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Abstract

In this thesis, I discuss two main subjects coming from biology and I propose two models
that mimic the behaviours of the biological networks studied.

The first part of the thesis deals with intracellular transport of molecules. Proteins,
RNA and, generally, any kind of cargo molecules move freely in the cytoplasm: intracel-
lular transport as a consequence of Brownian motion is classically modelled as a diffusion
process. Some specific proteins, like the tumour suppressor p53, use microtubules to fa-
cilitate their way towards the nucleus. Microtubules are a dense network of filaments that
point towards the cell centre. Motor proteins bind to these filaments and move along,
bearing a cargo bound to them. I propose a simplified bi-dimensional model of nucle-
ocytoplasmic transport taking into account the kinetic processes linked to microtubule
transport. Unlike in other models we know, I represented the position of a single MT
filament. This model is given by a system of partial differential equations which are cast
in different dimensions and connected by suitable exchange rules. A numerical scheme
is introduced and several scenarios are presented and discussed to answer to the ques-
tion of which proteins benefit from microtubule transport, depending on their diffusion
coeflicients.

In the second part of the thesis, I design and analyse a physiologically based model
representing the accumulation of protein p53 in the nucleus after triggering of the sentinel
protein ATM by DNA damage. The p53 protein plays an essential role in the physiological
maintenance of healthy tissue integrity in multicellular organisms (regulation of cell cycle
arrest, repair pathways and apoptosis). Firstly, I developed a compartmental ODE model
to represent the temporal dynamics of the protein. Since the p53 protein is known for its
oscillatory behaviour, I performed a numerical bifurcation study to verify the existence,
in the model, of stable periodic solutions. Next, I have expanded the model by the
addition of a spatial variable and analysed the spatio-temporal dynamics of pb3. After
checking the existence of oscillations in the spatial setting, [ have analysed the robustness
of the system under spatial variations (diffusion and permeability coefficients, cell shape
and size).

Keywords: Mathematical Models, Cellular biology, Intracellular dynamics, Partial Dif-
ferential Equations, Signalling Pathways, p53
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Riassunto

In questa tesi ci interessiamo a due diversi sistemi biologici, per ciascuno dei quali intro-
duciamo un modello matematico, al fine di riprodurne il comportamento.

Nella prima parte della tesi, ci interessiamo al trasporto intracellulare. Proteine, RNA
e, in generale qualsiasi tipo di cargo si muove liberamente nel citoplasma: il trasporto
intracellulare come conseguenza del moto browniano viene classicamente modellizzato
come un processo di diffusione. Alcune specifiche proteine, come la proteina soppres-
sore del tumore p53, utilizzano, oltre alla diffusione, il trasporto lungo i microtuboli.
I microtubuli costituiscono una fitta rete di filamenti che si espande nel citoplasma in
modo radiale da un punto situato vicino al nucleo della cellula. Alcune proteine, dette
proteine motore, si legano a questi filamenti e 1i percorrono trasportando un carico che
rilasciano in prossimitd del nucleo. Per rappresentare questo tipo di comportamento,
proponiamo un modello di trasporto bidimensionale tenendo conto dei processi cineteci
legati al trasporto lungo i microtubuli. Rispetto ad altri modelli della letteratura, defini-
amo la posizione di un singolo filamento. Il nostro modello é composto da un sistema
di equazioni differenziali, definite su pitt dimensioni e accoppiate attraverso appropriate
regole di scambio. Introduciamo uno schema numerico attraverso il quale simuliamo di-
versi scenari per cercare di capire quali proteine possono trarre beneficio dal trasporto
lungo i microtubuli, a seconda del loro coefficiente di diffusione.

Nella seconda parte della tesi, introduciamo ed analizziamo un modello, basato sulla
fisiologia, che rappresenta ’accumulo della proteina pb3 nel nucleo dopo l'attivazione di
ATM, dovuta a danni subiti dal DNA. La proteina p53 gioca un ruolo essenziale nel
mantenimento dei tessuti sani e dell'integrita degli organismi pluricellulari (regolazione
dell” arresto del ciclo cellulare, dei processi di riparazione e di apoptosi). In primo luogo,
sviluppiamo un modello ODE a compartimenti per descrivere le dinamiche temporali
della proteina. Poiché la proteina p53 & nota per il suo comportamento oscillatorio, svol-
giamo, numericamente, un’analisi delle biforcazioni del sistema, in modo da verificare
I’esistenza, per il nostro modello, di una soluzione periodica stabile. Successivamente, es-
pandiamo il modello aggiungendo la variabile spaziale, cosa che ci permette di analizzare
la dinamica spazio-temporale di p53. Verifichiamo l’esistenza di oscillazioni nel con-
testo spaziale e analizziamo la robustezza del sistema rispetto a variazioni dei parametri
spaziali (coefficienti di diffusione, di permeabilita, dimensioni della cellula).

Parole chiave: Modelli Matematici, dinamiche intracellulari, equazioni differenziali alle
derivate parziali, pathways di segnalazione, p53.
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Résumé

Dans cette thése, je me suis intéressée 4 deux systémes biologiques différents, pour chacun
desquels j’al introduit un modéle mathématique, afin d’en reproduire les comportements
observés expérimentalement.

Dans la premiére partie de cette thése, j’ai étudié le transport intracellulaire des
molécules. Les protéines, les ARN et, en général, tout type de molécule-cargo, se dépla-
cent librement dans le cytoplasme : le transport intracellulaire & la suite du mouvement
brownien est classiquement modélisé comme un processus de diffusion. Certaines pro-
téines, telles la protéine p53 ‘suppresseur de tumeur’, utilisent, en plus de la diffusion,
le transport le long des microtubules. Les microtubules forment un réseau dense de
filaments dans le cytoplasme qui s’étend radialement & partir d’un point situé prés du
noyau de la cellule. Certaines protéines, connues sous le nom de protéines motrices, se
lient & ces filaments et les parcourent longitudinalement en transportant une cargaison
qu’elles relachent prés du noyau. Pour représenter ce type de comportement, je propose
un modéle de transport a deux dimensions qui prend en compte les processus cinétiques
liés au transport le long des microtubules. Comparé a d’autres modéles connus de la
littérature, je précise la position d’un filament unique. Ce modéle est composé d’un
systéme d’équations différentielles définies en plusieurs dimensions et couplées par des
appropriées régles d’échange. J’introduis ensuite un schéma numérique a ’aide duquel je
résous plusieurs scénarios dont les résultats sont présentés et discutés dans cette partie.
Le but de ces différentes simulations est de mieux comprendre quelles protéines peu-
vent bénéficier du transport le long des microtubules, en fonction de leur coefficient de
diffusion.

Dans la deuxiéme partie de la thése, j'introduis et j’analyse mathématiquement un
modéle, basé sur la physiologie, qui représente l'accumulation de la protéine p53 dans le
noyau apreés activation de ’ATM par des dommages 8 I’ADN. La protéine p53 joue un role
essentiel dans le maintien de l'intégrité des tissus sains dans les organismes multicellu-
laires (régulation des processus d’arrét du cycle cellulaire, de réparation et apoptose). En
premier lieu, j’ai développé un modéle EDO par compartiments pour décrire la dynamique
temporelle de la protéine. Puisque la protéine pb3 est connue pour son comportement os-
cillatoire, j’ai procédé & une analyse théorique et numérique des bifurcations du systéme,
afin de vérifier 'existence dans le modéle de solutions périodique stables. Par la suite,
j’ai étendu le modéle en ajoutant une variable d’espace, ce qui permet d’analyser la dy-
namique spatio-temporelles de p53. Vérifiant I’existence d’oscillations dans un contexte
spatial, j’ai examiné la robustesse du systéme par rapport aux variations des paramétres
spatiaux (coefficients de diffusion et de permeéabilité, forme et taille des cellules).

Mots-clés: modéles mathématiques, dynamique intracellulaire, équations aux dérivées
partielles, voies de signalisation, p53.
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Introduction

Nowadays, biology increasingly needs mathematical models to simulate phenomena which
occur on a microscopic scale. Mathematics provides the main framework to collect and
organize data. Furthermore, mathematical models can be used to test and suggest new
models that can explain biological phenomena. Mathematical systems can also provide
clues for experimental studies, based on the model results.

In this Thesis we will work on some biological problems, approaching them from
a mathematical point of view. In particular, we will focus our attention on problems
related to the dynamics of biological pathways at the single cell level.

Signals and space

In biology, a signalling pathway is a process by which one or more molecules pass a signal
within the cell. For example, an external stimulus received by the secretion of hormones
or other chemical factors, must be transduced through the cell in order to obtain a
change in cell function. Also internal signals, like a damage signal, must be translated
and produce a cellular response, like promoting repair mechanisms or activating mitosis
or apoptosis. All these different signals are transmitted through pathways which consist
in a series of chemical reactions. Enzymes catalyse these reactions and produce molecular
modifications of their substrates. Biological pathways may be elaborate since they may
involve several proteins or may be activated by different stimuli. We report, in Figure [T}
a generic example of pathway induced by an external stimulus.

If we look at the current modelling literature that faces problems of signalling path-
ways, the main method used to explore the subject is based on the analysis of the
temporal dynamics of the network [56), 105, 1T5]. In these models, the cell is commonly
represented as a homogeneous environment where proteins and enzymes are distributed
everywhere. Therefore, the reactions between proteins can occur at each point of the cell
and the localization of processes is not taken into account. This approach corresponds to
the use of ordinary differential equations, that allow the analysis of the temporal evolution
of complexes systems. Indeed, ODEs can be quite easily treated numerically. Therefore
large ODE systems, modelling complex networks, can give some insights about the possi-
ble cellular responses. Sometimes, of course, qualitative properties of those systems can
be investigated also analytically.

In recent years, however, more and more studies have revealed the importance of
dealing with problems of intracellular signalling considering their evolution both in space
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and time.

Emerging evidences of the spatial organizations of enzymatic reactions and the spa-
tial gradients that can arise, were recently discussed [4, [64]. A relevant example is signal
transduction: a signal arrives at the cytoplasmic membrane and, often by phosphoryla-
tion cascades, must be transmitted over long distances, for instance to the nucleus [101].
Meyers et al. proved through mathematical modelling, that cell signalling pathways can
be turned on and off in response to changes in cell shape and size [88]. Indeed, when
dealing with activators (i.e. kinases) bound to the plasma membrane, versus cytoplasmic
de-activator (i.e. phosphatases), cell growth leads to a decreased proximity to the acti-
vator and the substrate is deactivated. This type of gradients have been experimentally
observed by Nalbant et al. [94]. Cell polarization due to protein gradients and prop-
agation of fronts can also explain cell motility, as it has been shown in [92]. We also
refer to the works of Veglio et al. [I33] and of Goehring et al. [42] that deal with cell
polarization. The spatial features of intracellular signalling that can explain such global
behaviours, as cell motility, are thus becoming an attractive subject of study.

In this Thesis we follow this line of research and will consider intracellular phenomena
as spatially localised.

The main contributions of this Thesis

This work is divided into two parts. In the first part we deal with transport of proteins
towards the nucleus. We are interested, on the one hand, in the import pathway that
allows molecules to access the nucleus. On the other hand, we want to test which
proteins may benefit of active transport through motor proteins that walks along the
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cell cytoskeleton, in particular along microtubules. A few models exist that treat each
of these subjects, together or separately, as [15, 28], 29, 1211, 122]. We introduce a new
model and analyse various possible scenarios by numerical simulations.

In the second part of this work we focus on the cycle of a specific nuclear protein, the
tumour suppressor factor pb3. Also in this case, there are some mathematical models
that reproduce the temporal dynamics of the pb3. Very recently, Sturrock et al. begin
to investigate the spatial dynamics of the protein [128] [129]. Here, we propose a new
model that accounts for localizations of the reactions and directionality of transport.
We approach it at two different levels. We study the temporal dynamics of the network
through a compartmental system of ordinary differential equations. This let us analyse
different scenarios, the existence of bifurcations and test the validity of our model in a
simpler way. Then, we introduce the spatial variable and we propose a numerical analysis
of the response of the system over variations of the spatial constraints.

In the following of this introduction we detail further the themes approached in this
thesis, we summarize the principal results and we give a sketch of the methods we used
to obtain them. We will stick to the essential information with the purpose to present
only the main ideas and contributions of this work.

Part I - Nucleocytoplasmic transport

First we investigated the cellular transport from two different points of view. We con-
sidered proteins that are directed to the nucleus and we took into account the pathway
necessary to their import. We also considered the embedded structural support that the
cell provides, represented by the cytoskeleton.

The signalling pathway that allows molecules to access the nucleus has been by now
identified. Molecules having a molecular mass larger than ~ 40kDa are actively trans-
ported into the nucleus, by means of chaperones that carry through the nuclear membrane
the proteins that are too big to passively diffuse through the pores of the nuclear envelope
(Nuclear Pores). This process is based on a complex signalling pathway that 1) controls
which proteins are imported into the nucleus, 2) dictates the directionality of transport
and 3) supplies the energy necessary for active transport.

Before gaining the access to the nucleus, nuclear proteins have to diffuse within the
cytoplasm, covering large distances, in order to approach to the nuclear membrane. This
is because proteins are synthesised by ribosomes, that are located in a homogeneous
manner within the cytoplasm. The localization of molecules within the cytoplasm is
partially handled by the cytoskeleton of the cell. Depending on protein molecular mass,
the mobility of a molecule can be highly reduced. Therefore the cytoskeleton of the cell
represents a structural support for proteins displacements. The cytoskeleton is composed
by two main kinds of filaments: actin filaments and microtubles. Microtublules are
organized in a radial network that span the whole cytoplasm and has its centre next to
the nucleus. Large proteins, organelles and viruses are known to use microtubules as a
high-road to move faster in the cytoplasm.

So, In the first part, we try to understand if this microtubules transport is effective



and also which proteins, among those supposed to move towards the cell nucleus, may
benefit of transport along microtubules. To do this, we propose a model that take into
account a generic cargo protein that is able to diffuse and to bind to motor proteins that
walk along the microtubule. Let Q = Q. U, be a rectangular domain, divided into two
sub-domains, as in Figure[2] Let us consider 2. as the cytoplasmic domain and €2, as the
nuclear one. Let us suppose (2. thin enough to contain a unique microtubule filament.

y
I
3
Ly
Q. Q,
y0+6 N
l---- bt r
0 1
Vot -~ J—— e
Gl | L
(0,0) X, E XF; Lc Ln X

Figure 2: Area of the cell where intracellular transport is modelled: Q.U Q,,, cytoplasm
and nucleus. 'y, = 9Q: N 0L, is the common boundary of the two compartments. The
yellow rectangle (IxJ = [y, xFi] X [yo — 9, yo + J]) represents the attraction area of the
microtubule filament, the red strip is the microtubule, positioned in .

We localize the microtubule by defining an attraction area where proteins can bind to
it, that we coloured in yellow in figure 2| Let us introduce the following variables: let u
be the concentration of the free cargo protein, v the concentration of cargo bound to the
motor protein and W the complex cargo+motor protein bounded to the microtubule.
We cast v and v in two dimensions and we suppose that both species are able to freely
diffuse. On the other hand, we consider W in one-dimension and we suppose that it
moves exclusively by transport, towards the nuclear compartment. We suppose that the
exchange between different species is regulated by kinetic reactions that we model using
the Mass Action Law. Under the previous assumptions, the u and v species satisfy a
reaction-diffusion equation, while W is controlled by a convection equation modelling the
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transport along the microtubule with a steady velocity ¢ > 0. Our model reads:

% =dyAu—ku+k_v, inQ,

% =dyAv+ ku—k_v — kvlg + k,lw]lﬁ‘f
+CW(Q]F¢)50($ —TFi Y — y0)7 in QC:

8@72/4—6%% = —k,1W—|—k‘1 fJUdy, in ]IL'[n,l'FZ'[.
Here d,, and d,, are the diffusion coefficients of the diffusive species and the k, k_, k1, k_1
are the kinetic constant of the reactions. More details about the notations and the choice
of parameters will be given in Section 2.1.2l The equations assure the conservation of
the mass. We impose periodic boundary conditions on the long sides of the domain and
we close the system by imposing the boundary conditions:

ou _n Ov _

on — 7 On — 07 on F47

du% + pyu =0, dvg—z + pyv =0, on 'y, (2)
w(zr,) = 0.

By this boundary conditions we suppose that on I'y (the plasma membrane) no flux
is allowed, while on I'y. (the nuclear membrane) there is a flux proportional to the
species concentration. We developed a numerical approximation scheme based on finite
differences. We tested the accuracy of the proposed scheme and we analysed, by numerical
simulations, different possible scenarios.

Principal results

System — is defined only on the domain .. This is because, as a first step, we were
interested in understanding which molecules increase their flow in the direction of the
nucleus, if transport along microtubules is allowed. We differentiated molecules by their
diffusion coefficient, while the velocity along the microtubules is fixed and is the same
for every molecule, since it depends on the speed of motor proteins. We also considered
different detachment rates from the microtubule, in order to quantify the increase on the
total flow with respect to the ability of the molecule to stay on the microtubule. We
found, as expected, that the longer the cargo is bound to the microtubule, and the lower
its diffusive mean time, the higher flow towards the nucleus is observed. Thus the benefit
of microtubule transport depends on the mobility of the cargo, expressed by its diffusion
coefficient, and on its capability to attach and stay on the filament. We found that
the delivery towards the nucleus is enhanced for proteins having a diffusion coefficient
< 6pm?s™! (which corresponds to a mass of about 200kDa [55)]), if the detachment
rate is low enough. More technical and quantitative details about our results, as well as
several figures of our simulations, can be found in chapter
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As a next step, we considered the whole pathway of nuclear import, thus inscribing
our model in the bi-compartmental domain Q. U, represented in Figure 2] The model
of the import pathway that we used in this thesis and that we do not detail here for sake
of simplicity, has been proposed by Cangiani et al. [I5]. Unlike the model in [15], where
the transport along microtubules is described by a vector field, we coupled this model
with system and the result is a system of eight reaction-diffusion equations cast in
two dimension and coupled with the one-dimensional convection equation of system (I).
It is important to say that the boundary conditions expressed in changes in the new
model. On Iy, the flux of u and v is set to zero, since by now, only the imported
molecules traverse the nuclear membrane. In order to be imported, proteins have to
bind to a chaperone (importin protein) and only the complex cargo-+importin is able to
traverse the nuclear membrane I',.. Furthermore, the coupling of the two models has
been done supposing that the cargo u binds exclusively to the motor protein (giving v) or
to the importin protein. Using these different boundary conditions we observed that the
cargo concentration that accumulates inside the nucleus is lower when the cargo proteins
are transported along the microtubule. Indeed, since the cargo can be carried on the
microtubule, or outside the cytoplasm by different carriers, a competitive mechanism is
established and the import of the cargo is delayed. Only proteins having a very low
mobility (> 1um?2s™!) benefit of enhanced transport towards the nuclear membrane.
These results are detailed and discussed in chapter [3]

Part II - The protein p53

In the second part of the Thesis we introduced a model for a specific cargo protein, called
“p53”. This protein is known for its biological relevance in cell survival. Indeed, when
a damage to DNA is detected, p53 is activated. This protein has multiple roles but in
general, one can say that it acts as a controller. Indeed, p53 blocks the cell cycle in order
to avoid cell division, starts reparation pathways and, if needed, triggers apoptosis (cell
suicide).

The protein p53 is a nuclear protein. When it is in an active state, it accumulates
in the nucleus, where acts as a transcription factor and regulates the expression of many
genes. When it is inactive, it is quickly degraded and, generally, poorly imported into
the nucleus.

Notably, when activated, the level of p53 starts oscillating [70]. Initially the p53
accumulates in the nucleus and its half-life rises. This can be observed 30 minutes after
the damage has been induced to the cell. After 5-6 hours the concentration of pb3 in the
nucleus decreases again, but if the damage has not been repaired, a second cycle starts
over. These oscillations are due to the negative feedback that p53 has with its major
antagonist, the protein Mdm2. On the one hand, Mdm?2 is responsible of the degradation
of pb3, on the other hand, p53 produces the mRNA of Mdm2. Together with this negative
feedback, we need a second trigger for the oscillations. Indeed, mathematical models show
that, in order to produce sustained oscillations in a negative-feedback system, a positive
feedback or a delay on the negative one is needed. There exist several mathematical



models of p53 and each of them propose an explanation for the oscillations either by
a positive feedback, either with an explicit time delay. Most of the existing models
use ordinary differential equations to represent the network of p53. One of the main
weakness of these models is the absence of a localization of the different reactions. Few
models consider at least one species (p53 or Mdm2) localised in the nucleus and in the
cytoplasm. But none of these models distinguishes a nuclear and a cytoplasmic variable
for each considered species. On the contrary, our “spatial” point of view brought us
to consider, for each variable, a nuclear and a cytoplasmic form. This let us 1) to
localize every process, 2) to represent the nuclear accumulation of p53 and 3) to include
the directionality of transport between the nucleus and the cytoplasm. Furthermore,
thinking to possible future extension of the model, in terms of therapeutic applications,
it is important to represent the nucleus, i.e. the location where p53 acts and how long it
takes to accumulate and to exit from it.

Let us introduce the variables of the system we propose. We counsider concentrations
for p53, Mdm2, the mRNA of Mdm2 and the phosphorylated form of p53, p53,. We set
up = [pb3], w1 = [Mdm?2], us = [Mdm2grnal, u3 = [p53,]. We distiguish the nuclear
and cytoplasmic concentrations by means of the indexes (™ (©). Let us set a nuclear
and a cytoplasmic compartment that we will call 2, and .. The two compartments
have a common boundary that we call I',,.. Every species is supposed to diffuse freely
in both compartments. We also suppose that every species is produced and degraded
in the appropriate compartment. Finally we represent several enzymatic reactions that
are known to occur between the different species considered. We used the classical quasi
Steady State approximation to obtain the expression of the enzymatic reactions. In the
nuclear compartment €2,,, the model reads:

%717_0 = DoA’LLO — k:ubul
%% = DlAul - d1u17
%2 = DyNiiy + kipm +

661? = D3Au3 + ATM %o
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and in the cytoplasm €2, we have:
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We set D;, i = 0,...,3, for the diffusion coefficients of the i — th species, expressed in
pm?min~!. Following [15] and [121] we fix Kedem-Katchalsky [62] boundary conditions
at the common boundary I'y. for the species that cross the nuclear membrane from both
sides:
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meaning that the flux of each species through the nuclear envelope is proportional to the
difference between the concentrations at the two sides of the membrane. Notice that the
normal vector n is pointing outwards from the nucleus and that fluxes are continuous.
We fix the following boundary conditions for uy (mRNA of Mdm?2) and a3 (p53,):

oux" 02 - Oux®
e s

(6)

83*131’1 %33,1[30 __ Ouz®
because their transport through the nuclear envelope is unidirectional.

In order to analyse this system we proceeded in two different ways: in Chapter
we reduced the reaction diffusion system ———@ to an ODE system of equations,
by supposing the concentration of each species homogeneous in each compartment and
setting appropriate exchange rules. In the ODE case we investigated the existence of
bifurcations, and we tested the validity of the system over a wide range of parameters.
Besides to this approach, we focused more to the spatial case which is described in
Chapter @, by the reaction-diffusion system ———@. This system was solved by
finite element methods.

Main results

Through a numerical bifurcation analysis, we verified in Chapter [5] the existence of sus-
tained oscillations for our model. The interesting aspect of this result is, on the one hand,
the reproduction of the biologically observed behaviour of p53 that attests the validity of
our model. On the other hand, we showed that by the simple distinction between nuclear
and cytoplasmic compartment we could reproduce sustained oscillations avoiding the use
of positive feedback or time delay. This result shows that the core network of p53 (its
negative feedback with Mdm2) and the localization of each process is sufficient to obtain
an oscillating signal. However, we cannot exclude the existence of a positive feedback
that would reinforce the oscillatory behaviour.

In Chapter [5] we also tested the existence of bifurcations depending on several pa-
rameters, verifying the existence of oscillations for a large range of parameters and we
investigated how the oscillations change qualitatively, with respect to variations of pa-
rameters (both period and amplitude).

In Chapter [6] we obtained the oscillations of the p53-Mdm2 system in the spatial
environment. We set the biophysical parameters corresponding to diffusion and perme-
ability coefficients in the range of the known values, for pb3, Mdm2 and the mRNAs
and we reproduced the observed behaviour of p53. We observed the rise of the nuclear
concentration of pb3 after 30 minutes from the beginning of the simulations. Then we
tested the robustness of the oscillatory response changing the spatial coefficients as the
diffusions and permeabilities, but also the total volume and the ratio between cytoplas-
mic to nuclear volume. We also noticed that the period of oscillations depends strongly
on spatial coefficients such as diffusion and permeability. We verified that the oscillations
of the p53-Mdm2 network are observed over a wide range of spatial parameters. This led



us to speculate that the oscillatory response of the network has a deep biological mean-
ing, since we could reproduce it, in several different spatial environments. An interesting
information that we obtained through the use of spatial modelling is that activation of
p53 after the damage (which is described by the transformation transformation of p53 in
P53, in our model) must occur in both compartments. Indeed, if only one compartment
is activated, we can observe an isolate pick of p53, but no undamped oscillations.

Plan of the Thesis

This thesis is organized as follows:

e in Chapter [I] we introduce some biological elements about nucleocytoplasmic
transport within eukaryotic cells. To help the reader understanding the biological
notions presented, we report some figures that illustrate complex biological
situations. In the same chapter, we discuss existing mathematical models that
have been proposed in recent years to reproduce transport mechanism at the
cellular level.

e In Chapter 2| we introduce a model of cytoplasmic transport, assisted by motor
proteins along a single microtubule. We justify our modelling choices and we
discuss the differences with respect to existing models in literature. The numerical
scheme used in our simulations is presented and its numerical accuracy verified.
Finally the numerical results are presented and discussed. Tables and figures
illustrate our results.

e In Chapter we describe the model of nucleocytoplasmic transport proposed in [15].
Then we couple this model with the model proposed in chapter [2| and we evaluate
the differences with respect to the simple form discussed in chapter[2] A discussion
about the main differences with other known model in the literature is also present.

e Chapter { is devoted to the description of the role of protein p53. A detailed
biological introduction is given as well as a discussion about existing models in
literature.

e In chapter [5| we propose our pb53 model in its ODE form. We analyse the model
through a numerical bifurcation analysis and we discuss our results proposing a
biological interpretation of what we observe.

e Chapter [6] contains the main results about our model containing a spatial
characterization of pb3. Firstly, we introduce the Partial Differential System



describing the pb3 cycle. Then we start its analysis by studying the behaviour of
the system in a simplified one-dimensional domain. Next, we analyse, by means
of numerical simulations, the behaviour of the system in a more realistic two
dimensional domain. In this environment, we vary all the spatial parameters of
the system (diffusion and permeability coefficients, volume and shape of the cell)
and we observe the qualitative change of the responses of the system (existence
of oscillations, amplitude and period of oscillations). We end the chapter with a
discussion about our results and the possible extensions of the model.
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Part 1

A mathematical model for the
enhanced cytoplasmic transport:
how to get (faster) to the nucleus
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Chapter 1

Nucleocytoplasmic transport in
eukaryotes

In this chapter we will discuss transport within eukaryotic cells. After a brief descrip-
tion of the characterizing features of the eukaryotic cell, we will explain how certain
macromolecules manage to reach the nucleus and gain access to it.

