt = kcatB55*B55pENSAp - kassT*ENSAp*B55 + kdissT*ENSApB55

- kGwENSA*pGwlp*ENSAp + kCdkENSA*Cdka*ENSA

dENSApB55/dt = kassT*B55*ENSAp - kdissT*ENSApB55 - kcatB55T*ENSApB55

dGwlt/dt = kCdkGw*Cdka*(Gwltot - Gwlt)

- kB55Gw*B55*alfa*B55*Gwlt/(alfa*B55 + Gwlfree/Gwltot)

dGwlfree/dt = kdisSts*(Gwltot - Gwlfree) - kasSts*Gwlfree*(10^logStau - (Cdk - Cdka) -

(Gwltot - Gwlfree))

pGwlt = alfa*B55*Gwlt/(alfa*B55 + Gwlfree/Gwltot)

pGwlp = Gwlfree*(Gwlt - pGwlt)/Gwltot

B55 = B55T - B55pENSA - pENSApB55 - B55pENSAp - ENSApB55

ENSA = ENSAtot - pENSA - B55pENSA - pENSAp - pENSApB55 - B55pENSAp

- ENSAp - ENSApB55

aux S67pENSA = pENSA + B55pENSA + pENSAp + B55pENSAp + pENSApB55

aux pGwlp = pGwlt/(1 + alfa*B55)
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aux B55 = B55T - B55pENSA - pENSApB55 - B55pENSAp - ENSApB55

init SubT=50, pSub=0, Cdka=20, Gwlfree=20

par logStau=-10, Cdk=20, kdisSts=0.015, kasSts=0.0001

par kCdkSub=0.0073, kB55Sub=0.0013, kdSub=0.002

par ENSAtot=300, B55T=50, kGwENSA=0.2358

par kass=0.3350, kdiss=0.0267, kcatB55=2.7504

par Gwltot=20, kCdkGw=0.0012, kB55Gw=0.1447, alfa=0.003

par kCdkENSA=0.0016, kassT=1.6068, kdissT=145.256, kcatB55T=0.5211

@ total=25,dt=1,meth=STIFF,xp=time,yp=pSub,xlo=0,xhi=60,ylo=0,yhi=50

@ NTST=50,NMAX=100000000,NPR=1000000,DS=0.01,BOUNDS=2000

@ DSMAX=0.01,DSMIN=0.001,PARMIN=0,PARMAX=3.5

@ AUTOXMIN=1,AUTOXMAX=2.5,AUTOYMIN=0,AUTOYMAX=50

done

Table 6.1: Kinetic parameters used in the model of the reconstitu-

tion of PP2A-B55 regulation.

Parameter Description Value Units

CDK Cdk1:CycB or Cdk2:CycA

complex.

0 – 100 nM

SubT ot Total concentration of probe. 50 nM

kCDK,Sub Probe phosphorylation by

CDK:Cyc complexes.

See Table

6.2.

nM-1·min-1

kB55,Sub Probe dephosphorylation by

PP2A-B55.

See Table

6.2.

nM-1·min-1

kdSub Probe decay for T50-NCP and

S50-1G12.

0.001 and

0.002

min-1

ENSAT ot Total concentration of ENSA. 300 nM

B55T ot Total concentration of

PP2A-B55.

50 nM

kGwl,ENSA ENSA phosphorylation by

active Gwl.

0.2358 nM-1·min-1

kass Association of pS67-ENSA and

PP2A-B55.

0.3350 nM-1·min-1
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kdiss Dissociation of the

pS67-ENSA:PP2A-B55

complex.

0.0267 min-1

kcatB55 Dephosphorylation of the

pS67-ENSA by PP2A-B55.

2.7504 min-1

GwlT ot Total concentration of Gwl. 20 nM

kCDK,Gwl Gwl phosphorylation by

Cdk1:CycB or Cdk2:CycA

0.0023 or

0.0012

nM-1·min-1

kB55,Gwl Gwl dephosphorylation by

PP2A-B55.

0.1447 nM-1·min-1

α Equilibrium of Gwl de- and

auto-phosphorylation.

0.003 nM-1

kCDK,ENSA ENSA phosphorylation by

active CDK:Cyc complex.

0.0016 nM-1·min-1

kassT Association of pT28-ENSA and

PP2A-B55.

1.6068 nM-1·min-1

kdisT Dissociation of

pT28-ENSA:PP2A-B55

complex.

145.256 min-1

kcatB55T Dephosphorylation of

pT28-ENSA by PP2A-B55.

0.5211 min-1

Table 6.2: Rate constants for the luminescent probes.

Probe type kCDK,Sub (nM-1·min-1) kB55,Sub (nM-1·min-1)

T50-NCP 0.010 0.0090

S50-1G12 0.0073 0.0013

S50-1G4 0.0235 0.017

6.2 Appendix: Hysteresis of mitotic entry and exit

The .ode files can be run using freely available software XPPAUT

(http://www.math.pitt.edu/~bard/xpp/xpp.html)
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XPPAUT code for mitotic entry and mitotic exit bifurcation diagrams:

Subp’ = kcBc1Sub*CycBCdk1/((1 + (InhCDK/Kd)))*(SubT-Subp) - (kB55Sub*PP2AB55

+ kpp1Sub*PP1)*Subp

CycBCdk1’ = V25*(CycBCdk1T - CycBCdk1) - Vwee*CycBCdk1

PP1’ = (kapp1 + kapp1A*PP1)*(PP1T - PP1)

- (kipp1 + kipp1C*CycBCdk1/((1 + (InhCDK/Kd))))*PP1

pENSAt’ = VGwl*(ENSAtot - pENSAt) - kcatB55*Complex

Gwlp’ = (kcBc1G*CycBCdk1/((1 + (InhCDK/Kd))) + kcAc2G*CycACdk2T)*(Gwtot - Gwlp)

- (kB55G*PP2AB55 + kppxGwl + kPP1Gw*PP1)*Gwlp

PP2AB55’ = kdiss*Complex + kcatB55*Complex - kass*PP2AB55*(pENSAt - Complex)

Complex = B55tot - PP2AB55

Wee1’ = (kppxY15 + kB55W1*PP2AB55)*Wee1p - (kcBc1W1*CycBCdk1/((1 + (InhCDK/Kd)))

+ kcAc2W1*CycACdk2T)*Wee1

Wee1pp’ = (kcBc1W1*CycBCdk1/((1 + (InhCDK/Kd))) + kcAc2W1*CycACdk2T)*Wee1p

- (kppxY15 + kB55W1*PP2AB55)*Wee1pp

Wee1p = 1 - Wee1 - Wee1pp

Cdc25’ = (kppxY15 + kB5525*PP2AB55)*Cdc25p - (kcBc125*CycBCdk1/((1 + (InhCDK/Kd)))

+ kcAc225*CycACdk2T)*Cdc25

Cdc25pp’ = (kcBc125*CycBCdk1/((1 + (InhCDK/Kd))) + kcAc225*CycACdk2T)*(Cdc25p)

- (kppxY15 + kB5525*PP2AB55)*Cdc25pp

Cdc25p = 1 - Cdc25 - Cdc25pp

Vwee = (kweeS*(1-Wee1) + kweeF*Wee1)

V25 = k25S*(1-Cdc25pp) + k25F*Cdc25pp

VGwl = kGwENSA*Gwlp

init PP1=1, PP2AB55=0.25

# Parameters are from Fit119

p CycBCdk1T=6.17, InhCDK=0, Kd=0.041, CycACdk2T=1

p PP1T=1, kapp1=0.061, kapp1A=6.4, kipp1=0.027, kipp1C=7.31

p kPP1Gw=33.2

p ENSAtot=1, B55tot=0.25

p SubT=1

p kass=3500, kdiss=0.5, kcatB55=13.57

p kGwENSA=124.9, kppxGwl=0.136, kcBc1Sub=0.774, kcBc1G=0.385

p Gwtot=1, kpp1Sub=0, kB55G=687.6, kB55Sub=1.58

p kcAc2G=1.26
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p k25S=0.1, k25F=211.8, kweeS=0.1, kweeF=22.2