Contents
[I.1  Eukaryotic cell. A few distinguishing elements. |. . . . .. .. 13
1.2 Active transport along microtubules| . . . . ... ... ... .. 14

[1.3  Facilitated nucleocytoplasmic shuttling: the Ran pathway| . 17

[I.4  Existing models 1n literature. . . . . . . ..o o 000 19
1. uthine of the Workl . . . . .. ... .. ... ... . 000, 21

1.1 Eukaryotic cell. A few distinguishing elements.

Eukaryotic cells make up plants, mushrooms, animals and human beings. One of the
principal characteristic of eukaryotes is the strict partitioning of different functions to
various locations of the cell. Specialized compartments, called organelles, perform differ-
ent tasks that are critical to life. For instance, mitochondria provide energy from food
molecules and, in plant cells, chloroplasts are responsible of photosynthesis. Nearly every
organelle is surrounded by a lipid bilayer, its membrane, that separate them from the
rest of the cellular space. Through this specific distinction of locations and roles, the
cell accomplishes all its various functions, despite the crowded environment in which it
is enclosed by the plasma membrane.

Among all the organelles, the nucleus is the most important. It contains the DNA
and all the information critical to cell genetic maintenance. Within the nucleus the
RNA is build and exported in the cytoplasm, where it is translated into proteins by the
ribosomes. Proteins then locate to the cellular sub-compartment where their function is
required, or transported outside of the cell. The nuclear envelope, besides protecting the
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DNA, accomplishes a strict regulation of what can access to or exit from the nucleus.
Homogeneously spread among the membrane, small pores, called nuclear pores (NP),
selectively control the crossing of the envelope. Nuclear pores are large protein channels
and they are composed of proteins known as nucleoporins. In mammals, a single pore
complex (NPC) has a molecular mass of about 120M Da.

A sketch of an eukaryotic cell, compared to a prokaryote, is represented in Figure

Cuter Plasma —

membrans membrarlg l::g\

Cell wall ! y 23 Microtubules
' o Endoplasmic

Mesosome: reticulum

MNuclear
anvelope

! 1™ Chromosome Chromatin

Ribosome
Nucleolus

=

complex

/L/Actin fibres

Plastid

Figure 1.1: In prokaryotes, the DNA (chromosome) is in contact with the cellular cyto-
plasm and is not housed in a membrane-bound nucleus. In eukaryotes, however, the DNA
takes the form of compact chromosomes separated from the rest of the cell by a nuclear
membrane (also called a nuclear envelope). Eukaryotic cells also contain a variety of
structures and organelles not present in prokaryotic cells. Throughout the course of evo-
lution, organelles such as mitochondria and chloroplasts may have arisen from engulfed
prokaryotes ©Nature Education [32].

1.2 Active transport along microtubules

The eukaryotic cytoplasm is a crowded environment. Several tasks are performed in dif-
ferent locations, at the same moment. For instance, some proteins are synthesised by the
ribosomes, others are degraded by the proteasomes, others bind to form macromolecu-
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lar complexes. Concurrent events take place in each sub-cellular compartment leading
towards healthy cell survival and division. The exact regulation of all the events that
maintain cell life is required and the good localization of each process is also necessary.
A pivotal role in the organization of cytoplasmic activities is played by microtubules.
Microtubules compose, with microfilaments and intermediate filaments, the cytoskeleton
of the cell and help maintaining the cell structure.

Microtubule structure

Microtubules (MTs) are filaments, with a diameter of about 24 nanometers, composed
by tubulin dimers that constitute the cytoskeleton together with actin filaments and
intermediate filaments. The building block of a microtubule is the tubulin subunit, a
heterodimer of a- and S-tubulin [76]. These subunits organize themselves in long strands
called protofilaments. In turn, protofilaments tie up and form a microtubule filament (see
Figure [1.2)). Microtubules rapidly grow or shrink in size. At both ends of the filaments

B-tubulin

e

protdﬁlamen/

Figure 1.2: Tubulin subunits (o and ), onrganized in protofilaments, form a microtubule.
(©Wikimedia Commons| .

the tubulin bricks are added or removed by chemical reactions. One of the ends, called
the plus end, grows more rapidly and, during interphase, can extend widely towards
cell periphery. The other end, called the minus end, is anchored to the microtubule
organizing centers (MTOC). The primary MTOC, the centrosome, is positioned near
the cell nucleus. In most cells, during interphase, microtubules are nucleated from the
centrosome. Thus, microtubules are organized in a radial structure pointing towards the
nucleus and irradiate from the cell centre to the cell periphery.

Microtubule functions

Microtubules are involved in many cellular process, in particular they are responsible for
vesicles and organelles transport within the cell, they are required in cellular motility
and they maintain the cellular structure. They are also critical during mitosis. In Figure
it is shown how, during the cell cycle, microtubule activity is critical in cell division.
The violet filaments represent the microtubules.
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Figure 1.3: Microtubules during the cell cycle [76].

Microtubules and transport

During interphase, microtubules span into the cytoplasm in a radial structure. Since
each filament has a plus and a minus end, microtubules have a polarity which permits
to dedicated proteins to move towards the nucleus or towards the cell outer membrane.
Because of their radial organization, microtubules play a critical role in intra-cellular
trafficking. For instance, viruses use microtubules as a highway to get close to the nucleus
[14]. During cell interphase, vesicles and organelles are positioned within the cytoplasm
by motor proteins bound to microtubules, as shown in Figure Two families of motor
proteins associate to the MTs: dynein, which permits transport from the plus end to the
minus end of the filament, and kinesin, whose members are (+) end-directed microtubule
motor proteins [76]. Both motor proteins use energy from ATP hydrolysis [51] to move
along the microtubule through discrete steps. Kinesin is a two-headed protein and takes
hundreds of steps by walking along the microtubules before detaching [144]. It is a tiny
protein compared to dynein whose mass can be greater than 1M Da. Dynein has two
heavy chains with globular heads with two elongated structures, the stalk and the stem,
emerging from them [II]. These two structures bind the microtubule track and cargoes
respectively. See Figure [L.5

Researchers have shown that kinesin bound molecules fulfil distances of several mi-
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Figure 1.4: During interphase, motor proteins transport along the microtubules vesicles
and organelles to position them within the cytoplasm.

crometers [130] at a speed ~ 1ums ™! [12]. In vitro the study of dynein motion has shown
that a single dynein motor moves only along limited distances (~ 800nm), although in
vivo observations tracked longer distances (several microns [79]). More recent studies
proved that multiple dynein proteins can bind to the same cargo and perform longer
distances in vitro [81], thus explaining the in vitro observations (Figure [L.5). Dynein
motor velocity can span betwen 0.5ums~ — 1.5ums~! [8T, [79].

Even if the use of microtubules for intracellular transport is mainly reserved to macro-
molecules or organelles, that have low mobility within the cells, recent studies demon-
strate that some small proteins use this network to facilitate their way towards the perin-
uclear region [41l [113] [72] 43| 114]. Some examples are the p53 and the PTHrP proteins
[113], that both are cancer regulatory proteins. These findings enhance the hypothesis
that some proteins that regulate important cellular pathways, and need to accumulate
rapidly in the nucleus, use the microtubules as a preferential way to approach faster the
nuclear envelope [137, [14].

1.3 Facilitated nucleocytoplasmic shuttling: the Ran path-
way

In order to regulate the complex cellular activities of eukaryotes, nucleus and cytoplasm
need to exchange information. Many proteins and macromolecules need to shuttle be-
tween these two compartments, at every moment of cell life. The RNAs, synthesised in
the nucleus, need to be exported in the cytoplasm where they take part to the translation
processes. Ribosomal proteins are assembled in the nucleus and exported to the cyto-
plasm. Nuclear proteins, as for instance transcription factors, gain access to the nucleus
in order to play their roles.

Not all proteins are entitled to access to the nucleus and those that may, use different
transport mechanisms. Some small proteins (< 40kDa) and ions can cross the nuclear
membrane freely, but others need a chaperone to get through [47]. Indeed the nuclear
pores, which are protein-lined tunnels through the nuclear envelope, consent the access
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Figure 1.5: Cytoskeletal motors have multiple mechanisms for taking long walks along
filaments. (A) Kinesin is a highly processive molecule that walks hand-over-hand remain-
ing in contact with the microtubule through-out motion. (B) Single dynein molecules
are not very processive, but they become more processive when bound to the accessory
molecule dynactin, which provides an additional attachment to the microtubule. (C)
The addition of a second dynein molecule to a cargo, even in the absence of dynactin,
allows transport along microtubules for several microns [85].

to the nucleus, or to the cytoplasmic compartment, only to entitled proteins. The tag
that identify proteins allowed to enter the nucleus is a signal, called Nuclear Localization
Signal (NLS) [27]. Proteins that have this tag, are detected by members of the importin
protein family. As a first step, an adapter protein called importin-a recognizes the signal
and binds to the NLS-bearing protein. Then, the newly formed complex binds to a
molecule of importin-8 that is the actual carrier: the ternary complex is thus able to
traverse the nuclear pore and the cargo is then released in the nucleus [46] (for a review
about nuclear import see e.g. [45]).

In a similar way, proteins that have a Nuclear Export Signal (NES) can shuttle
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outside of the nucleus. A member of the exportin family, called Crml, recognizes the
signal and escorts the NES-protein to the cytoplasm. The binding of exportins to the
cargo protein is cooperatively activated by the protein Ran, that plays a critical role in
nuclear import and export.

The role of Ran

The protein Ran is a GTPase and hydrolyses bound GTP into GDP. The GTP bound
form is considered active (RanGTP), while RanGDP is inactive. The protein Ran can
shuttle between the nucleus and the cytoplasm. In the nucleus another protein (RCC1)
promotes the formation of RanGTP [9]. In the cytoplasm proteins of the group of
RanGAP (GTPase-activating protein) and RanBPs (Ran-binding proteins: RanBP1 and
RanBP2) enhance the formation of RanGDP [, 8], see Figure[1.6] As a result, RanGDP
is mostly cytoplasmic, while RanGTP is nuclear. The unpaired distribution of Ran
between nucleus and cytoplasm has an essential role in nucleocytoplasmic transport.
Indeed in the nucleus, RanGTP binds to the Importin-S-cargo complex and allows the
cargo dissociation in the nucleus, thus concluding the import cycle. Once the cargo is
released the Importin-Ran complex traverses the nuclear membrane so that Ran and
importin move back in the cytoplasm, to recycle. In the cytoplasm the cycle is closed
by the conversion of RanGTP to RanGDP. Ran is also involved in the export cycle: it
mediates the binding of exportins to NES bearing protein. The cargo is thus exported
in the nucleus in a ternary complex composed by a molecule of RanGTP, an export
protein, and the cargo itself. The hydrolysis of RanGTP into RanGDP in the cytoplasm
dissociates the ternary complex and the cargo is thus released. Ran gets back again into
the nucleus escorted by the nuclear transport factor NTF2 that bind to RanGDP with
high affinity.

In the process described above proteins move from a region of higher concentration to
one of lower concentration and use carrier proteins to get to the nucleus. This process is
known as facilitated diffusion. Ran is thus responsible of the existence of a concentration
gradient so that facilitated diffusion can occur. For a complete review of nucleocytoplas-
mic transport see [80].

1.4 Existing models in literature

The mathematical formulation of the biological processes of intracellular transport is
a useful tool to determine if a biological model, designed through the interpretation
of experimental events, reproduce the observed behaviour. Easily, through the use of
differential equations, the dynamics of a complex biological model can be predicted by
simulations and, sometimes, by the mathematical analysis of the system. This tool has
already been used to model transport along microtubules [122] 15] and to reproduce the
facilitated translocation through the nuclear pores of NLS proteins [48)].

For instance, Gorlich et al. [48] modelled the transport mechanism mediated by
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the protein Ran with an ODE system of equations and reproduced the experimental
behaviour observed in vitro. From the one hand through this quantitative analysis the
authors could verify that the biological model of nuclear import based on the Ran gradient
is reliable. From the other hand the authors could observe that, during mitosis, the
Ran gradient can be maintained only in sufficiently large cytoplasms. They could thus
represent a behavioural feature of the Ran cycle, depending on cell size.

In [121] the authors reproduced nuclear import of NLS proteins through the Ran
pathway with a PDE system of equations, considering the spatial variable and repre-
senting a nuclear membrane. They used the Virtual Cell SoftwareE] to compare their
experimental results with a 3D simulation of the system model, see Figure m. They
predict that the steady state flux across the NPC is regulated by the Ran gradient and
not by the flux capacity of a single pore. They also provided a first estimate of the total
in vivo flux: 520 molecules per NPC per second.

A first pioneering work that combines the modelling of nuclear import pathway medi-
ated by the Ran gradient, and the microtubule activity as an enhancer of nuclear import
is the paper of Cangiani and Natalini [15]. The authors propose a three-dimensional
model of the import pathway, reproducing the facilitated diffusion through the NE due
to the Ran gradient. Furthermore they consider a vector field, acting as microtubule
network, that transports NLS proteins towards the nuclear membrane, thus improving
the total mass import. The authors could confirm the behaviour experimentally obtained
in [113]. In Figure we report one of the simulation results of [15].

Microtubule transport has been modelled for the first time in a theoretical manner by
Smith et al. [122]. The authors provide a one-dimensional reaction-advection-diffusion
model, that takes into account bi-directional transport along the microtubules and re-
produces qualitatively the transport characteristics of different biological systems, as
organelle transport in neurons or in melanophoresﬂ

A step further in the direction of models of motor assisted transport within the cy-
toplasm, has been done by Dinh et al. [28] 29]. The authors relate biochemical and
biophysical aspects of organelle transport in the cytosol. In [29] a model for the kinet-
ics of Melanophores is described. In Melanophores, microtubules and actin filaments
work together in order to distribute pigment granules (melanosomes) within the cell.
Melanosomes can either aggregate at the cell center or disperse throughout the cyto-
plasm and the switch between the two states depends on biochemical signalling path-
ways. Assuming radial distribution, the authors develop a model of partial differential
equations that take into account transport along microtubules and actin filaments and
the biochemical activation pathway that changes the status of the system. Their results
agree reasonably with experimental data.

Many other works exist about the parallel aspects of microtubule activity as the
molecular regulation of motor transport. Other authors study the microtubules in dif-

!The Virtual Cell is a computational environment for modelling and simulation of cell biology, vcell.org
developed by the Center for Cell Analysis & Modeling (CCAM) at the University of Connecticut Health
Center.

2Microtubules (MTs) and actin filaments (AFs) work together in order to distribute pigment granules
(melanosomes) in Melanophores (fish and amphibian epithelial cells).
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ferent phases of the cell state and their role during mitosis. See e.g. [77].

1.5 Outline of the Work

In the next Chapter we develop a simple model of motor-assisted transport in the cy-
toplasm. We will consider a subregion of the cytoplasm where we assume that a single
microtubule is present. A diffusive species will be included in our model. This species
will be able to bind to motor proteins and to attach to the modelled microtubule. We
will locate in the space the attraction area of this unique microtubule, and transport
along it will be modelled using a mono-dimensional transport equation. Thus we will
couple a two dimensional reaction-diffusion system with a mono-dimensional transport
equation. The next step will be to couple this model with the model of nucleocytoplasmic
transport proposed in [I5], in Chapter [3] to compare in a more quantitative manner the
enhanced accumulation of proteins in the nucleus, supported by the cytoplasmic faster
translocation due to MT activity.
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Figure 1.6: (A) Ran shuttles across the Nuclear Envelope (NE), with about 95% in the
nucleus and 5% in the cytoplasm. A high concentration of RanGTP in the nucleus is
maintained by RCC1, which catalyzes the formation of RanGTP. RanGDP is prevalent
in the cytoplasm due to RanGAP and RanBPs that increase its GTPase activity. During
import (left), importins bind to NLS-containing cargoes in the cytoplasm and translocate
them into the nucleus through NPCs. RanGTP in the nucleus binds to importins and
releases the cargoes from the complex. The RanGTP-importin complex is then recycled
to the cytoplasm, where it is disrupted after RanGTP hydrolysis. During export (right),
NES-containing cargoes in the nucleus bind to exportins and RanGTP, and translocate
out of nucleus. In the cytoplasm, the cargoes are released from the complex by RanGTP
hydrolysis (|21, 124, 142, 126]). (B) Images of immunofluorescence in HeLa cells. The
green staining shows the location of Ran and RCCI in these cells. Each circular shape
is a cell. RCC1 appears to be located near the nucleus and chromosomes, whereas
Ran appears more diffusely around the cell, both inside and outside the NE. (©Nature
Education| . 22
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Figure 1.7: @Ran transport is compared in a time series for Fluorescent Ran in wvitro
(grayscale) and for a sample plane from a 3D spatial model of Ran transport that sim-
ulates the same cytosolic microinjection of Ran [121]. @ : Cargo and receptor spatial
distribution with microtubule activity (above) and inhibited binding (below) [15].
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Chapter 2

A model of active transport using
advection-reaction-diffusion
equations

In the previous chapter we introduced some elements of the biology of intra-cellular
transport. In this chapter we propose a model of transport along microtubules and we
predict which molecules, depending on their diffusion coefficients, could benefit of motor-
assisted transport throughout the cytoplasm. In Section we introduce the biological
model and its mathematical formulation. In Section we provide a numerical scheme
with which we simulate the system proposed. Finally in Section we show and discuss
the results of the numerical simulations.

Contents

[2.1 A model of active transport| . . . . .. ... L0000, 25
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2.1 A model of active transport

Proteins are synthesised in a fairly homogeneous manner inside the cytoplasm. Each
protein has a specific function and, given the spatial organization of eukaryote, a specific
location where to carry it out. In particular, the nucleus is the most important organelle
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of the cell and many proteins need to reach it. Transcription factors have to bind to
nuclear DNA to transcribe genes, ribosomal proteins need to get to the nucleus to be
assembled into ribosomes. In the event of cellular damage, the cell answers promptly, by
sending signals that begin the process of repair and by arresting the cell cycle to allow the
complete repair. Many of these events occur by means of the production or degradation
of proteins and, for this reason, a continuous exchange of information between the nucleus
and the cytoplasm is essential.

Import of proteins into the nucleus is regulated by the Ran pathway. Proteins ad-
mitted to the nucleus are labelled with a signal, called the nuclear localization signal
(NLS). Importin proteins recognize this signal and carry the NLS-proteins to the nu-
cleus, passing through the nuclear pores complexes. The protein Ran breaks the complex
importin-NLS-protein and releases the cargo in the nucleus. The unbalanced concentra-
tion of the protein Ran between the nucleus and the cytoplasm dictates the directionality
of transport (for further details see Section and references therein).

Several NLS proteins have been found to interact with the cytoskeletal microtubules
in their way towards the nucleus. Such examples are the protein p53 |41, 113], the
parathyroid hormone-related protein PTHrP [72], the Rb retinoblastoma protein [113]
and also NFxB in a complex with DNA| through the recognition of the NFxB NLS [87].
In cell-free Xenopus egg extract, a nuclear localization signal triggers active transport
along microtubules [114]. Using the microtubule filaments as a highway, those proteins
approach faster to the nucleus and their import results enhanced. Cytoskeletal-assisted
nuclear transport can be thus considered as a simple variation of nuclear import [137],
which is conventionally regulated by the Ran pathway.

With the aim to mimic such behaviour, we suggest a simplified bidimensional model
of cytoplasmic trafficking where nuclear import is enhanced by active transport along
microtubules.

2.1.1 Main assumptions and biological interpretation

In this model we consider a diffusive species capable of binding motor proteins. Our
purpose is to evaluate if the flux towards the nucleus is enhanced when protein diffusion
is supported by unidirectional transport along microtubules. For this reason, we take
into account only the motor protein dynein, that is the motor that walks along the
microtubules in the direction of the nucleus. This choice does not represent a limitation
to the model, since the species to which we are interested are known to attach only to
dynein. The diffusive species, once bound to dynein, can diffuse or bind the microtubules
and be actively transported. We set C, for cargo, the diffusive species. The product of
the kinetic reaction giving the complex cargo-dynein is defined as Py (f for ‘free’), while
the cargo-dynein complex transported along the microtubules is defined as P, (t for
‘transported’).

We model a single domain, only the cytoplasmic one, and we consider a thin area
of the cytoplasm where we suppose that a single microtubule (MT) lies, as in Figure
We assume that motor proteins are abundant in this area and we consider dynein
concentration constant and uniformly distributed. The reactions we model are the fol-
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lowing: the formation and the dissociation of the cargo-dynein complex and the binding

and unbinding to the microtubule. The specific feature of this model is the choice of

locating the microtubule: an area of attraction, where the attachment to it is allowed,

defines its location. Along the microtubule, the transport velocity is constant: dynein is

known to walk along the filaments at a speed of about 1ums~—! [96] and see Section
The kinetic reactions we take into account are schematically represented by:

k/
D—I—Ck:‘Pf, (2.1)
ﬁ
Pfl:Pt onIxJ. (2.2)

Here k', k_, k1 and k_; correspond to the rates of reaction. The symbol = indicates that
the reactions are reversible. The reaction (2.2) occurs only in the area of attraction of
the microtubule, here denoted by I x J (see Figure [2.1)).

2.1.2 Mathematical formulation

i

o o B
YoRO | )
t 200nm

0
i ‘
v | ) A —— ‘

10pwm

Figure 2.1: Area of the cytoplasm where intracellular transport is modelled: 2 = [0, L] x
[0, Ly]. The yellow rectangle (IxJ = [z, xFi] X [yo — 0, Yo + J]) represents the attraction
area of the microtubule filament, the red strip is the microtubule, positioned in .

Let u = [C], v = [Pf], W = [P,] be respectively the cargo, cargo-dynein complex
and transported particle concentrations. We cast v and v in two-dimensions and we fix
their unit to mol/um?. The variable W is mono-dimensional and its unit is expressed in
mol/pum. The Law of Mass Action states that the rate of a reaction is proportional to
the product of the concentrations of the reactants. Applying the Law of Mass Action to

reactions and leads to the following differential equations:
du

o = _k;’[D]uij,v =—ku+k_v, (2.3)
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dv

pri ku—k_v—kiv+ kW, (2.4)
and W
H == kl?} - k_lw (25)

In equation we have fixed k = k/[D], since we assume dynein concentration to be
constant.

In order to describe spatially the dynamics of the modelled processes, let us define
the simulation domain. We consider a rectangular domain €2, represented in Figure [2.1
which we imagine to be a cytoplasmic area influenced by a single microtubule. We denote
by I =[xy, xr;] the actual length of the microtubule and J = [yo — 6, yo + d], the width
of the attraction area of the filament, positioned in yg. The cargo and the cargo-dynein
complexes, u and v, diffuse within all the domain €2, while the transported particles
W obey a one dimensional advection equation. To model diffusion we use the classical
Fick’s law of diffusion. This law says that the flux of a given material is proportional to
the gradient of the concentration of the material; then by a conservation argument, the
spatio-temporal evolution of the diffusive material is calculated [93].

We set d,, and d,, the diffusion coefficients of the u and v species respectively and ¢
the motor velocity for the transported particles. Under the previous assumptions the u
and v species satisfy a reaction-diffusion equation, while W is controlled by an advection
equation modelling the transport along the microtubule with a steady velocity ¢. Our
model reads:

(892: =d,Au — ku+ k_v, in €,

ov I

i dpAv +ku—k_v—kjvlg + kW 7] (2.6)
+cW(xpi)do(x — iy — Yo), in Q,

a;l/ + caaz/ =k W +k /J vdy,  in ]z, TRl

Notice that, in order to localize reaction , we introduced the characteristic function
of the sub-domain I x J, denoted by lyxy, where l1yxy : © — {0,1}. We also suppose
that the molecules transported along the filament are freed when they reach its end. The
term c¢W (zp;)do(z — i,y — Yo), in the equation for v, represents the contribution due
to those molecules: the outgoing flux of the transported particles at the end of the MT
filament. The dg(z,y) stands for the Dirac mass at the origin. This term guarantees
the conservation of the mass, as will be shown below. Let us first close the system by
imposing the boundary conditions:

ou _n Ov _
ain — 0, an — 0, on F4,

dug% + puu =0, dv% + pyv =0, on I'y,
W(.’E]n) =0.
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Since the structure of the MTs network is homogeneous within the cell, as in Figure [2.2]
we choose periodic boundary conditions on the long sides of the domain, I'y and I's, see
figure 2.3] On T'y, the Neumann homogeneous boundary conditions is a zero flux con-
dition, meaning that proteins cannot cross the membrane layer. On I's we consider an
outgoing flux proportional to the species concentration, as if the species where travers-
ing the nuclear membrane. For the transported cargo W we suppose that there is no
upcoming flux at the beginning of the microtubule and we fix W(zp,) = 0.

MTOC

Figure 2.2: Schematic model of the cell with its microtubules structure.

Figure 2.3: Periodic boundary conditions on the long side of the domain (see figure [2.1)
in system make the cell a homogeneous environment. This means that the strip
where we model the system is a “zoom” on a single microtubule. We suppose that the
same reactions take place in the rest of the cell.
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Let us introduce the function, defined on the whole domain €:

wla,y) = W) 22D

R

//wdxdy:/Wd:c.
Q I

The total mass of system ([2.6)) is given by:

/ /Q(u + v + w)dzdy. (2.8)

Let us write a general conservation equation which says that the rate of change of the
amount of a material in a region is equal to the rate of flow across the boundary plus
any that is created within the boundary [93].