p kcBc1W1=51.8, kcBc125=51.8, kppxY15=0.1

p kcAc2W1=0.866, kcAc225=0.866

p kB55W1=238.9, kB5525=238.9

@ total=1000,dt=0.1,meth=STIFF,xlo=0,xhi=100,ylo=0,yhi=1

@ NTST=15,NMAX=1000000,NPR=10000,DS=-0.001

@ DSMAX=0.005,DSMIN=0.001,PARMIN=0,PARMAX=12

@ AUTOXMIN=0,AUTOXMAX=12,AUTOYMIN=0,AUTOYMAX=1

done

Table 6.3: Parameters used in the model of hysteresis between

mitotic entry and exit.

Parameter Description Value Units

CycB:Cdk1tot The total level of Cyclin B. (Figure 3.17) AU

InhCdk The level of 1NMPP1 added. 0–2 AU

KdCdkInh The dissociation constant for

1NMPP1 with Cdk1.

0.041 AU

CycA:Cdk2 The level of Cdk2 in complex

with cyclin A.

1 AU

PP1tot The total level of PP1. 1 AU

kaP P 1 Constitutive dephosphorylation

and thereby activation of PP1.

0.061 min-1

kaP P 1a Dephosphorylation of PP1 by

dephosphorylated PP1 in trans.

6.4 AU-1·min-1

kiP P 1 Constitutive phosphorylation

and hence inactivation of PP1.

0.027 min-1

kiP P 1Cdk1 Phosphorylation of PP1 by

Cdk1:cyclin B.

7.31 AU-1·min-1

kP P 1Gwl Dephosphorylation of Gwl by

PP1.

33.2 AU-1·min-1

ENSAtot The total level of ENSA. 1 AU

B55tot The total level of PP2A-B55 0.25 AU

Subtot The total substrate level. 1 AU
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kass The association of

phosphorylated ENSA with

PP2A-B55.

3500 AU-1·min-1

kdiss The dissociation of the

pENSA:PP2A-B55 complex.

0.5 min-1

kcatB55 The dephosphorylation of

pENSA by PP2A-B55 when in

the PP2A-B55 complex.

13.57 min-1

kGwlENSA The phosphorylation of ENSA

by Gwl.

124.9 AU-1·min-1

kppxGwl Basal dephosphorylation of

Gwl.

0.136 min-1

kcBc1Sub Phosphorylation of the

substrate by Cdk1:cyclin B.

0.774 AU-1·min-1

kcBc1Gwl The phosphorylation of Gwl by

Cdk1:cyclin B.

0.385 AU-1·min-1

Gwltot Total level of Gwl. 1 AU

kP P 1Sub The dephosphorylation of the

substrate by PP1.

0 AU-1·min-1

kB55Gwl Dephosphorylation of Gwl by

PP2A-B55.

687.6 AU-1·min-1

kB55Sub Dephosphorylation of the

substrate by PP2A-B55.

1.58 AU-1·min-1

kcAc2Gwl Phosphorylation of Gwl by

Cdk2:cyclin A.

1.26 AU-1·min-1

kCdc25S Dephosphorylation of Y15 of

Cdk1 by unphosphorylated

Cdc25.

0.1 AU-1·min-1

kCdc25F Dephosphorylation of Y15 of

Cdk1 by phosphorylated Cdc25.

211.8 AU-1·min-1

kW ee1S Phosphorylation of Y15 of Cdk1

by phosphorylated Wee1.

0.1 AU-1·min-1

kW ee1F Phosphorylation of Y15 of Cdk1

by unphosphorylated Wee1.

22.2 AU-1·min-1
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kcBc1W ee1 Phosphorylation of Wee1 by

Cdk1:cyclin B.