2.7)

in such a way that

Proposition 2.1.1. The conservation of system (@) yields:

0 ou ov
— dxdy = d,, —d dy —do. 2.
8t//9(u+v+w)xy ., on o+ p28n0 (2.9)
Proof. Using the equations of system (2.6) and applying the Green’s first identity, we
get for wu:
8// udxdy—//(duAu—k;u—i—k_v)dxdy
prcer, 2.10)
,—/_ 8u
= // (—ku+k_v)dedy+d, | ——do
0 Ty (‘3n
and for v:
a// vdzrdy = //(dUAU + ku — k_v — kivligg + k—jw)dxdy+
+ W (xpi)do(x — xpi,y — yo)drdy
Q
pro=ry =P, (2.11)
=d, 8—d0+ // (ku —k_v dfcdy+// —kivlixy + k_1w) dady
1)
W (zp;)do(x — xri,y — yo)dwdy.
Q
And finally the mass of w writes:
— dxdy = —Cc—— lixgd k_ dxd
g | Jtsts= [ [ (=505 5w+ e
=0 Pf:Pt
c —N—
= —/ W(QSFZ)—W(.%]”) dy—l—// (klelIXJ—k:_lw) d:cdy.
Integration by parts J ‘J| QO
(2.12)
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Summing up equations (2.10)), (2.11) and (2.12)) we find equation (2.9)), i.e. system (2.6}

conserves the mass. ]

We conclude this section by some modelling remarks. In this model, we consider ad-
vective and diffusive processes to represent the motion of molecules inside the cytoplasm.
The first and second equation represent the variables for which motion is regulated by
diffusion. They lie in two-dimensions: u = u(x,y,t) and v = v(z,y,t) represent the
species concentration per unit surface area at time t in (x,y) € 2. On the other hand,
we consider the MT dependent transport to be one-dimensional. The advection equation
that model the evolution of the transported cargo concentration, W, is one-dimensional
and uni-directional. Another approach to model transport along microtubules, used for
example by Cangiani et al. in [I5] and by Sturrock et al. in [129], is to consider a
velocity field v : © — R"™, where n depends on the dimension of the modelled domain
(n =2,3). Through this approach the influence of microtubules is averaged in the whole
domain and no localization is allowed: at each point of the domain particles can attach
to microtubules and be transported following the vector field.

Motor proteins attach to microtubules and walk along them in a given direction. As
a result, transport along microtubules is mono-dimensional. Furthermore, microtubules
are single filaments that span the cytoplasm of cells. Our choice was to consider both
these features: we localize a single microtubule filament by fixing a tiny attraction area.
Next, we consider the transport of proteins along microtubule to be uni-dimensional by
coupling a one-dimensional advection equation with a two-dimensional reaction-diffusion
system. Our goal is, on the one hand, to be more realistic, on the other hand, to
emphasize the differences of the two transport mechanisms used by proteins to move
inside the cell (diffusion and motion along cytoskeletal filaments).

2.2 Numerical approximation

In this section we propose a numerical scheme in order to solve the system presented
above. Let us introduce a space discretization of the x and y axes. Our domain € is the
rectangle [0, L] x [0, L] (see Fig. [2.1). We denote by Az, Ay the discretization steps in
the x and y directions respectively and we divide the intervals [0, L,] and [0, L;] in N, +1
and N, + 1 points. The mesh points will be (z;,y;) = (iAz, jAy) with 0 <i < N, + 1,
0 <j < Ny+1. Let At be the time discretization step and ¢,, the n step, i.e. t, = nAt,
n € N. According to these notations u;'; will be the approximation of the solution of
win (z;,y;) at time t", while ’u{fj and W denote respectively the approximations of v
and W. We remark that W lies in [z, zF;], so that W is well defined only for certain
values of 7, in particular we need zy,/Az <i<zp;/Ax.

We first solve the transport equation of system , i.e. the third equation of the
system. First, let us introduce the numerical approximation of the transport term of the
equation, and omit to contribution of the degradation and of the flux terms in the right
side of the equation. Since the equation is linear, we can use an upwind scheme and
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directly write it in its viscous form:

n n n v n n n
WH W; 2( 1 — Wity + 2( i = 2W+ W), (2.13)

where v = c . This scheme needs to satisfy the CFL condition 0 < v < 1, that assure
its convergence Then, we consider a flux limiters to add an antidiffusive term [75]. The
flux limiters we consider are TVD, Total Variations Diminishing, which means that the
total variation of the mesh solution W™, defined by

1
Wn+ Z | z—i—l

verify
TV(W™) < TV(W™H. (2.14)

We define, for the mesh function the ratios:

Wit = Wity d Wity = Wity (2.15)
Ti+1/2 = yom _vrn R4 Ti-1/2 = om0 s .
o Wi, — Wi / Wi =Wty
and we introduce a fluz limiters function ¢(r) [I31]:

¢(r) = max{0, min{r, 1} }. (2.16)

The antiviscosity term that we add to equation (2.13)) reads:

V(l — l/) n n

- [O(rip12) Wiy — W) — d(ri1 o) (W] — W) (2.17)

Finally, let us set
Vigr2=1— (1 =v)d(rit1/2),

and sum the antiviscosity term (2.17) to (2.13). We obtain the TDV-satisfying, second
order accurate transport scheme:

Wit =W — 2( = Wity) + (¢z+1/2( T = W) =i (W = W))) .
(2.18)
To use the flux limiters at the last point of the grid, we need to add a fictitious point, so
that we can calculate the ratio r;; /0. Let us call M the ¢ point on the grid for z such
that M Ax = xp;, i.e. the last point of the grid where w is defined. We set:

Wit = 2wy, — Wiy, (2.19)

in such a way that we can calculate at each time step the quantity ¢(r; 4 /2) and solve
the transport equation with the same accuracy in the interior points and at the border.
Formula is referred to as quasi-characteristic extrapolation, since the extrapolation
uses points near the characteristics [127].

32



Then, we look at the right hand side of the transport equation that is made by
two parts. The degradation term —k_1W is stiff, and we approximate it by an implicit
discretization. For the source term F := [jv(z;,y)dy, we use an upwinding scheme [112],
which improves the resolution near the asymptotic states, and besides, we approximate
the integral using a trapezoidal rule. Summing up these considerations, we obtain the
following scheme for W:

n n n n v n n
(1 4+ Atk_)W ™ = W] 2(W¢+1 - Wiy + 5 (Vi1 oWy = W)

1 (2.20)
—Yi_172(W" — Win—l)) + §Atk1(F¢n + FiLy).

In oder to solve the reaction diffusion system, i.e. the first and second equations in
([2.6), we use a IMEX Midpoint scheme that is a second order scheme [10]. An IMEX
scheme congists in a balance of implicit and explicit terms. Here we treat implicitly
the diffusion terms, to avoid a parabolic CFL condition that would require At ~ Agz?
[95]. Tnstead, the IMEX Midpoint requires At = O(Axz*/3) [I0]. We treat explicitly the
sources terms and we obtain:

2,,(1)
1 _,n At Gpu oyut) At (1) At
ui,j = Ui,j + du?( AJ)Q + Ay2 kddyn 5 —+ kfivl]7
( 2,1 520 .
+dy A (SR + ) — b B + kdgyn Sl
At At W
—R15; (1) k17 7] ifi,jelIxJd,
o, At 520 55 Af o At ur e A )
At wrt
+62A$ |J|l if (7“ ])‘(xl’yj) (xFiJrlvyO)
n At 6200 551)(1) At (1) At _
Vi j +d”7< A2 + Ay2 —k_— 9 +k’ddyn*u i otherwise.
(2.21)
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orul) | Sjut) 1

n+l _  n (1)
up T =g+ duAt( A2 + A ) — kdaynAtu, ; + k_Atv,
. o™ ot 1) 1)
v+ dy At( N + A ) — k-Atv; ;| + kdayn Atu, |
1 WTL+1
~k1 At + koAt ’ZJ‘ ifi,jeIxJ,
2,,(1)
ot = o+ AR 4+ ) — koAt + kdgyaAtul) — kAt
AWMt
+CA733T|1 if (¢,7) (%, y5) = (@Fit1,Y0)
n o2o) opu 1 1 .
v+ dy At( Ax2 - yAy2 ) — k—Atvl(’j) + kddynAtuZ(,j) otherwise.
(2.22)
where
§ull) uly = 2ul) 4l
Az? Ax?
and

1 1 1
5§u(1) B u§7j)+1 — 2u£’j) + Uz(‘,j)—1

Ay? Ay?

(respectively for v). Since u and v satisfy mixed boundary conditions on I's and Neumann
boundary conditions on I'y we use the second order derivative approximation to calculate
the boundary values:

ou 1
to yield:
4 1
ug,; = (3u1,; — gua;).

We also discretize:

ou 1
%(Lx,yj) = m(3u%1+17‘7 - 4“7\[:“‘7 + U?Vm—l,j)v

which gives
dy,
UTJLV$+1,J‘ = m(‘m}h,g’ - U}(fl.—l,j)-

Similarly we calculate the numerical approximation of v on the boundary.

Now we detail the treatment of the term corresponding to the outgoing flux from
the microtubule. For the sake of simplicity, let us consider v as a function of (x,t) and
set xp = xpir1. If we neglect the reactions terms, the mass traversing the volume D,

34



1 n+l1
(Xk—llz’ t ) (Xk+l/2’ t )

n X n
(Xk—llz’t ) : (Xk+1/2’t )

Figure 2.4: We consider the plane (x,t) and the mesh point xp;11 , called xg.

represented in Figure 2.4] is given by the following formula:

// Opv + Oy (—0z0) = / —Ozvdr + / —vdt. (2.23)
D Gauss-Green Jgp oD
Using formula (2.23]) we obtain the expression for v:

1 Tht1/2 1 g+l 1 g+l
vZ“ = Ax/mk_uz UJZH = v — (A:U /tn (_8xv)k+1/2 T Az . (—8asv)k—1/2> .
(2.24)
The flux due to the microtubule at (x4_; 2, "y s cW,?fll so that if we add this flux to
(12.24)) we get:
n n n n n+1
e At |V — 0 [V T Ve n Wiy
k FAx Ax Ax |J] ’

that corresponds to the formula used in the numerical scheme —.

To verify the order of accuracy of the proposed scheme, we fix a space step
Az = 0.005, Ay = Az, and, once calculated the corresponding time steps At =
min(Ax/c, Aac4/3), we evaluate a reference solution uyef, vyep, Wrey, using the proposed
scheme. We evaluate the reference solution at different final times 7' = 5, T = 10 and
T = 15. Then we change the space step, and accordingly the time step, and we calculate
the error evaluating the L' distance between the numerical solutions and the reference
solution:

el (h) := /Q |u;:';f —ul| + |vrTef —of |+ \w,?ef — w} |dxdy, (2.25)
where h = Az is the fixed space step. We also recall that we have defined
1
w(z,y) = W(ac)lx']ér’y), thus w is well defined on Q. Using formula [2.25] we plot,

in the logarithmic scale, the numeric error at 7' = 5,10, 15 and the h? curve (light blue).
Looking to Figure we can observe that the order of accuracy of our scheme is
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h ||u§ef_u2||1 va«ef_vij”l ||W7?ef_W}?H1
0.1 [1.2576-1073 | 0.7733-1073 | 0.4698 - 103
0.05 | 0.1963-1073 | 0.3147-1073 | 0.1227-1073
0.02 | 0.0662-1073 | 0.1016 - 1073 | 0.0447-1073
0.01 | 0.004-10"3 | 0.0131-103 0.0141-103

Table 2.1: Error L' at different space steps.

e T llery = uplls [ Tlogey — ol [ 1IW,S, = WiPll
0.1 | 0.8837-107° | 0.1287-10* 0.0148 - 107°
0.05 | 0.2810-107° | 0.0507 - 10~* 0.1260 - 10—
0.02 | 0.0972-107° | 0.0171-10~* 0.0464 - 10~°

0.01 | 0.0145-10=° | 0.0038-10~* 0.0148 - 10~°

Table 2.2: Error L' at different space steps.

around 2, as expected. The mean error e,,(h), is given by the arithmetic mean at the
different time steps considered. In order to calculate more precisely the accuracy of our
scheme, we consider the curve

log(em(h)) = ~vlog(h) + log(C),

where « is the order of accuracy of the scheme, and we fit this curve by a least square

method. We find v = 1.83 (see Figure [2.5(b)).
The Tables , , show the L' distances of solutions at different space steps, at
time T'=5,T = 10 and T' = 15. We can observe, from the values reported in the tables,

that the L; error diminishes with h.

2.3 Simulation results

Our purpose is to evaluate for which proteins microtubule activity is a natural support
for intracellular trafficking. Several proteins have been proven to use the MTs network
and the motor protein dynein to facilitate their way towards the nucleus. Maybe the
most notable one is the tumor suppressor protein p53, because of its crucial role in cell
life regulation [41) 113]. But other proteins, such as p38 or PTHrP are known to be

b Tllgey =il [ Tlopey — o [ TWoer = Wislla
0.1 | 0.1090-107% | 0.1897-107° 0.4434 - 107
0.05 | 0.0406-107% | 0.0617-10° 0.1124 - 107
0.02 | 0.0142-107% | 0.0212-107° 0.0417-10~"
0.01 | 0.0034-107% | 0.0056-10° 0.0135- 107

Table 2.3: Error L' at different space steps.
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Figure 2.5: @Ll error in logarithmic scale. We set ST = u” + 07 4w, @ Mean error
plot in logarithmic scale and its least square linear approximation.
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Figure 2.6: Area of the cytoplasm where intracellular transport is modelled: = [0, L,]x
[0, L,]. The yellow rectangle (IxJ = [zp, zFi] X [yo — 0, Yo + J]) represents the attraction
area of the microtubule filament, the red strip is the microtubule, positioned in yq.

transported by motor proteins, which can improve their nuclear accumulation [43], [72].
We solved numerically the reaction-diffusion-advection system , to calculate the total
flow of particles, with and without the microtubule.

In in vitro experiments [113], microtubules dynamics is suppressed by the use of
specific drugs that dissociate microtubules. Using numerical simulations, we can both
simulate active transport, or assume that the MT is unable to perform its task because
of external variation of the system, such as the infusion of a drug. Or simply assume
that dynein does not bind the cargo proteins.

Model parameters and biophysical quantities

Let us recall some notations relative to the chosen domain. We consider a rectangle
Q = [0, Ly] x [0, L], see figure 2.6} The attraction area of the microtubule is the sub-
domain I X J = [z, p;] X [yo — 0,90 + 6]. We fix L, = 10, L, = 0.2, where lengths
are expressed in micrometers. We suppose that in this area a single microtubule lies.
The average diameter of a microtubule is 0.024pm [76], so we have chosen to fix the
thickness of the attraction area |J| of the modelled microtubule to 0.04pm. The length
of a microtubule is variable and depends on the type of the cell. Here we fix its length
to 8um, which means that we fix the length of the interval I = [x1,, 2F;]. In particular,
we assume I = [0.1,0.9]. Finally yo = 0.1 so that the microtubule is positioned at the
centre, in the y direction, of the domain €.
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Parameter  Unit Value Reference(s)
k st 0.2 [15] O7]
k_ st 0.2 [15] 97]
k1 s 1 0.5 [122]
k_1 s 1 0.5 [122]
c pms~t 1 [96], 8]
du, d, pm?s~! 1 [117]
Dus Po pms—! 1 proposed
MT length um 8 proposed
L., L, um 10 and 0.2 proposed
1,7J um 8 and 0.04 proposed

Table 2.4: Parameter values for system and corresponding references in literature.
Remark that the value for the permeability coefficient is not intended to be realistic, since
we are not considering any import pathway. However, a permeability equal to 1ums™!
corresponds roughly to the permeability of a cargo-+importin complex: 1.87ums~! [121].
The length of a microtubule is variable and depends on the cell type. Microtubules can
measure between less than a micrometer to hundreds of micrometers and the average
diameter is 24nm [76].

In order to calculate the mass flow due to transport and diffusion, we fix a point T,
Tp; < T < L, and we calculate the net flux of each species at the end of the domain.
This is to say:

bu(t) = —d, /0 Vu(z,y) 0@ y)dy,  do(t) = —d, /0 Vo(z,y) - n(z,y)dy, (2.26)

and integrating over time we define:

Fu(t) = /0 du(t)dt and F,(t) = /0 o (t)dt . (2.27)

The functions F,, and F), express the mass amount that has traversed the line  x L,
after a time ¢, which makes sense since we are dealing with superficial concentrations.
We fix the reaction constants for all the species, as in Table

The total dynein concentration is assumed to be constant: [D] = 1. We will vary the
diffusion coefficient of the cargo protein in order to determine which proteins benefit of
motor-assisted transport. We fix a starting diffusion value to 1um?2s~! that corresponds
to big proteins of mass > 1000kDa, as it can be seen on Figure 2.8

2.3.1 The macromolecules flow increases with MT activity

Using the numerical scheme discussed in Section [2.2] and the values of coefficients listed in
Table we perform numerical simulations of system (2.6). In particular, the diffusion

values of v and v are set to 1um?s~'. We model the combined action of diffusion
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The initial values are set to:

10 fo<z <z
u(m, Y, 0) = 2 .
10 - e~ (@=m0)" if 25 < 2 < 10
v(z,y,0) =0
w(z,0) =0
(2.28)
where z¢ = 3.3. Figure 2.7: Initial data for u.
100
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Figure 2.8: Protein diffusion coefficient and corresponding molecular mass [66]

and active transport along a single microtubule. The action of the microtubule can be
observed 1) in the distribution of the total mass that accumulates around the filament
and 2) in the higher velocity of the transported particles. Figure shows the spatial
distribution of total concentration v + v + w, at different time steps. The non-uniform
distribution of the concentrations is a consequence of the microtubule activity: in the
vertical direction because of localization, in the horizontal direction it is a consequence of
the greater distances in the x direction travelled by the particles attached to the filament.
Indeed, the displacement along the microtubule during a time ¢ is given by

2 (t) =ct =11,

where ¢ = 1lums™! is the constant velocity of the motor along the filament. The mean
displacement of the diffusive particles is

rp(t) = VADE ~ 2v/t,

for D = 1um?s~! [6]. Notice that the mean displacement due to diffusion underlie a
displacement in R?, while the displacement due to the microtubule is in one direction.
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Figure 2.9: Spatial distribution of total concentration u + v 4+ w at different time steps.
Parameters in Table @ A plot of the spatial distribution of the total concentration
with the right proportion of the area modelled.

Using equations we evaluate the total mass flow at the end of the domain,
given by Fy, + F,. To compare the flow due to motor-assisted transport with the flow due
to diffusion alone, we assume that the cargo proteins do not associate with dynein and
we simulate system setting kK = 0. The flow due to diffusion and to motor transport
is greater than the diffusive flow alone. Figure [2.10(a)| shows this result: the black curve
is the mass that at time ¢, traverses the segment at the end of the domain, fixed by the
definition of equations . The blue curve is the mass flow due to diffusion, when the
attachment to dynein is blocked. When the microtubule operates, enhanced transport
towards the nucleus is evident.

Next, we perform the same simulations using different diffusion coeflicients and we
compare the results obtained when only diffusion is allowed, and when microtubule trans-
port is active. As Figure shows, for values of diffusion < 4um?s~!, microtubule
activity enhances the total flow. If the diffusion coefficient of the cargo protein is set to
4pm?s~1 the flow with active transport is equal to the flow due to diffusion. Our results
confirm that cytoplasmic transport of big molecules or organelles is increased by the use
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Figure 2.10: Total flow with microtubule activity (black curve) and total flow due
to diffusion alone. Diffusion coefficients are set to 1um?s~". omparison of the total
flow calculated for different diffusion values: d, = d, = 1,2,4um?/s. The blue curves
are the flow calculated when the activity of microtubules is blocked; the black curves are
the flow relative to the MT activity. The flow is calculated using equations .

of microtubules. For example, a protein having a molecular mass ~ 500kD would have
a diffusion coefficient of ~ 2.5um?s~1 [I17].

We conclude by some remarks. The mean attachment time of the cargo-dynein com-
plex to the microtubule and the mean diffusive time of the cargo-dynein complex are
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given by:

1 1
Ton = 77—, Toff = -
on k—l of f kl

Using the values listed in Table , we can evaluate these values: 7,, = 2s, and 7,57 = 2s.
During this reference time, the distance travelled on the microtubule is z.(7on) = 2um,
while the displacement due to diffusion is 7p(7,4f) = 2v/2. A variation of these coeffi-
cients could improve further the benefit due to microtubule activity, since it would result
in an increase of the time spent on the filament. We will analyse these possibilities in
the next section.

2.3.2 Detachment and attachment rates from the MT increase the to-
tal flow

In section [2.3.1] we have shown that molecules having a diffusion coefficient up to 4um?s="
benefit of active transport. However, a protein like p53, which has a molecular mass
~ 50k D, has a diffusion coefficient ~ 15um?s~! [58]. The results of Roth et al. [I13] show
that proteins like p53 and pRb (molecular mass ~ 110kD [61]) benefit of microtubule
activity in their way towards the nucleus. What can explain this discrepancy?

One possible explanation is that the attachment rate of dynein to microtubules is
changeable and depends on the the microtubule length and motor concentration [I35].The
detachment rate is also variable and depends on the load. For instance, when unloaded,
dynein detaches rapidly from the microtubule [135].

Suppose that the cargo in question is able to attach to more than one motor protein.
On the one hand, this assumption would imply that the cargo spends a longer time on the
microtubule. On the other hand, we can imagine that several motor proteins increase the
probability to attach to the microtubule in such a way to decrease the time spent off the
filament. We test how the attachment and the detachment rates from the microtubule
influences its ability to enhance protein transport.

First, we fix the attachment rate k; of the cargo to the filament and we perform
simulations for different values of k_;. We fix k1 = 0.5 in such a way that the diffusive
mean time of a cargo-dynein complex is 7,5¢ = 2s, as in Section We perform
numerical simulations for values of k_; = 0.5, 0.05 and 0.005s~!. The results indicate
that the lower the rate of detachment, the greater the increase of the corresponding
flow of molecules, that is, the greater the time spent on the microtubule, the greater
the flow observed. Figure illustrates the flows relative to different k_1, when the
diffusion coefficients of the cargo and of the cargo-dynein complex, are set to 1pum?2s1.
We observe a remarkable increase of the total flow when k_; passes from the value of
0.557! to 0.05571. On the contrary, the difference between the cases k_; = 0.055~! and
k_1 = 0.00557! is very small. This result is not surprising, since the time needed to a
motor protein to walk the whole filament is of 8 seconds. The values k_; < 1/8, which
give an average time of attachment greater than 8 seconds do not guarantee better results.
In Figures we plot the flows corresponding to diffusion coefficients of 2um?s~! and
4pum?s~1. We can observe that if k_; < 0.05 then the microtubule influence slightly
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Figure 2.11: Diffusion is set to 1um?s~!. Blue curve: flow due to diffusion with no MT
activity. Other curves: total flow with MT for different values of k_; = 0.5, 0.005, 0.005
(k1 = 0.5 is a fixed value).

increases the flow for the diffusion coefficient of 4um?s~!. In conclusion, we observed an
increment of the flow for diffusion values up to ~ 5um?s~! for values of k_; < 0.05.

Second, we fix the detachment rate k_; to 0.1s~! and we perform simulations for
values of k1 = 1 and k1 = 10 in such a way to reduce the mean diffusive time 7,7 of the
cargo-dynein complex. In this second scenario, the influence of microtubule is greater:
the total flow increases more rapidly and reaches its maximum in a lower time. Figure
2.13(a)| shows the different flows for a diffusion value fixed to 4um?s~1. Figure 2.13(b)|
shows the total flow for the diffusion coefficient d, = 6m2s~!. It illustrates that for
the values of k1 and k_; set to 0.5 and 0.005s~ ! respectively (dotted curve) the flow
with microtubule activity corresponds to the flow due to diffusion only (blue curve). On
the contrary, the flow obtained when setting k1 = 10 and k_; = 0.1 is slightly higher
than the flow due to diffusion. In conclusion, diminishing the mean diffusive time of the
cargo-dynein complex, further increases the total flow due to microtubule. In particular,
with this choice of parameters (k1 = 10 and k_; = 0.1), we have shown that proteins
having a diffusion coefficient up to 6um?s~! benefit of microtubule transport.

Finally, we could not explain the enhanced transport towards the nucleus of molecules
having a diffusion coefficient > 6um2s~!. Proteins having a diffusion coefficient
~ 10m?s~ ! have been shown to benefit of motor-assisted transport. However, we could
reveal a strong difference on the total flow, for proteins having low diffusion coefficient,
thus confirming the influence of microtubules in cytoplasmic transport.

2.4 Summary and further directions

We introduced this simple model with the aim to reproduce a mechanical behaviour
of signal transport in the cytoplasm and to highlight the importance of microtubule
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d,=d, = 4,um23*1.

activity. It is still unknown why some proteins but others use the M'Ts. We found a clear
difference in the results (total net flux enhanced thanks to microtubule based transport)
for low-mobility cargoes that use this mechanism to move faster towards the nucleus.
Our purpose was to point out the importance of this mechanism that has recently been
explored as a nuclear protein trafficking support. Using a PDEs system of equation,
with a two dimensional spatial representation of the free cargo concentration, and one
dimensional representation of the transported cargo, we could compare the diffusion
mechanism against the advection one. Our multidimensional approach was a tool to
stress the difference in the two types of transport, which will be compared in the future
to more data in the literature.

We could verify with this model that the mobility of molecules having a diffusion
coefficient up to 6um?s~! is enhanced by motor assisted transport. Depending on the
choice of the attachment and detachment rates (to and from the microtubule), we have
shown that different cargoes take advantages of microtubule transport. In particular, if
we agsume that the cargo-dynein complex is attached to the microtubule for 2 seconds and
that it also diffuses for 2 seconds, then the cargoes that benefit of motor assisted transport
are those that have a diffusion coefficient < 4m?s~!. On the contrary, if we assume that
proteins have higher attachment rates and lower detachment rates, then bigger proteins,
that have a diffusion coefficient up to 6um?s~!, take advantage of microtubule activity.
We remark also that the threshold on the diffusivity could be increased by a higher
velocity of the motor proteins that here we fixed to 1um/s, that is the mean value
observed in literature.