51.8 AU-1·min-1

kcBc1Cdc25 Phosphorylation of Cdc25 by

Cdk1:cyclin B.

51.8 AU-1·min-1

kppxY 15 Dephosphorylation of Cdc25

and Wee1 by a constitutive

phosphatase.

0.1 min-1

kcAc2W ee1 Phosphorylation of Wee1 by

Cdk2:cyclin A.

0.866 AU-1·min-1

kcAc2Cdc25 Phosphorylation of Cdc25 by

Cdk2:cyclin A.

0.866 AU-1·min-1

kB55W ee1 Dephosphorylation of Wee1 by

PP2A-B55.

238.9 AU-1·min-1

kB55Cdc25 Dephosphorylation of Cdc25 by

PP2A-B55.

238.9 AU-1·min-1

Table 6.4: Dynamic variables in the model and their initial condi-

tions (all in AU).

Dynamic variable Initial value

Subp 0

CycB:Cdk1 0

PP1 1

pENSAtot 0

Gwlp 0

PP2AB55 0.25

Wee1 1

Wee1pp 0

Cdc25 1

Cdc25pp 0
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6.3 Appendix: Separase regulation at the metaphase-to-

anaphase transition

Detailed experimental procedures can be found in ref. [78].

XPPAUT file of the model:

# Total securin

SecT’ = kssec*CHX - kdsec1*SecT - Vdsec*(SecT - SecSeptr) - Vdsec*SecSeptr

# Sepfree is separase which is neither bound to securin nor to cyclin B1

Sepfree’ = kssep*CHX - kdsep*Sepfree - kass*Sep*Sec + (kdis + kdsec1

+ Vdsec)*SecSeptr - kass2*Sepcis*CycB + (kdis2 + kdcycb1 + Vdcycb)*CycBSep -

kass3*Sepcis*CycBp + (kdis3 + kdcycb1 + Vdcycb)*CycBpSep

# SecSeptr corresponds to the securin-separase heterodimer

SecSeptr’ = kass*Sec*Sep - (kdis + kdsep + kdsec1 + Vdsec)*SecSeptr

# Sepcis is the cis isomer of separase not bound to cyclin B1

Sepcis’ = kpin1*pin1t*Sep - kdsep*Sepcis - kass2*CycB*Sepcis + (kdcycb1 + Vdcycb +

kdis2)*CycBSep - kass3*Sepcis*CycBp + (kdis3 + kdcycb1 + Vdcycb)*CycBpSep

# CycB is free Cdk1-cyclin B1 not bound to separase

CycB’ = kscycb*CHX - kpcdk*CycB*(CycB + CycBp) + Vdp*CycBp - (kdcycb1

+ Vdcycb)*CycB - kass2*Sepcis*CycB + (kdis2 + kdsep)*CycBSep

# CycBp is free Cdk1-cyclin B1 not bound to separase and containing

# phosphorylated cyclin B1

CycBp’ = kpcdk*CycB*(CycB + CycBp) - Vdp*CycBp - (kdcycb1 + Vdcycb)*CycBp -

kass3*Sepcis*CycBp + (kdis3 + kdsep)*CycBpSep

# CycBSep corresponds to the Cdk1-cyclin B1-separase complex with

# unphosphorylated cyclin B1

CycBSep’ = kass2*Sepcis*CycB - kpcdk*CycBSep*(CycB + CycBp) + Vdp*CycBpSep

- (kdis2 + kdcycb1 + Vdcycb + kdsep)*CycBSep

# CycBpSep corresponds to the Cdk1-cyclin B1-separase complex with

# phosphorylated cyclin B1

CycBpSep’ = kass3*Sepcis*CycBp + kpcdk*CycBSep*(CycB + CycBp) - Vdp*CycBpSep

- (kdis3 + kdcycb1 + Vdcycb + kdsep)*CycBpSep

# Cleaved cohesin

CleavCoh’ = kcleav*Sepfree*(CohT - CleavCoh)/(Jcoh + CohT - CleavCoh)