Our interest was relied on little proteins with higher diffusion coefficients, that need
to be imported to the nucleus. In the next chapter we will explore the more complete
setting, where all the import pathway of proteins to the nucleus is considered. We will
couple our model with the model of the RAN import pathway proposed by Cangiani and
Natalini in [15]. We will add the nuclear compartment in order to quantify the total
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amount of imported proteins. This improvement of the model will permit us to take into
account the realistic reaction times of the import pathway. In fact, cargo proteins do not
traverse the nuclear membrane by themselves but they need to be actively imported in
the nucleus.
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Chapter 3

Nucleocytoplasmic transport:
including the whole pathway

In the previous Chapter we have introduced a simplified model of cytoplasmic transport.
We have considered a sub-domain of the cytoplasm where we assumed that a unique
microtubule is present. We have located the microtubule and have reduced its area of
attraction to a sub-strip of the entire domain. Our results show that molecules having a
diffusion coefficient up to 6um?s~! benefit of microtubule enhanced import.

In this Chapter we couple the model introduced in Chapter [2] with the model presented
by Cangiani and Natalini in [I5]. Our aim is to take into account all the reactions network
that regulate protein import in order to evaluate, in this more realistic setting, which
nuclear proteins benefit of motor assisted transport. In Section we introduce the
biological network of the Ran pathway, modelled by Cangiani and Natalini. We describe
their mathematical model and we couple it with our model of motor-assisted transport.
In Section [3.2| we give the details about the numerical treatment of the simulated system.
In Section we present the numerical results and we show that the import of nuclear
proteins is enhanced by microtubule activity. Finally in Section we discuss the main
features of the model, its limitations and the possible future extensions.
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3.1 A model for Ran

Fundamentals of Biology

Nuclear proteins carry out their functions within the nucleus. After synthesis in the
cytoplasm they need to translocate to the nuclear compartment where they are able to
perform their tasks. In order to get the access to the nucleus they bear a tag, the Nuclear
Localization Signal (NLS) [27], through which they are able to bind to proteins of the
importin family. Importins operate the translocations from cytoplasm to nucleus. Two
types of importins exist: importin-a and importin-3. Members of the first family bind to
nuclear proteins with high affinity [46]. Members of the importin-g family, mediate the
interactions with the nuclear pore and actually shuttle their cargo from one compartment
to the other [45]. Directionality of transport is assured by the Ran gradient. The molecule
Ran can be found in two different forms within the cell: a GTP bound form that is mostly
nuclear and a GDP bound form that is cytoplasmic. Ran-GTP, located near the nuclear
pores, binds to the importin-cargo complex and delivers the cargo inside the nucleus.
The newly formed complex importin-RanGTP shuttles back to the cytoplasm where it
is disrupted after RanGTP hydrolysis, mediated by the cytoplasmic RanGap [7]. In the
nucleus chromatin-bound RCC1 promotes the exchange of Ran-bound GDP by GTP [9].
RanGDP is transported to the nucleus by the receptor NTF2. The existence of a Ran
gradient is thus assured and the directionality of transport follows. See Figure for a
schematic view of the Ran cycle. In Section the import pathway of nuclear proteins
has been explained in more details.

Modelling choices

The reaction network of the nuclear import pathway has been modelled by several authors
[48] 111, 121]. Cangiani et al. , following Kopito et al. [65], keep the reaction network
to the essentials. Following the authors [I5] we introduce the modelled species, and we
assign the names of the corresponding variables:

RanGTP = Ry,

RanGDP = Ry,

Imp=T,

Cargo = C, (3.1)

Imp-Cargo =T,
Imp-RanGTP =T,

where, for the sake of simplicity, the importin T represents the complex importin-c,
importin-f and no distinction between the receptor, importin-«, and the transporter,
importin-5, is made. In the same vein, the RanGDP is supposed to be in a complex
with its chaperone NTF2. The nuclear import process begins with the recognition of the
cargo C' by the receptor T', that is able to shuttle across the membrane. The formation
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Figure 3.1: Sketch of the Ran cycle: the molecule Ran, in its GTP bound form, Ry is
mostly nuclear. In the nucleus, it binds to the receptor T and delivers the transported
cargo (see Figure . The complex RanGTP-receptor shuttles in the cytoplasm. Here
the hydrolysis mediated by RanGap transforms RanGTP into RanGDP. RanGDP, Ry,
is carried to the nucleus by the chaperone NTF2. In the nucleus RanGDP is converted
into RanGTP through the action of RCCL.

Nucleus

of this complex is supposed to be only cytoplasmic. On the contrary, the receptor-cargo
complex T, is disrupted in the nuclear compartment by the action of RanGTP that binds
to the receptor and shuttles to the cytoplasm. In the cytoplasm RanGTP is transformed
into RanGDP. Cytoplasmic RanGDP can shuttle between the two compartments, as it
is assumed to be in a complex with its chaperone NTF2. Nuclear RanGDP, interacts
with the nuclear RCC1 which catalyses the exchange between nucleotide GDP and GTP
forming the nuclear RanGTP. These reactions are summarized in Table and the
pathway summarized in Figure [3.2]

Cytoplasm Nucleus
RanGTP "% RanGDP RanGDP "“S' RanGTP
Import Cycle Import Cycle
Imp + Cargo — Imp-Cargo | Imp-Cargo+ RanGTP —
(Imported into the nucleus) Cargo + Imp-RanGT P

Table 3.1: Import model [15]
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Figure 3.2: Model of the import pathway designed by [I5]. The receptor T form a
complex with the cargo C. The T, complex crosses the nuclear envelope and, once in
the nucleus, the cargo is released by the binding with RanGTP, R;. The newly formed
complex, T} (the receptor T and the Ran molecule, R;) shuttles back to the cytoplasm
where it is disrupted. A new cycle starts over.

3.1.1 Mathematical formulation

The model is a system of six coupled semilinear parabolic PDEs set on two compartments:
cytoplasm and nucleus. We introduce the following notations. Let Q be the whole
cell domain and 0f2 its exterior boundary. Furthermore let €2, and 2, be respectively
the cytoplasmic and nuclear domain and I',,. the common boundary of the two sub-
compartment (the nuclear envelope). Each species is supposed to freely diffuse within
each compartment and diffusion is modelled by Fickian Law. The membrane is assumed
to be a porous medium and the translocation through each Nuclear Pore is modelled
averaging the single processes. The inclusion of the membrane is thus made by assigning
a permeability coefficient for each molecular species and permeability conditions are
imposed using Kedem-Katchalsky boundary conditions [62]. See [13, 15l 118, 121] for a
numerical and mathematical discussion about this type of conditions. All the reaction
terms are modelled following the Law of Mass Action and they are summarized in Table
We obtain the following system of coupled semilinear parabolic equations, in the
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cytoplasm €Q:

Ot = duARy — i (Re) = r1(Re, T) +r-1(Ty),
4 — 4, gARq + mi(Ry),
aTT — dtT‘AT + rl(Rta ) - r*l(T’r')a

3.2
% = d.AC —15(C,T), (32)
G = AT — (R, T) + r_1(Ty,) — r2(C, T),
%—mAT+mon
and in the nucleus, ,:
(
O = d ARy +ma(Rg) — r1(Re, T) + 71 (Ty) — r3(Ry, Te)
M — d,qARy — m2(Rd)
%:¢A0+mmha, '
9L = AT —r1 (R, T) +r-1(T}),
e = dy AT, — 73(Ry, Te).
The transmission conditions couple system (3.2)) and (3.3) on I'y.:
(),(n)
(e 33231; - (n)
ORYf c n BR
dra i = PRy = Ry") = dra 5
dur i = por (T = 1) = dir %G (3.4)
d oc(e)s(n)
Cor (n)
dtagnu P =T0) = di 5, (n)
dtc 8T = ptc(T(C) - Tc( )) =d cagn

where - and (™ represent nuclear and cytoplasmic concentrations, respectively. The
normal vector n is the one relative to the nuclear compartment. Notice that, at each side
of the membrane, the fluxes are continuous, but there can be a jump in the concentrations.
Remark also that the RanGTP, R, and the cargo C' are unable to traverse the nuclear
membrane if not in a complex with the chaperone 7. Therefore, the corresponding flux
at the nuclear membrane T, is imposed to be zero. At the plasma membrane, 0f2,
homogeneous Neumann boundary conditions are imposed for each species. Thus, no
mass exchange with the exterior is allowed.

Microtubule Activity

In the model of Ran mediated import presented above, the authors include also active
transport along microtubules. The microtubules are modelled as a vector field that span
the whole cytoplasm. Therefore, at each point of the cytoplasm, except for a narrow area
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Cytoplasm Nucleus
Ry
Rt — Rd: ml(Rt) = KgRg% Rd ﬂ) Rt: m2<Rd) = Kz(:icl K;ij%_ﬁRd
Import Cycle Import Cycle
k
T+ R, ké T (T, Ry) = koTRy and r_y = k_oT,
—2
T+C 2 T ro(T,C) = ks TC T.+ Ry % C + Tyt v3(T, Ry) = kuT.R,

Table 3.2: Import model: reactions [I5]. The Law of Mass Action is applied to represent
the kinetic processes.

that surround the nucleus, cargo molecules can bind to microtubules, through the dynein
action, and be actively transported. The advection field is considered as a radial field
pointing to a point inside the nucleus and the field module is assumed constant and equal
to 1, to account for the constant velocity of the motor dynein, ~ 1ums~! (see Section
. In this light, an equation for the free dynein is added to system . The binding of
the cargo-importin complex to dynein is allowed and, the resulting product, is assumed
already bound to microtubules. Therefore the equation for the dynein-cargo-importin
complex is an advection equation. Let b be the velocity field and D and D, the two new
species: dynein and the dynein-cargo-importin complex. The binding and unbinding of
every molecule, is modelled following the Law of Mass Action and the resulting reactions
are:

kq
T.+D =D, (3.5)
kq

ra(Te, D) = koToD,  rq(D.) = kyD- (3.6)

The equations for D and D., confined in the cytoplasm, read:

(3.7)

{%ff = dyAD — 14(Ts, D) + r4(De),

aafzc = -V . (bD.)+r.(Te, D) — rq(D,),
while the equation for the cargo-importin complex T, is accordingly modified, yielding:

0T
ot

= dy AT, +1r2(C,T) — r4(Te, D) + rq(De).

3.1.2 Mathematical coupling

The semi-linear parabolic PDEs system introduced in the previous Section, has be-
come, with the addition of microtubule transport, a system of eight coupled semi-linear
parabolic/hyperbolic equations. However, in the following, we consider only the classical
import pathway, i.e. systems and coupled by the boundary conditions
and we introduce a single microtubule, as in Chapter [2]

First of all, we introduce the simulations domain. We consider a rectangular area, as
in Chapter [2] but we expand it, in order to include the nuclear domain. Following the
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notations of Cangiani et al. we set {2 as the whole simulation domain, €2, the cytoplasmic
compartment and €2, the nuclear one. The two sub-domains, nucleus and cytoplasm, have
a common boundary I'y., as in Figure We include, in €2, the microtubule filament,
positioning it from point (zr,,yo) to point (x gy, yo), parallel to the x-axis. We establish
an attraction area for the microtubule, denoted I x J, as in Section 2.1.2]

y
I
3
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Q. Q,
L — ;
Yf---- j h o ¢ ;
0 1 TAJ
Vot --- e e
Ll 1 L
(0,0) X, E Xp; L. Ln X

Figure 3.3: Area of the cell where intracellular transport is modelled: Q.U€,, cytoplasm
and nucleus. 'y, = 9. N 0€2, is the common boundary of the two compartments. The
yellow rectangle (I xJ = [y, ZFi] X [yo — J, yo + J]) represents the attraction area of the
microtubule filament, the red strip is the microtubule, positioned in yq.

We remind the species and reactions introduced in the previous chapter: we have
considered a cargo molecule C, a cargo+dynein complex Pr. We have defined P; as the
result of the attachment of Pr to the microtubule. We have supposed all the interactions
to be kinetic reactions and modelled them applying the Law of Mass Action. Therefore,
we have obtained:

!

k
C+ D=Py, (3.8)

yielding:
ac /
— = -k DC + k_Py, (3.9)
dt
and we fixed k := k' D, since we assumed the dynein concentration D constant. Similarly

we have written:

k
P =P, (3.10)
k_1
and, for the Law of Mass Action:
dP
Ef—kC+kJﬁ—ka+k4B. (3.11)
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Finally, for the microtubule species, we have obtained the following equation:

dP;

=} Py — k_, P, 3.12
o by 15 (3.12)

Every species is supposed to have a spatial dynamics: C and Py diffuse, while P; is
attached to the microtubule and moves along it, at the constant speed ¢ = 1. Thus,
C =C(x,y,t), Pt = P¢(x,y,t), for (z,y) € Q, t > 0. The microtubule attached species
P, = Pi(z,t) is defined for x €]zr,, xp;[, t > 0 and reaction is allowed only in the
attraction area I x J We assume that the cargo C' interacts with the receptor T' of
model (| . . and we get the following coupled model of ran mediated import
including transport along a single microtubule, in (.:

O — dy ARy — my(Ry) — m(Ry, T) + 7-1(T),
aézd = d,qARg + mi(Ry),
e = dy, AT, + 11 (Rt, T) — r_1(T;),
coupling terms
ac ’ 5
S = dAC —1a(C,T) —kC + k_Py, (3.13)
%77; = thT — T (Rt, T) + T—l(Tr) - TQ(Cv T)7
% = di AT + T2(C7 T)7
Gk = APy + kC — k_ Py — by Prly + ko1 P2
+cPi(zri)do(T — Tris Y — Yo),

and the equation for P; valid in |21y, zp;]:

oP; oP;
— — =k Pr—k_ P;. .14
ot —i—Cax k1 f k 1/de t (3 )

In the nucleus the equations relative to nuclear import stay unchanged:

Ot — 4,y ARy + ma(Rg) — 11 (R, T) +1_1(Ty) — r3(Ry, T2)
aé‘;d = d,qdAR; — ma(Ry),

e = dy AT, + 11 (Ry, T) — r—1(T7) + r3(Ry, Te)

W =d.AC +r3(R, T,),

9L = AT — r1 (R, T) +7-1(T}),

8Tf = dyo AT, — r3(Ry, T.).

(3.15)

Indeed, we suppose that the cargo-dynein complex is not allowed to enter the nucleus,
since dynein is not a nuclear protein. The transmissions terms that couple systems (3.13)
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and are, as in [15]:

c n R\
draga = pa(Ry) = Ry") = dn 51

(n)
dyr 85; = DPtr T?“(C) - T?"(n)) = dyy 87811

4,205 g (3.16)
(c) (n)
dté?T _ pt(T( c) _ T(n)) — dtaT
(C) o™
dtc d - ptc(T(C) - ( )) - dtc gn
8P(°) (n)
TW =Y

at I'ne, where we included a zero-flux boundary condition for the species Py. The bound-
ary conditions on I'y and I's are periodic while on I's and I'y we impose homogeneous
Neumann boundary conditions. We also impose a boundary condition for the transport
equations and we fix, as in Chapter [2}

]Dt(xln) =0, (3-17)

assuming that the dynein-cargo complex cannot attach at the extremity of the MT.
Finally we consider initial conditions for every species: an initial cargo concentration of
2uM supposed to only cytoplasmic. RanGTP is only nuclear and its total concentration
is fixed to 1.2uM. RanGDP initial concentration is only cytoplasmic, as for the receptor
T and both total concentrations are fixed to 1.2uM. The initial condition for all the
other species is set to zero, since we suppose the cell to be at rest (no reactions occur
before the simulations).

3.2 Numerical treatment of the model

The numerical method used to approximate the mathematical model , ,
(3.19)), closed by the boundary conditions and (3.17)), is similar to the method
introduced in Section We denote by Az, Ay the discretization steps in the z and y
directions respectively and we divide the intervals [0, L., [L¢, Ly] and [0, L] in N, + 1,
Np+1 and N, +1 points (see Figure[3.3). The mesh points will be (x;,y;) = (iAz, jAy)
with 0 <7 < N.+ N, +1,0 < j < Ny + 1. Let At be the time discretization step and
t, the nt" step, i.e. t, = nAt, n € N. Let us set u, a general species concentration in
the domain 2. According to these notations u;' ir; will be the numerical approximation of
the solution of w in (z;,y;) at time t”. Only P; will be denoted by W}, to be consistent
with the notations of Section [2.2 E Remark that P; lies in [z, xp;] so that W is well
defined only for i satisfying xr,/Ax < i<zp;/Ax.

We first solve the equation for P and we refer to Section for the numerical
approximation of the transport equation. The approximation of systems , and
is done using an IMEX midpoint scheme of order 2. Let us write in a general form
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the equation for the generic species u:

ou
. uA U 1
5 d,Au+ R (3.18)

where R, represents the reactions terms relative to the equation. We treat explicitly all
the reactions terms and implicitly the contribution of the diffusion term. This yields:

2.(1)
@ n At (62D Spu At
u; = up;+ du7 ( A2 + Ay? + 7Ru, (3.19)
2y 52
ntl _ g n dyAt | =2 v AtRM 9
;' ug; + <A:c2 + A2 + AtR,, (3.20)
where ) . )
59%“(1) B u§+)17j — 2u§7j) + uz(—)l,j
Ax?2 Ax?
and

1 1 1
(55u(1) _ “z(‘,j)+1 - QUEJ) + uz(‘,j)—l

Ay? Ay?
Since u satisfy Neumann boundary conditions on I's and 'y, we use the second order

derivative approximation to calculate the boundary values:

ou 1 ou 1
%(anj) = m(—&ﬁg,j +4uf j —uj ), %(Lmyﬁ = m(?)u%,j —duy_q jtuN_2;),

to yield:
4 1
uo; = (31 = 3u2,);

4 1

u; = (JUN,; = 3UN-14),

with N = N. 4+ N, + 1. At the interior boundary I',,. we have to fix:

oul® . n ou™)
duaT(ch Y;) :pu(u( )(LCa yj) — ul )(Lc, yj)) = W(ch Y;)
which gives
! 1 a? 4 1
u(Neyyj) = 2 (50l (Ne=1, y5) = 2wl (Ne=2, ;) +A— (ul™ (Nt 1, y5) — 2 u™ (Ne42, 35))
83 3 83 3
and
a4 1 a? 4 1
ul (Ne, y) = 2 (u™ (N1, y5) — 2 u™ (Ne+2, ) +A— (Gul (No—1, y)— 2u (Ne—2, 35));
p3 3 B3 3
a, B and X are defined as follows: A := %Ag“, a:=(1+XN)"1and 8 =1- (a))? and

the approximations in terms of u;’; follow.
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3.3 Simulations results

In Section we have introduced the model developed by Cangiani and Natalini [15]
for cellular molecular trafficking, which simulates the nuclear import of all NLS proteins.
In Section we coupled the model introduced with the model for active transport
along microtubules proposed in Chapter[2l Our goal is to evaluate the influence of motor-
agsisted transport on the whole nuclear import pathway. The same study has already
been done by Cangiani and Natalini, through the use of a vector field that spans the
whole cytoplasmic compartment and represents the microtubules filaments. However, we
test here a different approach, considering a single microtubule and localizing it inside
the cytoplasm. Compared to the model of Ran import , , and [15],
we also add a new species, by distinguishing between cargo+motor and cargo+motor on
the microtubule. Finally we assume that the cargo, namely C, binds to the motor protein
and not the complex cargo-+importin, T;, as done in [I5]. The values of all parameters
are set in Table [3.3]

A single microtubule does not enhance nuclear import

In this section we compare the simulation results of model , , to the results
of model (3.13), (3.14), (3.15), (3.16). Namely, we compare, respectively, the nuclear
accumulation of the cargo C' without microtubule activity to the accumulation with
microtubule. In both cases we calculate the evolution of nuclear cargo concentration. To
do this, we set the initial concentration value of the cargo protein in the nucleus to 0 and,
since the cargo is only allowed to get inside the nucleus, we calculate its accumulation in
the nucleus over time.

Our results show that nuclear import is not enhanced by motor-assisted transport.
Figure illustrates the temporal evolution of the nuclear concentrations of cargo pro-
teins having different diffusion coefficients. Diffusion coefficients are set to d. = 1um?s~!
(Figure and to d. = 10um?s~! (Figure . The blue curves show the nuclear
accumulation of the cargo C when k& = 0, i.e. when the cargo is not assumed to inter-
act with the motor dynein. The black curves depict the cargo accumulation for k > 0,
that is, the motor assisted transport is allowed. In both cases, the accumulation in the
nucleus is greater without microtubule activity. In the fixed period of 180 seconds, if
only the Ran pathway is used, the cargo completely accumulates inside the nucleus when
d. = 10pum?s~!. On the contrary, with the microtubule, only the 95% of the total cargo
has entered the nucleus. When d. = 1um?s~!, 85% of the total cargo has got into the nu-
cleus without microtubule activity and the ~ 79% with microtubule activity. Therefore,
we also observe that the rate of nuclear accumulation depends on the diffusion coefficient,
i.e. on the mobility of the nuclear protein. It is thus surprising that the microtubule does
not improve nuclear import. To understand better, we represent in Figure [3.5] the spatial
distribution of the cargo protein, at the initial time 7" = 0 and at the final time T = 180,
when d. = 1. In Figure we plot the initial condition: the whole cargo concen-
tration is enclosed in the cytoplasmic compartment. Figures[3.5(b)| and [3.5(c)| show the
cargo concentration at T' = 180s. Figure illustrates the case with microtubule
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Parameter Unit Description Value Reference(s) ‘
MT model chapter Iﬂ

k st dynein attach. rate 0.2 [15, O7]
k_ st dynein detach. rate 0.2 [15, O7]
k1 st attach. rate to MT 0.5 [122]
k_q 71 detach. rate from MT 0.05 section
RAN model (reactions terms)
K! st my (Ry) 10.6 [15]
K, il ma(Re) 0.7 5]
R, ul mi(Ry) 0.5 [15]
K? 571 ma(Ry) 8 [15]
K2 uM ma(Rq) 1.1 [15]
Ch uM mi(Ry) 0.7 [15]
ko (uMs)~t r1 (R, T) 0.1 [15]
k_o st r_1(T}) 0.3 [15]
ks (uMs)~t ro(C, T) 0.15 [15]
k4 (uMs)~t r3(Ry, Te) 0.1 [15]
Spatial parameters
c pms =t Dynein velocity 1 [96., 81]
d. pm?s~t C diff. coeff. 1 [117]
dyt um?s~1 R; diff. coeff. 22 [15]
dyg um?s~1 R4 diff. coeff. 20 [15]
dy pm?s~1 T diff. coeff. 14 [15]
dir pm?s~! T, diff. coeff. 14 [15]
dic Mmgs_1 T, diff. coeff. 0.8 proposed
Pd pms—t Ry (with NTF2) perm. coeff 3.73 [15]
Dt pms=* T perm. coeff 1.87 [15]
Dir pms =t T, perm. coeff 1.87 [15]
Die pms =t T, perm. coeff 1.87 [15]
MT length um - 8 section [2.3
L., Ly, L, uwm - 10, 2 and 0.2 section [2.3
ILJ uwm MT attraction area 8 and 0.04 section |2.3

Table 3.3: Parameter values for system (3.13)), (3.14), (3.15), (3.16) and corresponding
references in literature.
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Figure 3.4: Nuclear accumulation depends on the diffusion coefficient but it is not en-
hanced by the microtubule activity.
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Figure 3.5: Spatial distribution of the cargo concentration C' and its complexes. @
Initial concentration. @: Spatial distribution of C' + T + Py 4 P; at T' = 180s.
Spatial distribution of C'+ T, at T = 180s .

activity. We plot the spatial distribution of C' 4 T.. 4+ Py + P in , i.e. of the cargo
and all the complexes it forms, with the dynein and the importin proteins. In Figure
we plot the simulation results with no microtubule activity. Therefore we plot the
spatial distribution of C' + T, since Py + P; = 0. Following the colour maps of both
figures we can observe that, in the cytoplasm, the total concentration of cargo complexes
with the microtubule is higher than the concentration of cargo complexes without the
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microtubule. We can also observe that, if the cargo binds to the MT, the distribution of
the cargo complexes has a lower gradient (i.e. the difference between the concentrations
at the cytoplasmic and nuclear membrane is lower than in Figure and a higher
concentration has accumulated at the nuclear envelope level. Therefore, we recognize the
influence of the microtubule which causes a larger concentration to accumulate near the
nuclear envelope. However, the gradient of the protein Ran handles the import pathway
and it is sufficient for a efficient nuclear accumulation of the cargo protein.

—RAN only

ein +mic c:
| —RAN +dynein +mic c=0|

80 100 120 140 160 180 o 20 40 60 80 100 120 140 160 180
TIME (s) TIME ()

(a) (b)

L L L
20 40 60

Figure 3.6: Cargo nuclear accumulation. The blue curve shows the accumulation due to
the ran import, without dynein activity (k = 0)[(a)] The green curve represents the cargo
accumulation for £ > 0 and k1 = 0. The red dashed curve is the nuclear accumulation
with microtubule activity. Cargo accumulation with the microtubule activity for
different velocities (¢ = 0, 1 and 2um/s). The diffusion coefficient of the cargo is set to
1um?/s.

The difference between the results of model (3.13), (3.14)), (3.15), (3.16) and those
of model , , might be due to the presence of the dynein protein. The
motor dynein forms the complex Py with the cargo C in such a way to compete with
the formation of the importin-cargo complex T,.. To confirm this hypothesis, we perform
numerical simulations setting & > 0 and &y = 0. This means that the cargo binds to
dynein, but the cargo-dynein complex cannot attach the microtubule. As expected, the
nuclear accumulation of the cargo is still lower than the nuclear accumulation obtained
for k = 0 (no dynein concentration). Figure [3.6(a)] illustrates this result. The blue
curve shows the accumulation due to Ran import, without dynein activity (k = 0) and
it is the curve that reaches the maximum value. The green curve represents the cargo
accumulation for k¥ > 0 and k1 = 0. The nuclear accumulation in this second case is
lower than the accumulation due to the exclusive use of the ran pathway. Furthermore
it roughly coincides with the accumulation obtained with microtubule transport (k > 0
and k1 > 0, red dashed curve in Fig. [3.6). We also test the effects of using different
motor velocities. When the speed of the motor is set to zero (¢ = 0), i.e. the microtubule
does not transport, but only hold the proteins in the same position, the nuclear import
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is evidently decreased (black curve in Fig. . If we set ¢ = 2, the nuclear import
increases, but slightly. The presence of the microtubule increases the competition for
the formation of the complex T, since it takes away the complexes Py. The increased
competition seems to be balanced by the microtubule activity that releases the cargo next
to the nuclear envelope. In conclusion, we cannot observe an increased nuclear import
due to microtubule enhanced transport, neither for motor velocities ¢ > 1.

3.4 Summary and further directions

Using the model of cytoplasmic transport on a single microtubule, introduced in Chap-
ter 2| coupled with model of Cangiani et al. [I5], we were unable to reproduce the
experimental results of various authors that show that some specific nuclear proteins use
microtubule transport to facilitate their way to the nucleus. These results have already
been qualitatively reproduced in [15], where microtubule transport was modelled using
a vector field. How can we explain the sharp difference of our results? Omne of the main
differences with the model of Cangiani et al. compared to our approach, is that micro-
tubule influence is averaged within the cytoplasmic area. This modelling choice yields
two main consequences. The first one is “spatial”: at each point of the cell the dynein-
cargo-importin complex is trasported by microtubules and areas with no microtubule
activity are thus suppressed. Even if the microtubule network can be dense, we consider
this assumption too strong, furthermore in a three-dimensional domain: the distance
between two single microtubules cannot be completely avoided. Or, at least, the motor
velocity should not be kept constant, but should be adjusted to the assumptions of an
over-crowding of filaments. The second consequence is “temporal”: as soon as the dynein-
cargo-importin complex is composed, transport along the avareged microtubules begins.
Therefore, the attachment of the motor to the filament is not taken into account and the
time spent on the microtubule is confused with the time the cargo spends bound to the
molecular motor dynein. These modelling choices make transport along microtubules
more efficient but are not necessarily more realistic. The comparison with real data can
thus be misleading.

An other difference with respect the work of Cangiani et al. [15] is that we have
chosen (see Section and [26]) to represent the movement along microtubules as a
one-dimensional process. This choice has been done to more accurately model motor-
assisted transport that is, effectively, a one dimensional movement. Indeed, dynein walks
along the filament in the unique possible direction of the nucleus. In this way we highlight
the difference between the two considered type of motion: diffusion and advection.

We also remark that in [I5], the authors assume that dynein binds to the cargo-
importin complex. Instead, we have supposed, in the model proposed in Section [2.1.2]
that dynein binds directly to the free cargo. The reason of our choice is linked to the
experimental results of Salman and colleagues who have shown [I14] that the NLS signal
invokes active transport along microtubules. Thus we have supposed that cargo molecules
can bind to dynein independently of the transport receptor. As we have shown, this
choice leads to a competition between the dynein and the importin proteins to bind
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to the cargo. This competition decreases the nuclear accumulation of the free cargo.
Therefore it is necessary to test our model when the binding to dynein is allowed for the
cargo-importin complexes, as done in [15]. Furthermore our model is very simple and
different extensions are possible and necessary. Indeed we have simulated a thin area of a
cell and we have considered a single microtubule. It would be interesting to test whether
other observations could be done, changing the geometry of the model. The results could
depend on the number of microtubule considered and on the distance between two single
filaments.
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Part 11

A spatial model for p53 nuclear
accumulation
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Chapter 4

p53: a specific nucleocytoplasmic
shuttling protein

In this chapter will be presented the network of a specific cargo protein, named “p53”.
It will be explained how this protein acts in the cell and what are its functions. Some
models known from the literature will then be introduced and the mechanism used to
reproduce the dynamical behaviour of p53 discussed.
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History of p53

The protein p53 was isolated for the first time in 1979 (see [73] and Figure [£.1)). Since
its molecular mass was calculated to be 53kDa (one Dalton, expressed as Da, represents
roughly the mass of one proton), scientists, unaware of the great interest that this protein
would have aroused, named it “protein 53”7, or briefly p53.

At the beginning, biologists thought that p53 and its corresponding gene was an
oncogene [108, 86], i.e., a gene that, when activated, can lead to uncontrolled prolif-
eration of tumour cells. About ten years after its discovery, experiments have shown
that p53 is a tumour suppressor [52]. Thus, instead of being an oncogene, p53 prevents
cells with damaged DNA from dividing and passing the DNA damage to daughter cells.
Furthermore, multiple studies have shown that the p53 gene is altered in about 50% of
cancer cells. As a consequence, in cancer cells, the protein may not carry out its task of
preventing from uncontrolled proliferation.
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For all these reasons, p53 became popular among cell biologists. And since thirty
years until now the functions, the network and the dynamics of p53 have been widely
investigated, in the hope of developing clinical applications.

What is pb537?

ph3 is a protein that senses genotoxic stresses and prevents the cells from becoming
tumoral. Protein pb3 has multiple roles but in a general manner one can say that it
acts as a controller. Indeed, following DNA damage, p53 blocks the cell cycle in order
to avoid cell division, it starts repair pathways and, if needed, it triggers apoptosis (cell
suicide). p53 is thus essential for healthy cell survival.

4.1 Mechanisms that regulate p53 activity

When a damage is detected, cells react in different ways depending on the type of stress
undergone. The p53 pathway is activated in presence of damages due to ionising radia-
tions, heat shock, cytotoxic drug insult and other forms of stress.

The protein pb3 acts primarily as a transcription factor, so that it needs to accumulate

Figure 4.1: p53 discovery, image from [73], 1979. Immunoprecipitation of mouse cell lines
transformed by the SV40 virus (simian virus 40) led to the isolation of a 53k Da protein.
During the same year, p53 was also found to be expressed by tumor-induced cancer cells,

see e.g. [24].
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in the nucleus and bind to DNA to regulate the expression of proteins involved in the
processes like cell cycle arrest, repair and apoptosis.

4.1.1 Healthy cells

In order to proceed normally towards cell division, healthy cells have a low level of
nuclear p53. Even if a total loss of p53 can contribute to tumour development in mice
[31], uncontrolled expression of p53 has been shown to be harmful for embryonic mouse
cells. Indeed in the absence of the p53 major negative regulator, the protein Mdm2, mice
embryos show early lethality. This premature lethality can be counteracted only by p53
knock-out [91].

Healthy cells regulate strictly the activity of p53 by post-translational modifications
in order to orient the functions of the protein. The most important negative regulator
of p53 is the protein Mdm2.

This protein inhibits p53 nuclear accumulation and resulting activity in several ways:
it enhances p53 degradation, it blocks its transcriptional activity, it enhances p53 nuclear
export and finally it reduces p53 nuclear import.

These multiple types of inhibition depend essentially on the enzymatic activity that
Mdm?2 exerts on pb3. Indeed pb3 is degraded by the ubiquitin-proteasome machinery of
the cell and Mdm2 is a ubiquitin ligase for p53 [106, 33], 84]. Furthermore the conforma-
tional transformation due to the ubiquitination process also induces the masking of p53
principal NLS (Nuclear Localization Signal) [82], thus trapping p53 in the cytoplasm,
where it cannot act as a transcription factor. At the same time the mono-ubiquitination
step induced by Mdm2 improves the exposure of p53 NES (Nuclear Export Signal) [17],
so that p53-Mdm2 interactions also result in an enhanced nuclear export [1-] Finally the
binary complex p53—Mdmz2 is inactive as a transcription factor [89, [120] and the binding
of Mdm2 on pb3 results in a loss on pb3 activity.

Unexpected though it could be, Mdm?2 is one of the target genes of p53 [37]. The
existence of a negative feedback between these two proteins confirms the importance of
the pb3-Mdm2 auto-regulatory loop.

4.1.2 Activation of the p53 pathway

The p53 network can be activated by several independent pathways depending on the
type of insult.

The activation pathway following DNA damage is regulated by ATM and Chk2 [16]
136]. ATM (Ataxia Telangiectasia Mutated gene) and Chk2 are two protein kinases
that sense the damage and launch a signalling pathway that leads to pd3 activation. In
particular, ATM responds to damaging agents that produce double strand breaks in the
DNA [74] and mediates the forthcoming phosphorylation events [25].

Aberrant growth signals, such as those resulting from the expression of oncogenes,
activate the p53 network through the action of protein p1447F [136].

1See Section for a brief introduction about NLS, NES and nucleocytoplasmic transport
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The third pathway is induced by a wide range of chemotherapeutic drugs, ultraviolet
light, and protein-kinase inhibitors, and it may involve the ATR kinase [136].

All these different pathways generate a cascade of signals that lead to a decreased
interaction between p53 and Mdm2. Both p53 and Mdm2 undergo post-translational
modifications, as phosphorylation or sumoylation that reduce the ability of the two pro-
teins to interact and thus elicit an increased p53 activity.

The activation process of p53 is highly complex and not fully controlled by any single
phosphorylation site or protein [136] and mechanisms that control it have not yet been
completely elucidated.

Just to show the complexity of the system we report in Fig. £.2] the known sites of
phosphorylation for p53, that is, as said before, only one of the possible post-translational
transformations that pb3 undergoes.

ATM
CKI kg
ATR CKI
6 9 ATCKIcue

ATR p38
st INK
46
55 81

33

Cdk2 CKIl
315 PKC p38 PKR
376 389 392

v Site phosphorylated in response to stress

v Site phosphorylated under normal growth

v Further studies required

@ acetylation

Figure 4.2: Phosphorylation known sites of protein p53 and the corresponding kinases
implicated. Image from [2].

4.1.3 Stabilization and subcellular localization

An evidence of pb3 activation is its stabilization. The term stabilization is referred to
any process involved in maintaining the integrity of a protein and preventing it from
degradation or aggregation (definition of the biological process from the Gene Ontology
database at [Ebi).

In response to stress stimuli p53 blocks cell growth, launches repair processes and
triggers apoptosis. In order to accomplish these functions, p53 needs to stabilize and
accumulate in the nucleus, where it can bind to DNA and starts the expression of its
downstreaming genes.

Within a few minutes from start of a stress stimulus in the cell, the p53 protein accu-
mulates in the nucleus [71] and its half-life rises significantly because of post-translational
modifications, from twenty minutes to several hours [134], [109].
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Several works demonstrate that pb3 stabilization results from p53-Mdm2 blocked
interaction. Indeed at least 11 post-translational modifications of p53 have been reported
in response to DNA damage [16), [34]. These modifications allow on the one hand the
stabilization of p53, on the other hand they regulate p53 transcriptional activity [34].

A first consequence of p53-Mdm?2 reduced interaction is the reduced p53 degradation
due to a lower ubiquitination. Secondly the subcellular localization of p53 is promptly
readjusted. While in healthy cells Mdm2 sequesters p53 in the cytoplasm and improve
ph3 nuclear export, in stressed conditions these actions are reversed. Indeed, in order to
regulate at best pb3 nuclear functions, an appropriate subcellular localization is a crucial
requirement.

Actually p53 NESs are easily masked by post-translational modifications and this
make its export less efficient [82]. A first p53 NES is weak, localized in its tetramerization
domain [125], and it is easily masked after DNA damage. A second NES, located at
Mdm2-binding domain, is inhibited by phosphorylation induced by DNA damage [82].

Since nuclear export takes more than 3h to be achieved [125], also a promoted nuclear
import is necessary for a fast stabilization. Interactions of p53 with proteins of the im-
portin family is reduced by Mdm2-induced ubiquitination [82]. Conversely, cytoplasmic
accumulation of ubiquitin-free p53 molecules, promotes the interaction with importin
proteins and results in a rapid import and nuclear accumulation [82].

A sketch of these different processes is reported in Fig. and [£.4]

The tumor suppressor p53 also performs some of its tasks in the cytoplasm. Indeed
it is endowed with biological functions that are not all transcriptional-dependent, and
it can directly activate the apoptotic pathway by translocating to mitochondria and
triggering the release of pro-apoptotic factors [19]. Anyway the control of transcription
by nuclear p53 decisively contributes to the function of cytoplasmic p53. Therefore
without transcription, regulated by nuclear p53, endogenous cytoplasmic p53 may not
function properly [49].

4.2 pb53 temporal dynamics and existing models in literature

Within the regulatory circuit of p53, the existence of a negative feedback between p53 and
Mdm2 has been clearly established [140]. The protein Mdm?2 is the major p53 antagonist:
it enhances p53 degradation [54], it blocks its entry into the nucleus [82] and inhibits
p53 transcriptional activity [120]. Conversely, p53 activates Mdm?2 transcription [37].
Through this negative feedback, and more generally as a result of the complex processes
of p53 activation, it is possible to observe oscillations of p53 levels inside the cell under
stress conditions.

Among the first to observe damped p53 peaks were Collister et al. in [22] who noticed
a delayed and prolonged accumulation of p53 on cells treated with UV and ionizing
radiations. But the first to point out the existence of clear oscillatory dynamics of p53
and Mdm?2 (see Fig. were Bar-Or et al. [3]. In their work the authors show the
presence of damped oscillations in a human breast cancer epithelial cell population and in
mouse fibroblasts submitted to ionizing radiations. Quantitative observations were made
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on cell populations and the authors observed damped pb3 oscillations. Further analysis
demonstrated that the p53-Mdm2 system actually undergoes sustained oscillations after a
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Figure 4.5: The authors of [3] observed an oscillatory behaviour of p53 and Mdm?2 after
irradiation damage. (A) Mouse fibroblasts NIH 3T3 cells expressing wild-type p53 and
wild-type Mdm?2 were irradiated with 5 Gy of IR and harvested at the indicated time
points after irradiation. Total cell extracts were subjected to SDS/PAGE followed by
Western blot analysis. (B) Human breast cancer epithelial MCF-7 cells, expressing wild-
type pb3 and wild-type Mdm2 were irradiated with 5 Gy of IR and harvested at the
indicated time points after irradiation. Total cell extracts were subjected to SDS/PAGE
followed by Western blot analysis [3].

damage signal [70]. Indeed experimental studies on single cells, made by Lahav et al. [70],
showed that pb3 levels start to oscillate after irradiation, following DNA damage. But
how these oscillations depend on damage level? In their work, Lahav et al. observed that
the total number of peaks of pb3 concentration increases with damage level. However,
identical cells exposed to the same amount of damage showed varying number of pb3
pulses. Thus, the authors conclude that the possibility to see a series of pulses of pb3
arises with the irradiation dose. The amplitude and the period of oscillations, on the
other hand, do not depend on damage level.

The reason why Bar-Or et al. [3] observed only damped oscillations of p53 levels is
that their analysis was made on cell populations. In this way, the number of peaks of
single cells, was averaged on the total population, giving a global damped behaviour.
This behaviour is schematically represented in Figure [4.6]

There are two main challenges about p53 oscillatory behaviour. The first one is to
understand the biological meaning of these oscillations, i.e. how oscillations are linked to
cell fate ‘decision’ (towards life or death). This problem is still the object of debates, but
undoubtedly oscillations make decisions more flexible. According to a current interpre-
tation [68], each pulse of these oscillations corresponds to an evaluation of the cell state,
and an oscillatory response of the signalling pathway suggests that several evaluations of
the system state can take place before the conclusive commitment towards one fate or
the other.
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Secondly, identifying the physiological mechanisms that underlie the observed oscilla-
tions, and how they can be altered in disease, is also a challenge with possible therapeutic
implications (recalling that p53 is mutated and inefficient in about 50% of cancers). Thus
is particularly a challenge to modellers. Indeed in recent years many models have ap-
peared aiming at explaining how the two-protein system p53-Mdm2 can reproduce such
sustained oscillations. In a model design perspective, a negative feedback is necessary to
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Figure 4.6: Single cell analysis of p53 oscillations. A) Fraction of cells with zero, one two
or more pulses as a function of y-irradiation dose. Taken from [68]. B) Schematic diagram
showing the differential p53 oscillations in individual cells. When studying populations
of cells, the amplitude of the pulses is averaged, and damped oscillations are observed

[69].
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obtain oscillations, but it is not sufficient by itself [98]. Other mechanisms need to be
identified in order to understand and reproduce the dynamics of p53.

4.2.1 Oscillations in a negative feedback system

An interesting review on how to get suitable oscillations in simple reaction networks has
been made by Tyson and Novak [98]. The authors give some clear examples and briefly
sum up how simple networks generate oscillations if accurate conditions are satisfied.

The first requirement is the existence of a negative feedback that make the system
step back to its initial state. But sustained oscillations do not appear through a single
negative feedback, other conditions are necessary. Time delay, nonlinearity and time
scale constraints are the ingredients which, if “well mixed”, make oscillations appear. We
report here the first of the examples discussed in [98], as it shows that a single variable
system can reproduce oscillatory dynamics if the negative feedback, always required, is
enriched with a time delay. Let us consider a system composed of the single variable
Y and suppose that it represents the concentration of a protein that inhibits its own
transcription. The corresponding equation reads:

dy (t)
dt

KP Y
d__ _ kyB——, (4.1)

= k1S
KP4y Km+Y

where the first member of the right end side is the protein production rate, a decreasing
function of Y, the blue curve in Fig. .7 The second term is the degradation term that
is supposed to be a bounded function, increasing with Y (the green curve in Fig. .
Both terms depend also on source (S), enzymes (E;) and rate constants that are assumed
to be constant. As can be seen in Fig. there is a unique equilibrium point, that is
stable, so that no oscillations can appear, whatever the values of parameters. Let us now
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Figure 4.7: A negative feedback alone does not generate oscillations

use an explicit time delay and take into account the time needed for transcription and
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translation. Protein production at time ¢ depends, in this case, on its concentration at
t — 7 for a fixed delay 7, and the equation reads:
dy K? Y (t
—(t) = - d _ k‘dEt¢-
dt KL +YP(t—1) K, +Y(t)

(4.2)

The nonlinearity of the equation and the delay introduced allow sustained oscillations,
according to specific constraints on 7, p , K,;,, and S (the signal strength). Let us show
briefly how to obtain a periodic solution to this equation. Let us start by writing the
equation in dimensionless form:

dy o Y

i 1+[yE-»P k+y

where t = kf(—gtt, y=Y/Ky, 0 =k1S/(kaE}), k = Kp, /Ky, T = %7‘. The steady state
solution is the solution of the equation

fly) =" +y(1—0) -0k =0.

It is straightforward to see that there is a unique positive root yo to this equation.
Assumlng the solution to have oscillatory dynamics, thus to be of the form () = yo +
cet and substituting this solution in equation u it is possible to find convenient
conditions on 7, p , K, and S for the existence of this solution. Examples of p53-Mdm2
models with an explicit time delay will be introduced in the next subsection.

Another classical example of network that reproduces oscillatory dynamics are sys-
tems that present positive and negative feedback together. Examples of such modelling
choice will be given below.

Finally it is interesting to take into account space and spatial constraints. Indeed
within a cell, every protein needs to be translocated from the nucleus to the cytoplasm in
order to be synthesized and, depending on its functional activities, need to be transported
to the right compartment (nucleus, nucleolus, mitochondria, etc.). Many ODE models
exist to represent the p53-Mdm2 oscillations but few consider the spatial variable as an
element involved in the generation of oscillations. We will discuss in a more detailed
manner the first examples of models that include a spatial description for p53 evolution.

The basic ideas that brought us to the model and to the results presented in this
thesis are based on the idea that physical constraints cannot be dodged. Certainly it is
useful and important to study the dynamics of molecular systems considering averaged
cellular concentrations of molecules, as it is done in ODE models. However, we believe
that an important step in the modelling process is to take into account the main physical
features of the system we deal with. In the specific case of eukaryote cells, the most
eye-catching physical feature that has to be considered is the separation between the
nucleus and the cytoplasm. As explained in Section the processes that regulate the
access to the two compartments are strictly controlled and the functions that proteins
carry out strongly depend on their location. Therefore, in a modelling perspective, we
believe that integrating the spatial variable, as constraint and as functional information,
is an important direction to follow.

7



Models introducing a delay

Here we present two examples of models of p53 where the authors use delay differential
equations (DDE) to reproduce the oscillatory dynamics of the p53-Mdm2 network. The
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Figure 4.8: Diagram of the oscillator in the Wagner model, [78]

model was proposed by Wagner et al in 2005 [78]. In figure we can see the scheme of
the model proposed by the authors. The second model of DDE system is Monk’s model
[90] and the corresponding scheme is reported in Fig. [1.9]
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Figure 4.9: Scheme of Monk’s Model reproducing p53 oscillations, [90].

Both these works reproduce the oscillatory behaviour of p53 and Mdm2. They model
the negative feedback pb3 — Mdm?2 - pb3 and add a delay that allows oscillations to
occur. In both cases an intermediate variable is introduced. This intermediate represents
the mRNA of Mdm2. As established by [3] the use of a third equation in the p53-Mdm2
feedback is mandatory to obtain the oscillations.

In [78] the authors take into account two different delays, 71 and 7. The first one
represents the delay due to transcription of Mdm2 mRNA, while the second one, repre-
sents the delay due to translation of Mdm2 mRNA into the Mdm2 protein (see Fig. .
The authors also model the activation of p53 due to the ATM kinase (see Section
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and consider p53 in two distinct states: active and inactive (p53 and p53* respectively
in Fig. . Only nuclear concentrations are considered. A constraint is imposed in
order to get stable oscillatory dynamics: 71 + 72 > 16 min. But the switch that make
oscillations appear is due to the increased degradation rate of Mdm?2, as a consequnece
of ATM activity. Finally, the authors couple these equations with a DNA damage repair
module and an ATM activation module, thus modelling all steps of the p53 pathway.

In the work of Monk, [90], a unique delay 7 is taken into account. It stands for
the time due to transcription of Mdm2 (steps 3 and 4 of Fig. [4.9). The authors obtain
oscillations of p53 and Mdm2 levels in good agreement with experimental data. However,
no bifurcation analysis is done and no mathematical details about the existence of a stable
limit cycle are given.

Models of p53 oscillatory behaviour: positive and negative feedback

Here we will describe three different models that reproduce p53 oscillatory dynamics,
obtained by introducing a negative and a positive feedback. Indeed biological evidence
shows that p53 inhibits Mdm2 nuclear entry through its interaction with protein PTEN
[84]. Also, various authors suggest an auto-catalytic nature for p53 transcription [5].
Therefore there are two possible positive feedbacks that can be taken into account in
order to generate oscillations (see Fig. [1.10)).

o &7

(a) (b)

Figure 4.10: Motifs for the p53-Mdm2 network; : Negative and Positive Feedback
(NPF) due to inhibition of Mdm2 nuclear entry, as in |20, [100]. the NPF is obtained
by taking into account an auto-catalysis of p53, as in [18]

Ciliberto [20] and Ouattara [L00] consider the first scenario of Fig. [£.10] Both models
describe nuclear and cytoplasmic levels of p53 and Mdm?2. Furthermore they both take
into account the DNA damage process thus describing an active and an inactive state of
the network. Ciliberto and collaborators in [20] analyse the question whether the oscil-
lations are due to the existence of a positive feedback or if the delay alone is the unique
necessary condition. To this purpose, the authors conceive an experimental study that
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could empirically prove which is the right mechanism (positive and negative feedback
or negative feedback+delay). They propose to remove experimentally the negative feed-
back and induce p53 synthesis. Since the positive feedback creates a bistable state, the
removal of the negative feedback would make the system step in a new state, without
traversing the oscillatory regime. If, instead, the positive feedback does not influence p53
dynamics, then the p53 level should increase, after induction of p53 synthesis, and then
come back to its initial state, once the signal is off.

In [I00] the authors introduce a simple model composed of four elements: p53, nuclear
and cytoplasmic Mdm2 and DNA damage. In this model, DNA damage enhances the
Mdm2 degradation rate, thus weakening the Mdm2 negative control on p53. Nuclear
Mdm?2 affects p53 degradation rate and reduces pb3 functional activity. On the other
hand pb53 acts as a transcription factor for Mdm2 and inhibits the nuclear entry of
cytoplasmic Mdm2. Finally p53 promotes DNA damage repair (see the scheme of the

model on Fig. [4.11)).

Stress
e
— x“?/ /
p53 ; .
A .

'\!d“lzu.\'r Mdm?2

Figure 4.11: Reaction network scheme p53/Mdm2 dynamics from the model proposed in
[100]

Here is the system of equations they consider:

K% !
% _ kPKﬁéTPJ\)W — (dp +dp[Mn])[P]7

, 4
Ml _ vy (ky, — km%)[m] — Kout M) — dar, [ M),

M. , P4 ’ P4
G = ke + Ky, ger e — (Rin = Ky g o) [Me] + 4 Koue[Ma) — da [Me],
4
% = l{j]rIr — kdam%[‘DNAdamL

(4.3)
where Ir is the irradiation dose. Here [P], [M,] and [M,] represents respectively the p53,
nuclear Mdm2 and cytoplasmic Mdm2 concentrations. The degradation rate of [M,,],
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dpr, , is controlled by DNA damage by imposing dy;, = d/Mn + d/]IV[n 7 [DN Adam] where

v, TION Adam) ’
d/Mn’dIJKLL and K ;wn are fixed parameters.

Ouattara and colleagues analyse several bifurcation scenarios corresponding to differ-
ent parameter sets. They choose the most relevant parameters by performing a logical
analysis of the dynamic network [T].

In particular they use as a bifurcation parameter the degradation rate of nuclear
Mdm2 (dyy,), that depends on DNA damage. And they study the response of the
system to variations of the ratio Kz, /Kpy,. This value represents the p53-Mdm2 binding
affinity: Ky, is the dissociation constant of p53 from Mdm2 target gene, while Ky, is
the dissociation constant of pb3 to the target genes that are responsible for the down-
regulation of Mdm2 import (see equations [£.3). If the ratio K. /Kp, < 1 the negative
feedback prevails and the bifurcation scenarios are similar to those of models discussed
in the previous section. On the contrary, for high values of Kj;, the binding affinity of
p53 to the Mdm2 target gene is low and the positive feedback prevails. We can thus
observe a bistable behaviour which, coupled to the negative feedback loop, results in a
relaxation oscillator (see Fig. . The oscillatory modes differ in periods, mean levels
of p53 and amplitude. This study shows the dependence of the type of response of the
network on characteristics such as p53 affinity to target genes. The authors suggest that
the p53-Mdm2 network is able to modulate its behaviour in order to better respond to
different types of DNA damage.

Finally we recall the model proposed by Chickarmane [I8] who proposed the auto-
catalysis of pb3 positive feedback in the p53-Mdm2 network. The authors couple the
module of the p53-Mdm?2 oscillator (Fig. with a bistable switch that represents
the damage sensor. The switch is turned on when damage occurs and oscillations arise.
The authors show that the interaction between the bistable switch and the oscillator is
one way to obtain pulsatile behaviour. Furthermore they show that this system exhibits
robust oscillatory behaviour in the presence of noise.