# PP is the PPase responsible for cyclin B1 dephosphorylation

PP’ = (kapp’ + kapp*PP)*(1 - PP) - kipp*(CycB + CycBp)*PP
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# MCCt represents free and APC/C-bound MCC

MCCt’ = kasac - (kisac1 + kisac2*APC)*MCCt

# MCC:APC/C complexes are calculated based on steady state assumption

BB = MCCt + APCt + kdiss

MCCAPC = 2*MCCt*APCt/(BB + sqrt(BB^2 - 4*MCCt*APCt))

APC = APCt - MCCAPC

# Active APC is total APC minus MCC-inhibited APC

aux APC = APCt - MCCAPC

# Securin and cyclin B1 APC-dependent degradation rate functions

Vdsec = kdsec2*APC

Vdcycb = kdcycb2*APC

# Rate function for dephosphorylation

Vdp = kdp’*(1 - PP) + kdp*PP

# Free securin and free separase in trans form is calculated

Sec = SecT - SecSeptr

Sep = Sepfree - Sepcis

# Normalised free Cdk1-cyclin B1 not bound to separase

aux relCycB = (CycB + CycBp)/(kscycb/kdcycb1)

# All Cdk1-cyclin B1-separase complexes

aux CycBcomp = CycBSep + CycBpSep

# Initial conditions

init MCCt=5, SecT=5, Sepfree=0, SecSeptr=0.8, Sepcis=0, CycB=0, CycBSep=0,

CycBP=20, CycBpSep=0.2, CleavCoh=0, PP=0

p kasac=0.05, kisac1=0.1, kisac2=1, kdiss=0.005

p APCt=1, CHX=1, kssec=0.005, kdsec1=0.001, kdsec2=0.15

p kass=100, kdis=0.01, kssep=0.001, kdsep=0.001

p pin1t=1, kpin1=30, kscycb=0.02, kdcycb1=0.001, kdcycb2=0.15

p kass2=2, kdis2=0.05, kass3=0.005, kdis3=0.00001

p kcleav=0.15, Jcoh=0.05, CohT=1

p kpcdk=1, kdp’=0, kdp=1,

p kapp’=0.01, kapp=1, kipp=1

@ total=80,dt=0.1,meth=STIFF,xlo=0,xhi=80,ylo=0,yhi=1.05

done
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Table 6.5: Dynamic variables in the model of separase regulation

and their initial values (all in AU).

Dynamic variable Initial value

MCCtot 5

Sectot 5

Sepfree 0

Sec:Septrans 0.8

Sepcis 0

CycB 0

CycB:Sepcis 0

CycBp 20

CycBp:Sepcis 0.2

CohCl 0

PP 0

Table 6.6: Parameters used in the model of separase regulation.

Parameter Description Value Units

kaSAC Zero-order MCC formation. 0.05 AU·min-1

kiSAC1 Basal MCC disassembly. 0.1 min-1

kiSAC2 APC/C-dependent MCC disassembly 1 AU-1·min-1

KdisSAC

Dissociation constant for MCC with

APC/C.
0.005 AU

APCtot Total APC/C level. 1 AU

CHX
Cycloheximide addition or not. Set to 1

without CHX, and 0 with CHX.
0 or 1 -

ksSec Synthesis of securin. 0.005 AU·min-1

kdSec1
Basal, first-order degradation rate of

securin.
0.001 min-1

kdSec2
Second-order APC/C-dependent

degradation of securin.
0.15 AU-1·min-1

ksSep Basal, zero-order synthesis of separase. 0.001 AU·min-1
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kdSep