Spatial models

We conclude this section about models of p53 dynamics with the description of the works
that include the spatial variable in the description of the p53-Mdm2 network. To our
knowledge Chaplain and his colleagues are the only authors who recently developed in
silico experimental cases where the oscillatory regime of pb3 is reproduced through the
description of the spatial environment of a single cell. The first work that goes in this
direction is the model of Gordon et al. [44]. The authors suggest a simplified model of
the pb3 network that takes into account the p53-Mdm2 negative feedback loop and they
introduce a time delay associated to the transcription and translation of Mdm2. They
also represent a DNA damage term that decreases the Mdm2-dependent degradation rate
of p53 and enhances the p53-dependent transcription rate of Mdm2. The most important
aspect of this work is that for the first time the spatial component was introduced in order
to describe pb3 dynamics. However the spatial component of the model is very simplified:
a unique compartment is designed and no difference between nucleus and cytoplasm are
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Figure 4.12: Different bifurcation scenarios for low and high values of Ky, [100]. sss
stands for Stable Steady State, uss Unstable Steady State, slc Stable Limit Cycle and
ulc Unstable Limit Cycle. The type of bifurcations are respectively a sub critical and a
super critical Hopf bifurcation.

imposed on the spatial domain. The cytoplasm is indeed modelled through a weight
function that represents the location where proteins are translated. Furthermore all the
reactions but one, translation, are not localized and the nuclear activity of p53 as a
transcription factor is shifted to the cytoplasm. The spatial component is not completely
exploited or, at least, characterized. However this work has the merit of introducing for
the first time, in the study of p53 dynamics, the spatial variable and to ask new questions
about how the environment of the cell can contribute to the generation, maintenance and
quality of the oscillations of the p53 network.

From the same group, two new studies about p53 dynamics with space have appeared
in the last years. In these works the spatial component is an essential ingredient to
explain the dynamics of p53. Thus the spatial environment of the cell has been further
characterised. The first one, [128], plunges the equations of Monk’s model [90] in a spatial
environment and removes its explicit delay. Two domains are considered, a nuclear and
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a cytoplasmic one. Each represented species is modelled in a cytoplasmic and nuclear
form. Proteins are supposed to diffuse freely in the cytoplasm and in the nucleus and
the reactions are localized. Thus, protein transcription take place in the nucleus and
protein translation in the cytoplasm. Furthermore the authors characterize spatially the
location of ribosomes within the cytoplasm and study the robustness of oscillations with
respect to it. The greatest interest of this work is that the authors manage to reproduce
p53-Mdm2 oscillations by neither adding a positive feedback nor a delay, but by using
the spatial description of the cellular environment and the well-known negative feedback.

Recently, an extended version of the model analysed in [128] has been proposed by
the same authors [129] and the spatial details further analysed. In particular the authors
model the nuclear membrane, that was not considered in the previous work. This choice
represents a significant improvement of their work, since the nuclear membrane plays a
pivotal role in regulating the access to the nucleus and protein levels are not continuous
at the two sides of the membrane (for further biological details see Section [1.3). This
aspect was not taken into account in [I128] and protein concentration was assumed to be
continuous at the membrane level. Beyond the diffusivity of proteins, the authors also
suppose that transport of p53 and Mdm?2 is enhanced by microtubule activity. They
model microtubules through a vector field and transport with a convection term, as done
in [15] (see Section and [L.4). The extended model is a more robust oscillator over
parameter changes with respect to the previous one. However there is no direct evidence
that Mdm2 uses microtubules to be transported throughout the cytoplasm. Furthermore
the diffusivity (and permeability) coefficients used in this model do not correspond to
the known values of p53 and Mdm2 diffusion (and permeability), and oscillations disap-
pear for the ‘right’ values of diffusivity, i.e. biological identified. To conclude, the work
proposed in [129] provides an analysis of p53 dynamics in a detailed and realistic spatial
environment. However, in our opinion, some biological assumptions are premature and
need further evidence to be considered (relevance of the role of microtubules). Further-
more the use of spatial mechanisms as diffusion, permeability and microtubule velocity
of transport, is distorted by the choice of coefficients 2-3 fold orders of magnitude lower
than the experimentally calculated ones.

4.3 Conclusions and Outline of the Work

The most common instruments used to describe the dynamics of p53 protein are ODE
systems of equations. And, as discussed above, the main strategies used to reproduce
oscillations are 1) positive feedback and 2) delays. As regards the former, additional
biological hypotheses on the p53 network need to be introduced. Furthermore, as pointed
out by Puszynski [104], the positive feedback used by [20] (and others, see e.g. [138]) is
mediated by other proteins, PTEN, PIP3 and Akt, but the authors do not consider any
of these intermediates explicitly nor introduce any time delay to account for this part of
the pathway. This simplification introduces a direct feedback between pb3 and Mdm2
that is not observed in experiments and produces non-physiological dynamics.

On the other side, implicit delays, that imply the use of DDE models, are untrust-
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worthy. Indeed a DDE model cannot characterize the physiological mechanisms that
underlie the introduced delay, so that key mechanisms might be hidden behind the delay.

Finally a few studies [128] [129] used the spatial description of the cellular environment
to reproduce the oscillations of the p53 network. Indeed, as it has been shown by Sturrock
et al. [128], the negative feedback and the localization of p53 and Mdm?2 processes give
rise to oscillations. Through the spatial characterization of the biological processes, the
delay due to transcription and translation can be explicitly taken into account and the
delay due to transport is also considered.

In this second part of this thesis we will introduce a new model that considers ac-
tivation of p53, its degradation due to Mdm2 action, and its activity as a transcription
factor. The negative feedback between Mdm2 and p53 will also be taken into account in
terms of directionality of transport.

In Chapter [5| a simplified version of this model will be given in terms of ODEs. We
will study the temporal dynamics of the p53 core network. It will be shown that the
existence of oscillations is dependent on the negative feedback and on the distinction
between nucleus and cytoplasm that naturally provide together the physiological delay
responsible for oscillations. A detailed bifurcation analysis will be done and different
scenarios considered. Then in Chapter [f] we will introduce the spatial component and
we will discuss in a detailed manner the properties of the system in this ‘new’ spatial
environment. We start its analysis by studying the behaviour of the system in a simplified
one-dimensional domain. Then we analyse, using numerical simulations, the behaviour
of the system in a more realistic two dimensional domain. In this environment, we vary
all the spatial parameters of the system (diffusion and permeability coefficients, volume
and shape of the cell) and we observe the qualitative change in the response of the system
(existence of oscillations, amplitude and period of oscillations). We end the chapter with
a discussion about our findings and the possible extensions of the model.
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Chapter 5

A physiological model for p53
intracellular dynamics

Protein pb3 regulates essential cellular pathways, as the ones controlling cell cycle arrest,
DNA repair and apoptosis, and thereby it has a decision-making role for the cell, choosing
between death and survival, and such ‘decision’ is strictly regulated by specialised cell
signalling pathways.

Because of the central role that p53 has in cell survival, the network that controls its
stabilization is rich and complex, so that modelling the dynamics of p53 is a challenge
to mathematicians.

An interesting aspect of pb3 dynamics is its oscillatory behaviour. While in healthy
cells pb53 concentration is low and at steady state, in damaged cells, where p53 is acti-
vated, the protein concentration rises and sustained oscillations appear [40, [70]. Identi-
fying the physiological mechanisms that underlie the observed oscillations, is a challenge
with possible therapeutic implications (knowing that p53 is mutated and inefficient in
about 50% of cancers). We introduce in this chapter a physiological model that take into
account only the basic signalling pathways of the p53 protein. Our aim is to reach a bet-
ter understanding of the mechanisms which generate the oscillations in the p53 network
and allow the nuclear accumulation of the protein.

This chapter is organized as follows: in Section we introduce the biological model
that we designed and we explain our modelling choices. Then, we give the mathematical
formulation of the model in an ODE form. In Section we analyse the mathematical
model through equilibrium study and numerical bifurcation theory. Finally we propose
a biological explanation of the oscillations showing that they occur only if the relative
concentrations of active and inactive pb3 overcome some threshold.
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5.1 Model formulation

In this section we introduce the model we analyse in this part of the thesis. We design a
compartmental ODE differential system by assuming that the concentrations of proteins
are homogeneous in each compartment. We determine which reactions are allowed in
each compartment and we fix rules for the exchange of mass between them (see figure
5.1).

The model involves two distinct states of p53 (an active and an inactive one), its
primary inhibitor Mdm2, and the mRNA of Mdm2, whose synthesis is promoted by p53.
Every species of the model exists in a nuclear and in a cytoplasmic form. If necessary, to
avoid confusion between the two compartments, we denote by [] and [](), respectively,
the nuclear and cytoplasmic concentration of each species.

Protein p53 undergoes several conformational changes. In our model we represent
the ubiquitination process, i.e. the enzymatic action of Mdm2 on p53 by which pb3 is

86



marked for degradation. Even if ubiquitination is more complicated than other enzymatic
processes, we choose, for the sake of simplicity, to model it as a classical enzymatic
reaction. Thus we write:

k
[Mdm2] + [p53] = [Complex] Ey [p53u] + [Mdm2] (5.1)
where p53y; represents the ubiquitinated form of p53. Then, following the Quasi Steady
State Approximation [63] [116], the associated differential equation describing the chem-

ical kinetics in (5.1)) is given by:

d[p53] [p53]
= —k[Mdn2| ———F—= 0.2
dt Mdma] g sy (5:2)
k14 k— . ) ) .
where K1 = ———— is the Michaelis constant and kj[Mdm2| represents the maximum

velocity of the reaction. In our model we do not include an equation for p53y. Indeed,
since through ubiquitination p53 is marked for degradation, we suppose that the right
term of equation is a loss of mass in our system. In order to be detected by the
proteasome, p53 actually needs to be ubiquitinated several times (see [89] and reference
therein for a review on Mdm2-mediated p53 ubiquitination). Anyway, we choose not
to describe all the single ubiquitination steps, but rather a global one, because we are
more interested in the activation process. Furthermore we want to represent the simplest
possible network.

We also take into account the phosphorylation and dephosphorylation processes of
p53. Asreviewed in Chapter[d] a single conformational change cannot uniquely determine
the activity of the pb3 protein. Several post-translational transformations decide how p53
will be activated [34] and stabilised. Since p53 phosphorylation is particularly important
for its regulation in response to DNA damage [30], we represent only this transformation
and we treat the phosphorylated form of p53 as a generic ‘active’ species. Furthermore,
although we are aware of the fact that different kinases are activated and are able to
phosphorylate pb3 depending on the type of damage, we choose to model here only the
ATM kinase, that is thus here meant to roughly represent a DNA damage sensor. For the
sake of simplicity we treat ATM as a parameter and consider simple enzymatic kinetics.
We consider the following reactions:

[ATM] + [p53] :: [Complex] ¥ [p53,] + [ATM], (5.3)
E] + [p53,] k’% [Complex] %5 [p53] + [E), (5.4)

where p53, is the phosphorylated form of p53, while [E] is a generic phosphatase that
removes a phosphate group from its substrate p53,. Again by the quasi Steady State
Approximation we obtain the following equations:

[p53,)] [p53]

— k[ ATM| ———-————
d ]KATM + [p53]’

(5.5)
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d[p53,] [p53] [P53,)]
=k3[ATM)|———— — kg ——————, 5.6
dt AT s + 53]~ " R + (53, (5:6)
where kg, is the maximum velocity of the dephosphorylation process, Kg,p, = k‘r’:f*“

and Ky = k:”zk 2 the Michaelis constants. We assume that the phosphorylated form
of p53, that is the product of the reaction in equation ., is unable to interact with
Mdm2, so that after DNA damage, a pool of p53 is not subject to Mdm2 control and is
active in the nucleus as a transcription factor.

Next, we model protein transcription and translation: a part of the mRNA of Mdm2
is produced in the nucleus at a constant rate, but a fraction is also produced as a function
of p53. Since p53 is known to be active as a transcription factor when it is in a tetrameric
form (formed up by four sub-units), we represent this reaction as is classically done in
modelling cooperative processes [57], by using a Hill function with coefficient 4:

d[Mdm2gy 4]
dt

(Ip53,])*
([p53,])* + K, ”

= ksm + ksp (5.7)

these reactions being located only in the nucleus. The mRNA of Mdm?2 is then trans-
lated in the cytoplasm by the ribosomes. We assume a constant production rate for the
synthesis of p53 in the cytoplasmic compartment. Although recent studies [39] show that
p5H3 transcription could be enhanced after a damage, we choose not to represent explicitly
its mRNA.

We include degradation terms as linear functions of each protein concentration. Since
it has been proved that p53 degradation occurs mainly in the cytoplasm [82], we add,
besides the ubiquitination term, a classical degradation term for pb3, in the cytoplasm.
Actually, p53 is known to be degraded also in the nucleus ([36] 141]), but in normal
growth conditions this is not the preferential way chosen by the cell [54]. Phosphorylated
pH3 poorly interacts with Mdm?2 and thus it is not marked for degradation by Mdm2.
We assume that it is not be degraded at all and do not consider any degradation term for
it. Following Ciliberto et al. in [20], we model the exchanges between compartments as
a linear contribution of a difference between averaged nuclear and cytoplasmic concen-
trations and we multiply the nuclear flux by V;., a nondimensional quantity representing
the volume ratio between cytoplasm and nucleus. It is known that p53 and Mdm2 can
shuttle between nucleus and cytoplasm [37, 82]. On the contrary, nuclear export of phos-
phorylated p53, that represents active p53, is inhibited after DNA damage [125, [143].
Therefore, basing our modelling hypotheses on these biological observations, we assume
here that p53 and Mdm2 can traverse the different compartments. The phosphorylated
form of p53 is assumed to move from cytoplasm to nucleus but not backwards. On the
other hand, we assume that the mRNA of Mdm2 only moves from the nucleus, where it
is transcribed, to the cytoplasm, where it is translated. See Figure [5.2]

Based on our assumptions we obtain the following differential system for the activity
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of the coupled oscillator p53-Mdm?2 in the nucleus:

() (n) -
M ~ kapn [p53))] — [Mdm?](”)&
dt Kapn, + [p53p] ™) Ky + [p53]™)
—k3[AT M| e (Ip53]"™ — [p53]')
(n) Karar + [p53]™) n ’
W = ~On[Mdm2)™ — p,V,([Mdm2]™ — [Mdm2)©),
d[Mdm2 gy 4]™ ([p53,)™)*
dt S + Sp ([p53p](n))4 + K‘%’p RNA[ m RNA]
—pmrNaVy[Mdm2gn )™,
d[p53,) ™ © [p53)"™ 53,
APl 7 Vi [p53,]© + k[ ATM - :
gt PopVr[P53p] + k3 ]KATM + [p53](™) aph Kph + [p53,]™)

(5.8)
and the following one in the cytoplasm:

d[p53]* [p53,) ") [p53])
—ke+ k — ky[Mdm2)© 20
dt + dthdph + [p53p](6) 1[ m ] Kl + [p53]
[p53]* (© (n) (©)
—ks[ATM - 53] — [p53]™)) — §,[p53]©,
) ]l ]KATM+[P53](C) pp([P53]' = [p53]") — &y [p53]
Mdm2)(©
W = ki [Mdm2py A — pr((Mdm2)©) — [Mdm2]™) - 6,,[Mdm2] ),
d[Mdm?2 ()
{ 7 tRNA] = pmrNA[Mdm2rx )™ — ki [Mdm2gy 4]©
—OmrN Al Mdm2rn 4],
d[p53,]© [p53](© [p53,]")
ZUEOP) kAT M —k — 53,]().
dt g O R e o

(5.9)

5.2 Analysis of the model

In this section we study model — in order to capture the temporal dynamics
of the system [I07]. To simplify our notations, let us set ug = [p53], u1 = [Mdm2],
ug = [Mdm2gn 4] and ug = [p53p]. In the sequel we denote the nuclear and cytoplasmic
concentrations by the superscripts (n) and (¢). The autonomous differential system
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Figure 5.2: Schematic view of the import-export abilities of pb3 and Mdm2: modelling
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resulting from the model presented in Section [5.I) may be rewritten as:

(., (1) (n) (n) (n)
dug " M0 R  ATM— M0 ok ug _ (n) _ (c
df) Y Ry — 8 (Katm+ui™) + Kdph (Kaph+us™) Vipo(ug™ —ug”),
T = Vi — i) — dyuf?,
duy” g (n) (n)
Fra pnz+‘kSp(zgg‘i;§azg)—‘V9P2U2 —dauy
) ATM — (©)
at -~ (Katmtud™) PR al) + Vipsug”,
D7y — kgl () R ATM g
d =T N )T Rameta) Kapepus®) (0)
+po(uy” —uy”) — doug”
d (c)
E = ktmugc) + 1 (ugn) — ugc)) — dyuq,
d (c)
G = ks + pouy” — dauf?,
e 4(©) ) ©
i = ksATM m = Kaph deh3+u§f)) — p3uy .

(5.10)
Here the first four equations represent the nuclear concentrations and the others the
cytoplasmic ones. Notice that, accordingly to the new notations, we denote by p; and d;
the permeability and degradation coefficients of the i-th species.

Nondimensionalisation

First of all we adimensionalise the system by writing

where the «; are concentrations of the i-th species (expressed in pM) and t* is a time
constant, expressed in minutes. We fixed oy = a3 as p53 reference concentrations and
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a1 = ag as Mdm2 reference concentrations and we rewrite the system as follows:

_(n) _(n) —(n) (n)
diy _ « —(n) Uy — kAT Mt* N agiy
dr fat oty (Km1+aoul") s ! (Katm+a0ﬁ(n)) +hipngy (K‘Z S’MB“S () )
- TpOt*(UO - 7“0 ),
dal™ _
uzT) - _ rplt*( (n) gi ())( ™ dit*u (”)’
duy" (azug™)* _(n) (n)
& = gk ok p(m) — Vipat*iiy” — dat* iy
—(n) —(n) —(n)
dug ~ _ #* o oaody U3’ ()
d(T) N @3 k3ATM (Katm“‘aoﬁ(()n)) (e )kdpht (deh+a3ﬂ3)(n) + ‘/:,;133 a3 a3u3 ) ©
0 g — kgt an ) (— ) — R ATME —— Ty g, £ 0T
dr a0 P 4ot ((K 1+aoﬂ(c>)) 3 (Katm-‘raoﬂ(() )+ 4ph ag (Kaph+asiy ))
repo(22al) — o) — dytal),
—(c) .
T = E2 k) + tpy (St — af) — dital?,
—(c)
W = P kynay” + p2t22al) — dyt*al?,
day’ _ ¢ coil i’ (o)
L dr 7 a3 k?’ATM(Katm+a0u(C)) kdpht (deh+a37(C)) p3t U3 )
(5.11)
We collect the commun terms of equations (5.11)):
(dag") var(m)_afY Arm _al” t* af”)
A = T et ) 00 (i) TR0 (K o)
~Vipot* (" — )
dal™ _
1;1T =—rp1t*(() u()) dt*()
—(n) (n)y4
diy _ (ag )4 _ x (1) _ x (1)
d = anom G ey P
=(n) —(n) * _(n)
diis _ ATM _ 4 _ kapnt g ,— ()
B = Ko (04al) 03 (Koo TP
dip? _ . kgt 2L —(c) a” _ ATM ﬂéc> A ay”
dr agtp T A gt (( 1/a0+u( >)) Katm (1+ﬁ(<f)) + Rdph @0 (de}z/as-&-ﬂgC))
+epo(ag” — 4 - dst*ag?
—(c)
d?l; _ t*ktmu( c) + 7y (@ (n) _ 50)) _ dlt*ﬂgc)
_(c)
dz‘zr — —t*k‘tmu( c) +p i ( ) th*ﬂ(C)
dﬁéc> ATM ﬁ(()c) k’(iph,t* U3 * ()
= — — p3t™Us .
dr ap (1+u(f)) a3 (deh/a3+u((’)) b3t us ( )
5.12
= kgpnt* 7 K,
We set: kub = t*k4o¢0’ ub — 1281, ATM = ATM kdph = ah deh = O(jgh,
pm = t*s%, Kg, = %,l}tp = t*oﬁ)tp, ki = t*ktm. We set p; = t*p; and d; = t*d; for
1=20,...,3. Then we choose ay = Kgm, t* = 1713 and oy = % . This scaling choice has

been made in such a way that the term relative to the main bifurcation (with respect
to the ATM parameter) depends on the smallest possible number of parameters. Other
scaling choises are, of course, possible. Finally, the nondimensional system, which does
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not depend on K¢, k3 and kgp, reads:

dag _ o ) ag" e al” g n) _ ()

d(r) = —kupty (Kub+ﬂé”)) ATM(lﬂi((]")) + Kdph (Képfﬁ’gn)) Vrpo(uo Ugp )
T = V@ - a?) - i,
d—(”) — ~(n)4 B B

ZZT = kpm (I_(éuiﬂ:(n)él) Vipatuy © — d?“gn)a
L0 A G SN R

d(T) N (1+ag™) aph (Kapn+as") ( :pg 37 ©
day” 7 N —(c) 0 AT AT gy 7. ay _ —(n) ()

i = kip — kuptiy (Kub—irﬂ(()c)) ATM(HEEJC)) + kdph (deh+ﬂg6)) —|—p0(u0 U? )

_doﬂéc)7

—(c) _ _

P = kniy” + (" — ) - dya?,

—(c) _ _
B = ks + pay") — dyil,

dal? a7 a0

a =AMy~ R ey~ P

(5.13)
which we will refer to as
Ji
Y F@), a= @™, ... ) e R®, (5.14)

in the sequel.

Remark. All the simulations of the system have been done using the values of the
parameters on column 2 of Table Those values have been obtained by numerical data
fitting, starting from values found in the biological or modelling literature on p53 [20]
103] 139]. We also found for each parameter a range of values for which the oscillations
are present. To do this, we fixed all the parameters, except for one that we varied, to
assess the response of the system. These ranges correspond in order of magnitude to the
corresponding parameters of many other models [20] [103], 139].

5.2.1 Equilibrium points
Basic definitions

We begin this section by shortly recalling some general notions that will be useful in what
follows. Theorems and definitions come from the book by Kuznetsov [67], Frangoise [35]
or Perko [102]. Let us consider a generic continuous-time dynamical system defined by

&= f(z), VzeR" (5.15)

where f is smooth. Let zp be an equilibrium of the system, i.e. f(zo) = 0 and let
A denote the Jacobian matrix of f evaluated at zg. Let n_, ng, ny be the numbers
of eigenvalues of A (counting multiplicities) with negative, zero and positive real part,
respectively.
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Param. Description Chosen Value Units Ranges for osc.
Eaph Dephosphorylation velocity 0.1 pM/min | 0.039 < kqpp, < 1.73
Kapn Michaelis dephosporylation constant 0.05 uM 0.0001 < Kgpp < 2.2

kq Ubiquitination velocity 100 min~! 30.5 < k1 <4180
K Michaelis ubiquination constant 1.01 uwM 0.023 < K; <3.3
ks Phosphorylation velocity 1 min~1 fized
Katm Michaelis phosphorylation constant 0.1 uM fized
Om Mdm2 degradation rate 0.16 min~! 0.03 <4, <0.45
ksm basal Mdm2 mRNA transcription rate 0.005 uM/min 0<ksm <0.19
ksp p53-dependent Mdm?2 mRNA transcription velocity 1 min~ fized
Kg, Michaelis p53-dependent Mdm2 mRNA transcription 0.1 wM 0.06 < Kg, <0.9
OmRN A Mdm2 mRNA degradation rate 0.0001 min ! 0 <6mrna <0.41
ks P53 synthesis rate 0.015 uM /min 0.001 < kg <0.02
0p53 53 degradation rate 0.2 min~ 0 < dps3 <23
kim Mdm? translation rate 1 min~! Vi, > 0.02
V. Volume ratio 10 adim 0.8<V, <24.2
Po p53 permeability 0.083 min~! po >0
Pl Mdm?2 permeability 0.04 min =1 p1 >0
D2 Mdm2 mRNA permeability 0.083 min ! p2 >0
P3 P53, permeability 0.083 min~! ps > 0.01

Table 5.1: Parameter values for the model[5.10] Starting from values taken from [139, 103]
and [20] we numerically obtained by data fitting, a complete set of parameter values that
are used in the sequel for the simulations. For instance, in [20], V, = 15, kg = 0.0055 and
ksm = 0.0015. Keeping all but one of these parameters fixed at these reference values,
and varying the last one, we also calculated ranges of parameters (in projection on each
parameter axis) for which sustained oscillations take place. Note that the parameters
k3, Katm and kg, are presented in this table as fired because they have been fixed to
constant values by the change of variables occurring in the nondimensionalisation (see

text in Section [5.2)).

Definition 5.2.1. An equilibrium s called hyperbolic if ng = 0, that is, if there are no
eigenvalues on the imaginary axis. A hyperbolic equilibrium is called a hyperbolic saddle

ifn_ng #0.
Let us also introduce the two invariant sets:
Wo(xg) = {x: ¢’z — x0,t — +00}, W% (o) = {z: ¢'x — xg,t — —00},
where ¢! is the flow associated with

Definition 5.2.2. W*(xo) is called the stable set of xg, while W"(xo) is called the
unstable set of xg.

Proposition 5.2.1. Globally the invariant sets W* and W are immersed manifolds
of dimensions n— and ny , respectively, and have the same smoothness properties af f.
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Having these properties in mind, the sets W* and W*" are called the stable and unstable
invariant manifolds, respectively, of the system at .

We also state the Hartman-Grobman Theorem:

Theorem 5.2.1. Let E be an open subset of R™ containing the origin, let f € C1(E),
and let @' be the flow of system . Suppose that f(0) = 0 and that the matrix
A = Df(0) has no eigenvalues with zero real part. Then there exist a homeomorphism
H of an open set U containing the origin onto an open set V containing the origin such
that for each & € U, there is an open interval IcR containing zero such that for all
ieUandtel

H o ¢y(&) = eN H (#);

i.e., H maps trajectories of near the origin onto trajectories of the system & = Ax
near the origin and preserves the parametrization by time.

Otherwise said, the flow ¢; is topologically equivalent to (i.e. conjugated through a
homeomorphism with) the exponential flow et of the linearised system in 0. See below
definition For a proof see [53].

Equilibrium points of system 1} when ATM =0

In healthy cells, p53 is targeted by Mdm2-mediated ubiquitination and it is highly de-
graded by the cell machinery. The damage sensor ATM is inactive and no oscillations
are present, which our model reproduces accurately, as shown below. On the contrary,
when a damage to the DNA occurs, conformational transformations of both Mdm2 and
pb3 release this tight control, a pool of active p53 can accumulate in the nucleus and
oscillations start. In system we set pd3, = u3 as the free and active species and the
growth of its concentration is related to the phosphorylation process, exerted by ATM.
Thus, if ATM =0, i.e. if ATM is inactive, w3 tends to zero and no oscillations appear,
as is easily seen in system . Indeed the equations for us read, when AT M = 0:

da(n) _ ,L—L(n) c

= e Vi, (516)
T (Kaph + 3 ")

P e )
N SR S 971} 317
dr (deh"‘ﬂg )

We remark in equation 1} that uéc) tends to zero, and, as a consequence, ugn) too. Let
us set v(()n), el v:gn) and v(()c), e Uéc) the values of the equilibrium points for system .
We can calculate explicitly the equilibrium points of system , when ATM = 0.
Indeed, vén) =0 and véc) = 0. Thus, the equation for ﬂ;n) is uncoupled from the others

seven and we can calculate the corresponding equilibrium:

(n) kpm
= — 5.18
V2 ViD2 + da (5.18)
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Substituting this value in the equation for agc) results in:

Kpm, 1
Vipa + do” ki, + do”

(c)

vy = pa (5.19)

We continue to substitute into the remaining equations, obtaining the values vgc) and
vgn):
() _ o

Ul = —
dy + p1 —

Ve
d1+p1Vr

(5.20)

() PV o

= = — _ )
di +p1Vr di + p1 — J1T;TVT

where o = Paf Fpm ) Fim _ Notice that the value of vgc) and v&n) are both positive for

Vrp2+dz/ kim+da N
any value of the parameters, since dy + p; — Jﬁ;/fv > 0, for all (p1,d1, V) € R . Let

us set B = ’UYL). Finally we can calculate the values of the equilibria for the equations

for ﬂ(()c) and U(()n). We set

(c) k
o) = Lt T

and we substitute in the equation for ﬂ(()c). We obtain an implicit function of ’U(()c) given

by the following relation:

(c) B Yo kep
UO + [TO (©) - (C)
Ko+ Po I3 v k
g Bl —poVe(D Ty g, (5.21)
Kp+ol) 2 20 kw PO Kup + vy Po

We solve this relation to find two different solutions:

v(c),l o _BPOKub + 5‘/;“B - /Bktp + /62 - 5p0‘/;“ktp —A
o 28po
(¢),2 BpOKub + 5‘/;‘ﬁ - /Bktp + /82 - 5pOV;“ktp +A
UO —_—
28po

where A = (108%p§KuwV; + 26°poKupkey — 20poV;32ky — 50p5V,2 Bkey + 108k7,p0Vy +
108p5 KupVikp + B2k, — 28%key + B + B3 K3y, + 28°po Ky, + 25p3V,2 57 + 10po V8% +
25p(2)Vr2k?p)1/ 2. Therefore, there are two possible equilibrium states at ATM = 0.

Using the values of the parameters given in Table we calculate, using Maple,

the coordinates of the equilibrium values of v(()c)’l’Q for ATM = 0. For the values of

parameters chosen, only véc)’Q is positive, while v(()c)’l is strictly negative. We can thus
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calculate (using a built-in function of Matlab that implements a Newton method) or
formally (using Maple) the equilibrium point whose coordinates are non-negative:

v = [0.2364,0.0024, 0.0125, 0,0.3028, 0.0029, 0.0005, 0], (5.22)

where v = [v(()n), vgn), . véc)]. This equilibrium point represents the equilibrium concen-
tration of each species when no damage is detected by the cell.
We calculate the Jacobian matrix of system (5.13)):

i —kubﬁgn)Kub _ _ATM _ ﬁé") kaph Kapn
(Kub“l’ﬁgﬂ))z (1+ﬂ§)”))2 ‘/Tpo kub (Kub‘i’ﬂgn)) 0 (deh+ﬂén))2
0 —Vip1 —dy 0
hksp KB (ah™1)
. _d p K5, (Ug
J () A;)M " e (K§P+ﬂ(?:)h)2
u) = _ATM —k _ Bdph
(1+ai)? 0 0 Ph (K pn+al?)?
Do 0 0 0
0 D1 0 0
0 0 P2 0
L 0 0 0 0
V.-po 0 0 0 ]
0 Vip1 0 0
0 0 0 0
0 0 0 Vips3
—kuw () Ky _ _ATM _ kup @y kapn Kaph
(Kutay?)? (a0 ds (Kup+ay)) 0 (Kapn+us)?
—p1—di kim
0 0 *ktm - d2 0
ATM _k Kapn —
0 0 dph Kot a)2 P3|

(1+af”)?

and we evaluate its eigenvalues at the equilibrium point . All the eigenvalues of
the matrix J, evaluated in v have negative real parts. Therefore the equilibrium point is
hyperbolic. Since the vector field relative to system is smooth, we can apply the
Hartman-Grobman theorem and conclude that v is a stable equilibrium point.

Equilibrium points for ATM >0

The nonlinear nature of system implies the existence of several equilibrium points,
for each value of the parameter AT M. Using the software Maple, we tried to evaluate
formally the expression of those equilibria, but the software was unable to do it. Assigning
the value of all but ATM of the parameters in Table Maple gave as a result a
polynomial expression of degree 17, whose coefficients depends on AT M, unusable to
obtain more information about the values of the equilibria.

However, we can state a general results about their nature. Let us remind that
F :R® — R&® is the vector field associated to system (5.13)):
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Proposition 5.2.2. The solutions of F(u) = 0 depend on the values of the solutions of
the following system of three equations:

AT B ATMa " Fapnal"

=(n)

Ko + ag") 1+ ﬂ(()”) Kapn + 1y

— Vipoy” + Voot =0

~Vipat" — diat" + Viprat? =0 (5.23)
C hd939 ATHEO Rpal ) L
fgp — L0 LSS0y Sl — poaly) — doa? = 0

Kp+ua? 1+4a? K+

mn the three unknowns a(()"), ﬁgn) and 71(3"), once the following solutions are made:

c n D2
v =
U(C) _ ktmvgc +?1U§n)
1 N (©)
O kapnvs” + D3vs” (Kaph + v3”)
0 "7 AT LC 7. c _ (0)/ o)y’
ATMdeh -+ AT]\{'I)}é ) _ kdphvé )(— pgvé )(deh + ’Ué ))
c " k "
Ug) - (—ATM % = dphV3 =
Vips L4+wvy " Kaph +vg
(n)\4
n ].
o= L (v37)

S S S B
Vipa+do \ 7 Kgp + (vén))4

This system has a finite number of solutions.

Proof. Let us set v = [v((]")mgn), e ,Uéc)] a generic equilibrium point of system F'(u) = 0.

Using the single equations of the system F(u) = 0 we can explicit the value of the

equilibrium point for vgc) as a function of vén):

(©) (c) )

. - n
then we write v, as a function of vy’ and v

U(c) . ]%tmvg:) + ?lvgn)

b p1+dy
In a similar way we write v(()c) as a function of véc) and v:(gc) as a function of v(()n) and vén):
NON FapnvS” + v (Kapn + v5”)
0

ATMdeh + ATM'UéC) — Edphvéc) — ﬁgvéc) (deh + 'Uéc))
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(n) (n)

() o
véc) = —1 _ATM 20 + — dph 3
1+ H deh + Vg

and finally:

m._ L GO
Ve +d Fom + 4 (n)y4
rD2 2 Ksp+(v3 )

Thus all the equilibrium points of the nonlinear system F'(u) = 0 depend on the values

of v((]n), Ugn) and vé”). By substituting in F'(@) = 0 all the expressions written above, we

obtain system (5.23]). O

We verified numerically the existence of at least one positive solution of system ([5.23))

Positivity of solutions for AT M > 0

In the previous subsection we stated a theorem that gives us a general form for the
equilibria. However, we cannot write explicitly the values of those equilibria. Therefore,
we still need to show the existence of a positive equilibrium for our system, when ATM >

0. As above, we refer to the values of the equilibrium points as v = (v%n), vén), - ,véc)).

Proposition 5.2.3. The equilibrium values of ﬂgn), aé”), ﬂgc) and H;C) are positive for
all positive values of the parameter AT M.

Proof. Tt is easy to see from the second and seventh equations of system (5.13)) that the

equilibrium values of UEC) and v%n) and of véc) and vén) have the same sign. We observe

also that the sign of the equilibrium value of véc) is concordant with the sign of v%c).

Indeed, using the sixth equation of system (5.13)) we can write

C 1 7 — VV‘72 C
Ela o <dl e Vmildl) o

where we have substituted the value for v%n) obtained from the second equation of system

V.p (c)

5.13)), Uin) = % Therefore, we need to evaluate the positivity of only one of the
Vip1 + da

four equilibria vgn) () and vén)’(c). Using the equation for ﬂgn), we can write the value of

the relative equilibrium point, as a function of vén):

) _ 1 - (08

Ve d R ol

_— )

since we only consider positive values of the parameters. Thus the existence of an equi-

librium of system (|5.13)) implies that the values of vgn)’(c) and Uén)’(c) are positive. O
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The expression of the equilibrium points, relative to the variables ﬁén)’(c) and ﬂg")’(c),

are more difficult to be written explicitly, since the corresponding equations are non-
linear. For this reason, it is more reasonable to study the evolutionary problem. We
state the following proposition:

Proposition 5.2.4. The positive quadrant is invariant for the flow of system if
ATM > 0.

Proof. Let us suppose, one by one, that the values of the variable ﬂ(()n)’(c) and ﬂén)’(c)

drop to zero. If (™ = 0 the values of the corresponding derivative is :

_(n) _(n)
du - u _ _(c
d() = Kgph—— 3 ey + VrPOU(()) >0,
T (deh + ug

thus the solution ﬂgn) stays positive. Secondly, we consider the derivative of aé"). Setting

(n)

Uy ° = 0 we obtain:
d—(n) —(n) .
dr (1+,")

which is positive. In the same way, the derivatives of the equations for up(® and agc) are

positive when (respectively) 12[()6% =0:

—(c) —(c)
du, - - U n
dio = kip + kaph— e +ﬁoﬂ((] ) >0,
T (Kapn + u3")
and @ ©
du73 — ATML() >0
dr (1+ 1)

It is easy to verify the same property for each variable of the system. Therefore we can
conclude that, for every value of the parameter AT M > 0, if the initial value of system
is positive, meaning that each component of the vector of initial values is positive,
then the solution will remain positive . O

5.2.2 Basis of Bifurcation analysis

In this section we detail a numerical bifurcation study of system (5.13)). Let us introduce
some preliminary definitions. What follows comes from the book by Kuznetsov [67]. We
consider a dynamical system that depends on a parameter:

&= f(z,a), x€R"and aecR"™, (5.24)

where x represents the variable while « is the parameter. If the parameters vary the
phase portrait varies, too. Upon these variations, the system could remain topologically
equivalent to the original one, or its topology could change.
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Example 5.2.1. Consider the two dimensional differential system

7 = axy — 19 — x1(2? + 22), (5.25)
Ty = 1 — axgy — x2(x? + 23), '
that in polar coordinates takes the form:
/:):p(a—pz), (5 26)
0=1,

The origin of the phase portrait is, Vo, the unique equilibrium point of . Fora <0
the equilibrium is stable since p < 0 and p(t) — 0 if we start from any initial point. For
a > 0 we have p > 0 for p < Ja and p < 0 if p > J/a. Moreover the system has a
periodic orbit for any o > 0 of radius \/« and this orbit is stable. Therefore, « =0 is a
bifurcation parameter value. The phase portrait changes: it has a stable equilibrium for
a < 0 that becomes unstable for o > 0 while a stable periodic orbit appears. This type of
bifurcation is called an Andronov-Hopf bifurcation, or simply a Hopf bifurcation [67].

In order to classify different types of bifurcations and to combine dynamical systems
that can be considered qualitatively similar, some definitions are needed.

Definition 5.2.3. Two systems of the form are called locally topologically equiv-
alent near the origin, if there exist a map (x,a) — (hq,p(@)), defined in a small neigh-
bourhood of (z,a) = (0,0) in the direct product R™ x R™ and such that

1. p: R™ — R™ is a homeomorphism defined in a small neighbourhood of o« = 0,

2. ha : R™ = R" is a parameter-dependent homeomorphism defined in o small neigh-
bourhood Uy of x = 0, ho(0) = 0, and mapping orbits of the first system in U, onto
orbits of the second system in ho(Uy), preserving the direction of time.

An important issue in bifurcation theory is the classification of all possible bifurcation
scenarios of generic systems. For local bifurcation of equilibria, universal bifurcation
diagrams are provided by topological normal forms. Consider a simple system, polynomial

in &

=g Bo), ¢eR", BeRF oeR, (5.27)

which has at 8 = 0 an equilibrium & = 0 satisfying & bifurcation conditions determining
a codim k bifurcation of this equilibrium. Here o is a vector of the coefficients o;, I =
1,2,...,1, of the polynomials involved in (5.27). Together with system (5.27), let us

consider a system
i=f(z,0), zeR" acRF (5.28)

having at a = 0 an equilibrium z = 0.
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Definition 5.2.4. System 1s called a topological normal form for the bifurcation
if any generic system with the equilibrium x = 0 satisfying the same bifurcation
conditions at o = 0 is locally topologically equivalent near the origin to for some
values of the coefficients o;.

By generic system we intend a system that satisfies a finite number of genericity
conditions. These conditions have the form of nonequalities:

Ni[f] £0, i=1,...,s,

where each Nj is some algebraic function of certain partial derivatives of f(x,«) with
respect to = and «a evaluated at (z,«) = (0,0). Actually, the value of ¢ is determined
by the values of N;, i = 1,...,s. Two types of conditions exist: the nondegeneracy
conditions, expressed in terms of partial derivatives of f(x,0), and the transversality
conditions, in which the derivatives of f(z,a) with respect to a are involved. All these
conditions take the form of nonequalities. The role of these two types of conditions is
different. The nondegeneracy conditions guarantee that the critical equilibrium is not
too degenerate, while the transversality conditions assure that the parameters ‘unfold’
this singularity in a generic way. We will give now the topological normal form of any
generic two dimensional system undergoing a Hopf bifurcation, since it is the bifurcation
we will encounter for system . These results can be applied also to systems having
a dimension > 2.

Theorem 5.2.2. Consider a two dimensional system

dz

i f(z,a), z€R? acR (5.29)

with f smooth, and assume that if |«| is sufficiently small, the point x = 0 is an equilib-
rium with eigenvalues

A2(a) = p(a) +iw(a),

where p(0) =0, w(0) = wp > 0.
Let the following conditions be satisfied:

1. 1:(0) # 0, where 1y is the first Lyapunov coefficient (nondegeneracy );

2. 1/(0) # 0 (transversality).

Then, system 1s topologically equivalent near the origin to one of the following

normal forms:
yl o ,8 -1 U1 9 9 Y1
<y'z>_<1 5><y2>i(y1+yz)<y2>. (5.30)

where § = [(a) = M,
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Remarks. The first Lyapunov coefficient [; is a real function that is expressed by a
certain combination of Taylor coefficients of the right-hand sides of the system. Further-
more, the sign before the cubic part of is given by the sign of 1 and determines the
nature of the Hopf bifurcation. If [1(0) < 0, the bifurcation is supercritical. In this case
a stable equilibrium point becomes unstable after the bifurcation, and a stable periodic
orbit, surrounding the equilibrium point, appears. Otherwise the bifurcation is subcriti-
cal: a stable equilibrium is surrounded by an unstable limit cycle that shrinks as o goes
towards zero. When a = 0 the equilibrium becomes unstable and remain unstable for
a > 0. The limit cycle disappears when « crosses 0 from negative to positive values.

Let us now give an analytical expression of the first Lyapunov coefficient for the
general case of systems of n variables undergoing a Hopf bifurcation. In order to do this,
let us introduce some notations. Consider a system & = f(z), with x € R", f sufficiently
smooth and f(0) = 0. Suppose it can be written in the form:

t=Ax+ F(z), xe€R", (5.31)

where F(x) = O(||z||?) is a smooth function. Let us write its Taylor expansion near

x =0 as . )
;B 2) + Cla,z,2) + O([|=[|*), (5.32)

where B(x,y) and C(z,y, z) are multilinear functions:

F(x) =

Z afjf)fk) TiYk, 1=1,...,n,

the Hessian form, and

af i 83F ’ 1=1 n
Y, 2 P lagjafkafl £=0 ]yk s I I A S

the third derivative of F'. Suppose that A has a simple pair of complex eigenvalues on
the imaginary axis, A2 = Fiwg, wo > 0, and these eigenvalues are the only eigenvalues
with Re\ = 0. Let ¢ € C™ be a complex eigenvector corresponding to A1 and consider
also the adjoint eigenvector p € C™ having the properties

ATp = _iwopa ATp = Z.(")0]37
and satisfying the normalization condition

(p,q) =1,

where (p,q) = > i, Pigi is the standard Hermitian product in C".
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Then, it can be proved [67] that the expression of the first Lyapunov coefficient is
given by the formula:

_LRe [(p,C(4,0, D)) — 2(p, B¢, A~ B(0,3,0)))

ll(o) - 2w,
0

(5.33)
+(p, B(, (2iwoI, — A) "1 B(q,q)))]

where [, is the identity matrix in R™. In order to calculate this coefficient numerically,
we will use an algorithm, detailed in [67], that we report in the Appendix of this Chapter.

5.2.3 Bifurcations of system ([5.13) with respect to changes on the
parameter AT M

System depends over more than one parameter. In the remainder of this chapter,
we analyse numerically the bifurcation scenarios studying the behaviour of the system
with respect to the variations of several parameters. The first, and more important one, is
AT M, because it represents the sensor of DNA damage and activates p53 in our system.
Indeed our model writes:
[p53] ' [p53,),

where p53, stands for the active form of p53 and it is supposed to be able to transcribe
Mdm?2.

Let us rewrite system in a different way, to make explicit the dependence on
ATM: ~

CC%‘ = G(u,ATM), u€R® ATM € R, (5.34)

where G : R? — R2. As detailed in section , at ATM = 0, system has a
hyperbolic equilibrium point v, whose components, strictly positive, are given in formula
. Starting from this equilibrium point, we determined numerically the equilibrium
curve of (5.34), using a classical continuation method [67]. This curve, defined by the
nonlinear system

Gy) =0, y=(u,ATM), (5.35)

exists, since the rank of the Jacobian matrix of , Ja = Gy, evaluated in y = (v,0)
is equal to 8 and we can apply the Implicit Function Theorem. The equilibrium curve
lays in RY and depends on the parameter AT M.

The equilibrium points corresponding to the values of ATM < 1.4 are hyperbolic.
Indeed, we evaluated, at each computed equilibrium point, the Jacobian matrix of system
and its relative eigenvalues, whose real parts are strictly negative [102]. Further-
more, there exist a couple of complex conjugate eigenvalues of our system. Denote by

A 2(ATDT) = p(ATM) + iw(ATHI),

these eigenvalues. What follows is the result of numerical simulations. At ATM ~ 1.4,
p(1.4) drops to zero while w(1.4) = wp > 0: the system exhibits a supercritical Hopf
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bifurcation. The real part of the eigenvalues (AT M) crosses the imaginary axis with a
nonzero velocity, as it can been clearly seen in Figure [5.3] and verified numerically by an
approximation of y/(ATM). Using the algorithm detailed in Appendix we evaluated
the first Lyapunov coefficient finding /;(1.4) < 0. Thus all the genericity conditions given
in theorem are satisfied and a unique attractive limit cycle appears under variations
of ATM. At ATM ~ 97.5 a second supercritical Hopf bifurcation occurs. For higher

————

Figure 5.3: ATM = [1,2]. The two conjugate eigenvalues \; 2 in the complex plane.

values of AT'M the real part of the eigenvalues A2 decreases towards zero. It crosses
again the imaginary axis at ATM ~ 97.5 with [1(97.5) < 0. For ATM > 97.5 the
equilibrium points are stable again.

In Figurewe represent the bifurcation diagram of ﬂén) and 71(1”). The dotted curves
stand for the value of the unstable equilibrium for each of the variables. The +-marked
curves represent the amplitude of oscillations that, as we can observe, varies slightly. In
order to calculate the period of each limit cycle, we counted the number of local maxima
of each computed numerical solution, at different values of AT M. Once fixed the time
interval of the simulations, the number of local maxima corresponds to the number of
peaks of the solution and we were able to evaluate an approximation of the period of
oscillations. Figure shows the (integer) number of peaks corresponding to solutions
at different values of AT M. In our simulations, the period of oscillations varies slightly,
between 25 and 33 min, for values of AT M € [1.4, 97.5]. The amplitude of oscillations can
be very small, for AT M next to the bifurcation values, or be significantly wider depending
on the bifurcation parameter value, as figure [5.4] shows. This observation is consistent
with biological experiments which show that for low and high values of damage, the period
of oscillations is roughly the same. On the other hand, the amplitude of oscillations is
more changeable [40]. The characteristic period of these numerical simulations is shorter
than the experimental one which is around ~ 4 — 5h [40]. However, the exact values
of the parameters used here and collected in Table are not easy to be determined
physiologically, and we will perform such physiological interpretation only in the PDE
case with the introduction of space coordinates.

In Figure we draw the temporal evolution of the nuclear concentrations of
phosphorylated p53 and Mdm?2 (respectively 3™ and @ (”)). We can observe sustained
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(a) Bifurcation diagram of u{" (b) Bifurcation diagram of u{™

Figure 5.4: Bifurcation diagrams (ODE system) for nuclear p53, and nuclear Mmd2. The
equilibrium of the system is stable for values of AT'M lower than a threshold (AT M ~
1.4), then a supercritical Hopf bifurcations occurring, it becomes unstable and a limit
cycle appears. The dotted curve represents the branch with unstable equilibrium and
the + marked curves represent the minimum and maximum values of the oscillations.
When AT M becomes higher then at a second threshold the equilibrium becomes stable
again through a second supercritical Hopf bifurcation (AT M ~ 97.5).

period (min)

10 20 30 40 50 60 70 80 EY
ATM

Figure 5.5: Period (in minutes) of p53 oscillations as function of AT M

oscillations of their concentrations. In we show the phase plane relative to the
same simulation, where we can observe the corresponding limit cycle in the (dg(”), w1 (”))
plane (respectively nuclear p53, and Mdm2).

In conclusion, we found that for all values of AT'M in the interval [1.4, 97.5], the
equilibrium point of system is unstable and a stable limit cycle exist. Thus, in
this range of values for the parameter AT M, the system oscillates and reproduces the
observed biological behaviour. As proposed in [78], our results can be interpreted as
follows. If the damage is too low, the cell does not need to activate the p53 pathway
in order to repair. When the damage is high enough, the pb3 pathway needs to be
launched and the oscillations begin. On the contrary, if the damage is too big, the cell
does not start repair processes, but directly launches apoptosis. Furthermore, the period
of oscillations does not change significantly with the damage (~ 30 min), reproducing
once again the behaviour observed experimentally.
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Figure 5.6: ODE Model. Simulations results. [(a)} Evolution of nuclear concentrations of
Mmd2 and p53, for AT M = 30, a value in the range [1.4, 97.5], giving rise to sustained
oscillations) . : Phase plane relative to the variable w1 (™ and 3™ (nuclear Mmd2
and nuclear p53,). The orbit of the solution tends towards a stable limit cycle.

5.2.4 Bifurcations with respect to degradation values with fixed AT M

The values of degradation parameters have been shown to be determinant in other works
about p53. For example Ciliberto et al. [20] (but see also [40]) use the degradation rate
of Mdm?2 as a bifurcation parameter and observe the appearance of oscillations in the
p53-Mdm2 system, over variations of this parameter. Thus we changed, one by one,
the degradation rates of each species and we observed how the behaviour of the system
is affected. We set AT M = 3 in such a way that a limit cycle exist for the values of
parameters fixed in Table [5.1]

If we analyse the system over different values of di, the Mdm2 degradation rate, we
obtain, as in the ATM case, two supercritical Hopf bifurcation. But the system looses
its stability after the second bifurcation. The first supercritical Hopf bifurcation occurs
at di ~ 0.03 and the second one at d; ~ 0.43. If the parameter goes over the threshold
of ~ 0.8 the system looses stability. In particular, ﬂén) tends to +o00. See figure

We notice that the system oscillates for very low values of the mRNA degradation
constant dy ~ 0. The system exhibits a supercritical Hopf bifurcation at dy ~ 0.41 after
which the equilibrium point is stable. The equilibrium is stable for 0.41 < dy < 0.85.
Then the system looses stability and the solution for ug tends to 4+oo for high values
of the parameter do. We conclude that, if the degradation rate of Mdm2 or mRNA is
too high, p53 degradation by ubiquitination is not controlled and the system does not
reproduce any biologically observed data.

Over changes on the g degradation rate, namely d3 we do not see significant variation
of the system. A stable limit cycle exists Vds € [0,21]. No changes at all in period and
a smooth change in amplitude of oscillations is observed, as it can be seen in Figure [5.8

107



0.5

0.41

period (min)

. . . . . . , . . .
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(a) bifurcation relative to the Mdm2 degradation (b) period relative to the Mdm2 degradation rate
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(c) bifurcation relative to the mRNA degradation (d) period relative to the mRNA degradation rate
rate

Figure 5.7: m Bifurcation diagram for ugn). Two supercritical Hopf bifurcations at
di = 0.03 and d; = 0.43, the Mdm2 degradation rate. A stable limit cycle exists for
0.03 < dy < 0.43. Period of the oscillations, in minutes. : Bifurcation diagram
for uén). A supercritical Hopf Bifurcation occurs: a stable limit cycle exist for do < 0.41,
the Mdm2 mRNA degradation rate. The red dotted curve is the unstable equilibrium
for uén). Period of the oscillations as a function of ds.

5.2.5 pb3 degraded in both compartments

As reported in [82] p53 degradation is more efficient in the cytoplasm. Other works,
however, see [141], prove that p53 can be degraded in the nucleus. In our model we added
a degradation term only in the cytoplasmic compartment. In order to test whether this
assumption was not too strong, we added a nuclear degradation term for p53. In system

1} only the equation for u(()n) changes and reads:

~(n) ~(n) =) _ ~(n)
duy k _(n) Uy AT M —Y0 Uy
ar W (K g () (R gl
Vpo(a — @) — doa™
rPo(Ug Uy 0Ug
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period (min)

0 20 40 60 80 100
d3

(a) bifurcation for p53 degradation rate (b) period for p53 degradation rate

Figure 5.8: Bifurcation diagram for a(()"). A supercritrical Hopf bifurcation occurs:
a stable limit cycle exist for d3 < 21, the p53 degradation rate. The red dotted curve

is the unstable equilibrium for ’11(()6). The black curve is the stable equilibrium and black

+ are the maxima and minima of oscillations for a(()c). (b)f Period of the oscillations,
expressed as a function of ds. The period is given in minutes.