Basal, first-order degradation of

separase.
0.001 min-1

kP in1
Isomerisation of separase from the trans

to the cis configuration by Pin1.
30 AU-1·min-1

Pin1tot Pin1 total. 1 AU

ksCycB Synthesis of cyclin B1. 0.02 AU·min-1

kdCycB1 Basal degradation of cyclin B1. 0.001 min-1

kdCycB2
APC/C-mediated degradation of cyclin

B1.
0.15 AU-1·min-1

kass1
Association of securin with trans

separase.
100 AU-1·min-1

kdis1
Dissociation of the securin:separase

complex.
0.01 min-1

kass2
Association of cis separase with

unphosphorylated cyclin B1
2 AU-1·min-1

kdis2
Dissociation of the non-phosphorylated

cyclin B1:separase complex.
0.05 min-1

kCohCl Cohesin cleavage by free separase. 0.15 AU-1·min-1

JCoh

Michaelis-Menten constant for cohesin

cleavage by separase.
0.05 AU

Cohtot Total cohesin level. 1 AU

kpCdk

Phosphorylation of cyclin B1 by

Cdk1:cyclin B1.
1 AU-1·min-1

kdp1
Dephosphorylation of cyclin B1 by the

inactive form af the phosphatase.
0 AU-1·min-1

kdp2
Dephosphorylation of cyclin B1 by the

active form of the phosphatase.
1 AU-1·min-1

kass3
Association of cis separase with

phosphorylated cyclin B1.
0.005 AU-1·min-1

kdis3
Dissociation of the phosphorylated cyclin

B1:separase complex.
1e-5 min-1

kaP P 1
Basal activation of the phosphatase

acting on cyclin B1.
0.01 min-1
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kaP P 2 Self-promotion of the phosphatase. 1 AU-1·min-1

kiP P

Cdk1:cyclin B1-mediated inactivation of

the phosphatase.
1 AU-1·min-1

PPtot Total phosphatase level. 1 AU

6.4 Appendix: Conclusions

XPPAUT code for the mutually inhibiting network:

# Phaseplane analysis for mutually inhibiting positive feedbacks.

dX/dt = (kax + kax2*(X^n)/(Jx^n + X^n))*(Xt - X) - kd*X*Y/(Jy + Y)

dY/dt = (kay + kay2*(Y^n)/(Jy^n + Y^n))*(Yt - Y) - kd*Y*X/(Jx + X)

init Y=0

p kax=0.0002, kax2=0.1

p kay=0.0002, kay2=0.1, kd=0.1,

p Jx=0.8, Jy=0.8, n=2

p Xt=1, Yt=1

@ xp=X, yp=Y, xlo=0, xhi=1, ylo=0, yhi=1, nmesh=300

done

For Figures 5.4A, 5.4B, and 5.4C, the cyclin B total is varied by changing the parameter

Xt. For Figure 5.4B, set parameters kay2=0 and kay=0.005.

XPPAUT code for the mutually activating network:

# Phaseplane analysis for mutually activating network.

dX/dt = (kax + kax2*((X^n)/(Jx^n + X^n))*Y/(Jy + Y))*(Xt - X) - kd*X

dY/dt = (kay + kay2*((Y^n)/(Jy^n + Y^n))*X/(Jx + X))*(Yt - Y) - kd*Y

init Y=0

p kax=0.0013, kax2=0.2

p kay=0.0011, kay2=0.24, kd=0.01,

p Jx=0.85, Jy=0.8, n=3

p Xt=1, Yt=1

@ xp=X, yp=Y, xlo=0, xhi=1, ylo=0, yhi=1, nmesh=300

done
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Table 6.7: Parameter values for the mutually inhibiting and mutu-

ally activating network motifs of Figures 5.3C and 5.3D.

Parameter Units Description Mutually

inhibiting

value

Mutually

activating

value

kax min-1 Basal activation of X. 0.0002 0.0013

kay min-1 Basal activation of Y. 0.0002 0.0011

kax2 AU/min X self-promotion. 0.1 0.2

kay2 AU/min Y self-promotion. 0.1 0.24

ki 1/min Inactivation of X/Y. 0.1 0.01

Jx AU Michaelis-Menten constant

for X self-promotion.

0.8 0.85

Jy AU Michaelis-Menten constant

for Y self-promotion.

0.8 0.8

n - Nonlinearity exponent. 2 3

XT ot AU Total amount of X. 1 1

YT ot AU Total amount of Y. 1 1
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