We calculated the bifurcation diagram as a function of ATM and we observed that
there are no significant differences with the response of our original system. Thus we
confirmed that our assumption was reasonable. We found again two supercritical Hopf
bifurcations. The bifurcation points have smoothly moved: we have a first supercritical
Hopf bifurcation for AT M ~ 1.93 while in the first case the bifurcation value was AT M ~
1.4. The second Hopf supercritical bifurcation is at AT'M ~ 98.5 while in the previous
case the second point was at AT M ~ 97.5, see Figure .

period (min)

T L L L L L L L L L L L L
0 20 40 60 80 100 10 20 30 40 50 60 70 80 90
ATM ATM

(a) bifurcation relative to AT M (b) period relative to AT M

Figure 5.9: System with symmetrical degradation. Similarly to figure we plotted
the bifurcation diagram of ﬁgn) and the period (in minutes) of the corresponding

oscillations [(b)] Compare [(a)| with Figure [5.4(a)| and with Figure [5.5]

We also calculated the bifurcation diagrams over the degradation rate of each variable.
We observe the same behaviour as in the original system (5.13]). Only the bifurcation
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relative to ds differs from previous scenario: the bifurcation point in this second scenario
is d3 ~ 8 instead of d3 ~ 21 (point which corresponds to the case when the degradation
of ug is allowed exclusively in the cytoplasmic compartment). The relative bifurcation
diagrams are plotted in Figure [5.10]

period (min)
8

0 0.2 0.4 0.6 0.8 1 8.1

(a) Mdm2 degradation rate

L L L L L L L L L L L
0 0.2 0.4 0.6 0.8 1 Y 0.05 0.1 0.15 Oé 0.25 0.3 0.35 0.4
d, ,

(c) mRNA degradation rate (d)

0.025

0.021

0.015¢.

period (min)

(e) pb3 degradation rate (f)

Figure 5.10: Bifurcation diagrams of 1[0(”),1?1(”)762(”) in the case of uy nuclear and
cytoplasmic degradation. [(a)f ;™ bifurcation diagram over di. [(b)} period of the
oscillations as a function of dy, expressed in minutes. |(c)i @™ bifurcation diagram over
ds and |(d)} - )| period of the oscillations as a function of do, expressed in minutes. In both
cases for values of d; and ds bigger then ~ 0.6 the system loose equilibrium as in system
- . . ) (") bifurcation diagram over ds and period of the oscillations.
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5.3 Physiological interpretation of the rise of oscillations

What is the physiological explanation of the rise of oscillations? Is it possible to identify
a physiological quantity that induces the start of oscillations? Here we show that oscil-
lations are linked to the ratio of concentrations of p53 in its active and inactive state.
We prove, on a simplified version of our system, that there is threshold value o > 0, to
be determined, such that, if

[p53,)]
> 0o,
[p53]
the system is in the oscillatory regime. Let us recall that v = [vén), .. .,U(()C), . ,v:(,f)}

stands for a general equilibrium point of system ([5.13)). Define the function ¢, : R — R,

+ ”:(’)C)

U(()n) + v(()c) ’

ol

¢p(ATM) =

that associate to AT'M the ratio of the sum of the equilibrium values of p53 (nuclear and
cytoplasmic) and p53,, respectively. This function is well defined for all positive values
of AT M, since v(()n) + v((]c) > 0 as we have shown by the numerical computation of the
equilibria done in the previous section, see Figure

Proposition 5.3.1. Assume that the function ¢, is strictly increasing. If system (5.13)
is in its oscillatory regime for a fized value of the parameter AT M, then ¢,(ATM) > o
where 0 = ¢p(AT M) and AT My is the bifurcation parameter value.

Proof. If for a fixed ATM, the system is in its oscillatory regime then
op(ATM) > ¢,(AT M), ie. ¢p(ATM) > o, since ¢, is supposed to be strictly in-
creasing. O

In order to apply Proposition we have to show that ¢, is an increasing function
of AT M. Therefore, we need to write explicitly the equilibrium values corresponding
to nuclear and cytoplasmic p53 and p53,, as functions of AT'M. Let us rewrite system

(5.13) in its compact formulation:

du n _(c
2o r@, a=@", ... a)eRs (5.36)

The problem is to evaluate the equilibrium values of system (5.14]), namely the solutions
u of the system of equations:

F(a)=0. (5.37)
As we are interested in the values of vén),v(()c), v;(;n), Uéc), we substitute in (5.37)) the fol-
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(n) (@ ) (e

lowing expressions for v, 7, v, 7, s

) Y2
NON _Vrﬁwgc) NON _]%tin(czl + Vip1) )
L a4V Y di i+ Vi) 2
(n) _
SO SR (P C 4 SO _ ) P2
2 do+Vipo \° K§p+(1;§”))4 b2 2 kim +do’

obtained using system ([5.37)). Using the values of the parameters given in Table , we
can write the following system of four equations:

4835w\ (n)
(2'4 e ) Y AT W ) @
- o) - oy Ty — 0-833up” + 0.833ug” =0,
10.1 + uy 1+ uy 0.5+ vy

—r (%) (n)
AT Mu %1 0.8330) =0,

T+ul™ 05+
576,454\ (c)
0.15 — RO ) N ATN oy +0.0833u™ — 0.0833u = 0
' 10.1+ ulf R O
ATM e

— 008330} = 0.

1+ul?  05+0l)

(5.38)
As already discussed in Section the equilibria of system and equivalently
those of system [5.38] are hard to write in an explicit form. Using the software Maple,
that allows formal computations, we obtain implicit expressions of the roots of system
, not useful to further analysis. Since for low values of AT M, the values of the
equilibria vg and vs, computed numerically, are ‘small’ and included in the interval [0, 0.3]
(see Figure[s.11(a)land [5.11(c)]), we linearize the system around vg, v3 = 0, and we obtain
the simplified system:

(—0.24u(" — ATMuS"” + 205" — 0.833u{" + 0.833ul? =0,
ATMu — 208" +0.8330{" =0,

0.15 — 0.28u\” — AT u + 20{? + 0.0833u{” — 0.0833u = 0,

(5.39)

AT — 20{? - 0.08330 = 0.
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This system being linear, it is easy to solve and solutions can be written explicitly:

n) _ 1785(ATM +2.0833)

0 2.85ATM + 160
() 47.8
UO = p—— 5
2.85AT M + 160
(5.40)
S _ 8.9ATM (ATM + 3.15)
3 9285ATM +160
() 23AT M

v = ——— .
3 7 2.85ATM + 160
(©)
+ vg

v(()n) + v((]c) ’

(n)
We can now write the expression of the function ¢,(ATM) = U3

1.25(2.05 4 0.36 AT M)
42.5 + 8 9ATM

¢p(ATM) =

)

that is increasing for positive values of AT M since its derivative

dé,  1.5(7.25+ 2.5ATM + 0.265AT M) -
dATM (4.25 + 0.89 AT ")

Finally, we can apply Proposition This results states that if the total concentration
of active p53 is ‘o times bigger’ than the concentration of inactive p53 then the system
oscillates. We verified that the results due to the simplified system are in accordance with
the data calculated solving numerically the original system . We remark that the
range of values of the solutions are roughly the same and the behaviour of all variables
is the same, except for vén). In figures 5.11(a)|, 5.11(b)|,|5.11(c)| and |5.11(d)| we plotted
the values calculated numerically solving system and the roots of the simplified
system (5.38)). We also evaluated numerically the function ¢, relative to the original

system (5.37), verifying that it is a increasing function of ATM (see figure [5.11(e)).

(n)

Notice that the same proposition can be applied to the functions: ¢1(ATM) = %
Yo

(c)

and ¢o(ATM) = ?—C) since both functions are strictly increasing, as it can be easily
v

verified using the fofmulas . It would be interesting to verify experimentally if the
crossing of a threshold of the ratios of p53 and p53, in the nucleus or in the cytoplasm
(or the total quantity) determine the oscillations. It would be even more interesting
to understand if the biological location of the ‘unbalanced’ concentration of active and
inactive pb3 has a role in the starting of oscillations.
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Figure 5.11: [(a)ll(c}} Numerically computed equilibrium values of system (5.13)) relative
to ugp et ug in the nucleus (blue) and in the cytoplasm green). [(b)[(d)} Roots of the

simplified system (/5 , computed using formulas ([5.40f [@] The function ¢, computed
with the numerical solutlon of system (|5.13) (plam hne) and computed formally using

formulas 0) (dotted line).
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5.4 Appendix: computation of the first Lyapunov coefficient

We summarize here the main steps which are useful to compute the first Lyapunov
coefficient, following the algorithm presented in the book by Kuznetsov [67], to which we
refer for a more detailed description of each step of the algorithm. We remember that
we consider a dynamical system depending on one parameter « (the other parameters
are considered fixed):

= f(z,a), zeR", aelR, (5.41)

where f is a smooth function of (z,a). Let us suppose that f exhibits a Hopf bifurcation
at the equilibrium xg at the critical parameter value ag. The formula giving the first
Lyapunov coefficient, that determines if a Hopf bifurcation is supercritical or subcrititcal,
reads:

_LRe [(p,C(¢,0,0)) — 2(p, Blg, A" B(0,0)))

[1(0) =
1() 2wy

(5.42)
+(p, B(q, (2iwoI, — A)~'B(q,q)))]
where A is the Jacobian matrix of system (5.41]), and ¢ and p satisfy

Aq =iwoq, Alp= —iwgp,

and are normalized by setting (p, ¢) = 1. Assume also that (q,q) = 1 and (Rep,Imq) = 0.
We recall the definition of the bilinear function B : R™ x R" — R"

a fZ 57 040 .
Yk s =1,2,...,n, 5.43
Z 008k, L:onjyk ! " ( )

and of the function C : R® x R™ x R® — R"

i 83f1 §7 OCO

Tiypz, t=1,2,...,n. 5.44
080806, ’& zo JkA (5.44)

i(z,y, 2
Jikl=1

In order to avoid the computations of the partial derivatives in (5.43)) and (5.44}), notice
that it is possible to evaluate the vector B(v,v) for v € R™ by the formula

d2
B(v,v) = ﬁf(xo + Tv, a9)|r=0 , (5.45)

and similarly, the vector C(v,v,v) for v € R™ can be obtained using the formula:

3
C(v,v,v) = dd —— f(zo + v, 20)|r=0 - (5.46)

These derivatives with respect the scalar variable 7 can be easily approximated using
finite differences. Therefore we can evaluate (5.42)) using expressions computable via
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(5.45)) and (5.46). We denote the real and imaginary parts of the vector ¢ by ¢r and ¢r,
so that we have

B(Qv q) = B<qR7 qR) - B(Q[a q]) + QZB(qu QI)
B(q,q) = B(qr,qr) + B(ar, q1)
B(Qv q, Q) = C(qR7 qR, QR) + C(QRv qr, qI) + ZC(qu qR, QI) + ,LC(QD qr, QI)

The formulas (5.45) and (5.46) let us compute some of the terms of the previous ex-
pression, namely B(qr, qr), B(qr,q1), C(qr,qr,qr) and C(qz, qr,qr). B being a bilinear
form, this lead to the following identity:

B(v—i—w):%(B(v—i—w,v—kw)—B(vw,v—w)).

Similarly we can obtain the following expression for C(v,v,w):
1 1
C(v,v,w) = 8 (C(v,v,v) —Cv —w,u —v,v—w)) — §C(w,w,w),

which permits to evaluate all the terms involving B and C' in the expression for [;.
Let us summarize all the principal steps useful to compute the Lyapunov coefficient
l1.
Step 0. Evaluate the Jacobian matrix A = fz(x0, ap) of (5.41)).
Step 1. Find four vectors qgr, qr, pr, pr € R" satisfying the systems

{AQR + woqr = 0,
—woqr + Agr =0,
and
ATpr — woqr =0,
{wopR + ATpr =0,
and normalize according to

(qr.qr) + (a1, q1) =1, {(qr,qr) =0,
(pr,qr) + (pr.q1) =1, (pr,qr) — (pr,qr) = 0.

Step 2. Compute the following vectors by the directional differentiation:
2

a= dzl_gf(wo + TqRr, @0)|r=0,

b= Wf(wo + 741, 20)|r=0
and
1 [
"~ 4dr?
Step 3. Solve the linear systems for r and (sg, s7):

c f(xo +7(qr + qr), a0) — f(xo + 7(qr — q1), @0)] |7=0-

Ar =a+ b,
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and

—ASR — 2(,008[ =a— b,
QCU[)SR — AS[ = 2c.

Step 4. Compute the following numbers:

1 d?

01 = ;75 (PR, f(2o +7(ar + 1), a0) = f(z0 + 7(ar — 1), a0))|r—0,
1 d?

02 = Lo {pr, f(zo + 7(ar + 1), a0) = fwo + 7(ar = 7), a0)) =0,

and evaluate their sum g = o1 + 03.
Step 5. Compute

6 = idd;@}g, J(xo 4+ 7(qr + sg), ) — f(xo + 7(qr — SR), @0))|r=0,
59 = idci@}g,f(xo + 7(qr + s1), 00) — f(zo + 7(qr — 51), 0))|r=0,
5y = zlic;i:?@b f(@o+7(qr + s1),a0) — f(z0 + 7(qr — $1), @0))|r=0,
04 = i;i(pf, flxo+7(qr + sr), ) — f(xo + 7(qr — SR), 20)) |r=0,

and evaluate Ag = 81 + 0o + 03 — 4.
Step 6. Compute the numbers
d3
Y1 = ﬁq)Ra f(xo + TqR, 040)>‘T:07
d3
Yo = ﬁ@?[, f(zo + 7q1, @0))|r=0,
2 T
v = S5 PR+ p1, [ (@0 +7(ar +41), @0))lr=o,
d3
Y4 = ﬁ@R —p1, f(zo + 7(qr — q1), @0))|r=0,

2 1
and evaluate I'g = g(’h +v2) + 6(73 + Y4).
Step 7. Finally, compute
1
11(0) = —(Tg — 2% + Ao).
1(0) Qwo( 0 0+ Ao)

If [1(0) # 0 and the eigenvalues cross the imaginary axis with nonzero velocity, a unique
limit cycle appears under variation of a.

5.5 Conclusion and Outline of the Work

From this preliminary study of the ODE compartmental model, we verified, in a simplified
setting, that the system proposed reproduces the expected behaviour, with no need of
any artificial mechanism. The parameter that activates the system and gives rise to the
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oscillations is AT M. This parameter represents the protein ATM that phosphorylates
p53 in the cell, after a damage. We established the existence of two supercritical Hopf
bifurcations through which the system passes. Oscillations arise for low values of AT M
( ATM ~ 1.4) and disappear for higher values (AT M ~ 97). We evaluated the period of
oscillations following variations AT M and we verified that it does not depend strongly
on the damage undergone (value of AT'M in our model). This result reproduces the
behaviour of p53, experimentally observed [40]. However the period of the oscillations
of our simulations is shorter than the period observed experimentally. We will show in
the next Chapter how we obtained more realistic periods of our model by the addition
of a spatial variable. Finally we have given a physiological interpretation of the rise of
oscillations, based on the concentration ratio of active and inactive p53. We have shown,
using a simplified model, that if the concentration of active pb3 is o times higher than
the concentration of inactive p53, the system must be in its oscillatory regime. It would
be interesting to further investigate this aspect and to have an experimental confirmation
of our results. The possibility that the location of the unbalanced concentration of p53 in
its two states could play a role, makes this aspect of the problem even more interesting
to us.
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Chapter 6

A spatial model of p53 nuclear
accumulation

In this Chapter we continue the study of the model of p53 introduced in Chapter [5] We
analyse the behaviour of a modified version of the model, to which we add the spatial
variability. We keep the same reaction network, as in Chapter [, but we take into account
the distances that molecules have to cover to pass from a compartment to the other. We
assume that all the molecules are able to diffuse within each compartment and we add a
transmission condition between the nucleus and the cytoplasm that models the nuclear
membrane. We obtain a reaction-diffusion system of equations, defined on two sub-
domains having a common boundary. We analyse the behaviour of this extended system,
testing the effects of the variations of the spatial coefficients, on the temporal dynamics
of pb3.

Contents
[6.1 Some remarks about the spatial distribution of p53|. . . . .. 119
6.2 Mathematical formulationl . . ... ... ... .. ........ 120
[6.3 Numerical approximation] . .. ... . ..., 123
4 imulations Results] . . . . ... ... ... ... ..., 125
[6.4.1  Spatial parameters| . . . . . . . ... L oL oo 125
4.2 Simulations results in a 1-dimensional domain|. . . . . . . . .. 125
[6.4.3 Results in the 2-Dimensional domainl . . . . . ... ... .. .. 129
[6.5 Summary of theresults|. . . .. ... ... .. ... ..., 136
[6.6 Conclusions and Perspectives - Part IT| . .. ... ... .. .. 138

6.1 Some remarks about the spatial distribution of p53

Here we introduce the few notions about p53 spatial distribution in damaged or undam-
aged cells. Depending on the state of a cell (damaged or undamaged), but also on the
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type of the cell, p53 can be mostly nuclear or cytoplasmic. For instance, in mouse stem
cells, ph3 is cytoplasmic, as figure shows. In this figure we can observe a popu-
lation of stem cells (D3), where p53 is labelled by a green GFP tag, and the nucleus is
visualized using a fluorescent (blue) DNA-interactive agent (Dragb). In healthy cells, the
protein pd3 is exported from the nucleus and degraded in the cytoplasm, thus, generally
the total concentration of p53 both in the nucleus and in the cytoplasm is very low and
not always detectable. When the damage is sensed by the cell, the network of p53 is
activated and the protein undergoes several modifications that allow its accumulation in
the nucleus. Figure shows the cases of stem cells, where a gradual ph3 stabilization
in the whole cell can be observed. In irradiated cells, nuclear p53 is detected half an hour
after irradiation [82]. The correct location of p53 has a direct impact on the functioning
of the protein. Many tumour types that have mutations on the p53 gene (classically p53
cytoplasmic confinement) are less responsive to genotoxic stress induced by radiotherapy
or chemotherapy [99]. Import and export of p53 need to be tightly regulated for an
effective response in case of DNA damage. Moreover we recall that nuclear import and
export signals of p53 are easily masked or unmasked, depending on the necessities of the
cell and play an important role in p53 activation (see Section .

24 hafter IR

p53

Draq 5

merged

Figure 6.1: p53 is localized to the cytoplasm of mouse embryonic stem cells. |(b)
p53 accumulates in the nucleus of irradiated embryonic stem cells. GFP-tagged p53 is
expressed in green. To visualize the nuclei, cover slips were incubated with Drag5 (blue)
[123]

6.2 Mathematical formulation

Consider the pb3 model, introduced in Chapter We cast system in a two-
dimensional domain divided into a nuclear and a cytoplasmic compartment as shown in
Figure We set (2 as the entire domain of the cell and we define 2y as the nuclear
compartment and 29 as the cytoplasmic one. We set I'19 := 021 N 0§29 for the common
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Figure 6.2: Domain of the PDE system: we represent the two different compartments,
Q1 for the nucleus and Qs for the cytoplasm. I'15 is the common boundary between the
two compartments; I's is the exterior boundary, representing the cellular membrane.

boundary and I's := 9Q\T'12. Each species is a function of time ¢ and position x = (z, y);
we suppose that each species is able to diffuse in the cytoplasm and in the nucleus. We
include permeability conditions at the common boundary I'j2 that take into account
nuclear membrane. As for the ODE case, we nondimensionalise the system. Setting

5 _ uo(xvyvt) m
uO(ﬁ?ﬁa ) - @0 ) y U
_z Y
T = tTa 5 o N=1
where L, expressed in pum, is some one-dimensional space parameter related to cell size,
we obtain in Qq:

% — DoAdip — ki bulm ATM( iy T kph(K htaz)’
% = DAty — dyig, o (6.1)
0 = D+ o + gy — |
G2 = DsAug + ATM {5y — kph ey
and in Qo:
G = Dolitg + kup — kuin ey — ATM %5 + ko s
% = 1?1A7zt1 + l:ftm7zt2 - C?l?l’ (6.2)
% = DyAug — ks — datia,
s = DyAuy + ATM %5 — oy (s

where we used the same notations as in the previous chapter. Notice that, as in [I5],
we used Fick’s Law to model the diffusion of each species concentration. We defined
D; = % , 1 =20,...,3, as the nondimensional diffusion coefficients, where D; is the
dimensional diffusion parameter of the i — th species, expressed in um?/min. Finally,

following [15] and [121], and consistently with the assumptions of the ODE model, we
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fix Kedem-Katchalsky [62] boundary conditions at the common boundary I'1o for the
species that cross the nuclear membrane from both sides:
Oup” DO (.7 Oup®

“on ﬁo(uoc —up") = G- on Iy,

N _ Pire om0
an = py (0 —ur") = % on T,

(6.3)

meaning that the flux of each species through the nuclear envelope is proportional to the
difference between the concentrations at the two sides of the membrane. Notice that the
normal vector n is pointing outwards from the nucleus and that fluxes are continuous.
We fix the following boundary conditions for uo and us:

oup™ __ p2 (- n) _ Oux®

g = b, (—w2") = T on T, (6.4)
™ _ P3¢ _ Ous® '
an- = pyU3° = Ton on I'jg,

that include the directionality of transport: s, the mRNA of Mdm2, is only able to
exit the nucleus, while w3, phosphorylated p53, traverses the nuclear membrane only
towards the nucleus. Again notice that the fluxes are continuous. The constants p; are
the permeability coefficients relative to each species and are expressed, in the dimensional
model, in gum/min~!. We also assume that proteins are not able to exit the cell and we
use Neumann homogeneous boundary conditions on I's (zero-flux) for all species:

aui
on

Since nuclear pores are homogeneously distributed on the nuclear envelope and far from
saturation [121], the choice of Kedem-Katchalsky boundary conditions, to model mem-
brane permeability [62], is consistent with our environment; see [15] and references therein
for more details on Kedem-Katchalsky conditions in the case of the nuclear membrane.
We emphasize here that the choice of the boundary condition is coherent with the choice
of the ODE model, where we fixed an exchange rule between compartments as the linear
contribution of the difference of the mean concentrations in each compartment. Let us

consider a simplified system for one generic species u that can only diffuse in the domain
Q:

=0onTIs,i=0,...,3. (6.5)

8%7;") = D,Au™ in Qy, (6.6)
uld D.Au©  inQ |
o — e u m 329,
and let us couple this system by using the boundary conditions:
ou™ Au'®
W = p(ul® — u) = D=5~ onlp, (6.7)

closed by the continuity of the flux: D, ag:) = Dcagif). Here again the normal vector

n is the same on both sides. If we integrate over the whole region and apply Green’s

formula, we obtain:
du(™) c n
{ dt = TZ;H fpm(u( ) — u( ))da,

du(®) n c
a0t = ﬁ frl2(u( ) — u( ))do‘7

(6.8)
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thus reducing the initial system to system above, in agreement with equations:

du™
dt

which corresponds to our choices in the ODE model (5.13]).

= pV(u(® — u™), = pVp(u™ — u(9), (6.9)

6.3 Numerical approximation
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Figure 6.3: Mesh example.

All simulations have been performed using the open source tool FreeFem++.
FreeFem++ (http://www.freefem.org/ff++/) is a computer language dedicated to the
finite element method, developed at Jacques-Louis Lions Laboratory, Pierre et Marie

Curie University (UPMC), Paris.

Weak formulation

To simplify notations, and introduce the weak formulation of our problem, let us rewrite
the equations in vectorial form. We set V = (v1,...,v,)T that is defined as a vector
function V : Q; U Qs — R”™, with n = 8. We look for solutions of —,—
in the space H1(21) U H'(Q), Vt € [0,T] where T represents a final time. We define
VV :QUQy = R™ as the gradient of vector V', where d is the dimension where the
system lies: Vx € Q) U Qy, Vui(x) € R We also define the divergence of a tensor
Q: Uy — R™, withrows Q;,i=1,...,n,as V-Q:=(V-Q1,...,V-Qn)T.
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We define the diagonal tensors A = diag(dy,ds,...,d,) and P = diag(p1,p2,...,0n)
where the d; and p;, ¢ = 1,...,n, are respectively the diffusivity and permeability coef-
ficients of each considered species.

We define a vector field R(V') that collects all the reaction terms and we set V €
[L2(Q2)]" as the initial conditions. Finally we state the problem in vector form: find the
solution V' € L2(0,T; [H' (£ UQ2)]") of the following initial and boundary value problem

OV =V - (AVV) + R(V) in [0, 7] x (1 UQy),
) = Vo(x) on {0} x (1 UQ),
(AVV)n=0 on I's, (6.10)
(AVV)nlq, = P(Vl]q, — Vl]q,) on 'y,
(AVV)n|g, = P(V]g, — Vlq,) on Tia,

where, here, n corresponds to the normal vector is relative to each compartment. Let us
consider a test function V € [H(Q; U Q2)]". The weak formulation is given by:

/ OV Vdx+ / AVV -VVdx— / (AVV)n-Vdo = / R(V)Vdx. (6.11)
Q1UQ Q1UQ2 I'io Q1UQ

In order to describe clearly the contribution due to the flux between the two compart-
ments, we can re-write the border term as it follows:

Jr,(AVV)n - Vdo =
(6.12)
Jrr, P(Vlo, = Vlg,) - VMdo + [ P(Vlg, = Vlg,) - V9do

A

where we ordered the terms of V as “nuclear” and “cytoplasmic™ V = (V(”), V(C))T.

The finite element method

We use finite elements for the spatial discretization of problem (6.1)-(6.2)), (6.3)46.4). The

triangularization of the domain is created by FreeFem-+-+ built-in function. Let Ay a C°
finite element subspace of [H(Q1 U Q2)]" defined on a regular mesh parametrized by h
(e.g see Figure . The numerical solution is calculated using a backward Euler scheme
in time and a Newton iteration for the nonlinear terms. Le tg = 0 and ¢,11 = t, + At
where At is the step size in time. For n =0,1,..., we let

Joyua, VPTIVdx + At [ o AVV™H . VVdx — At [ (AVV™)n - Vdo
(6.13)
—At [o 0, ROV Vdx = 0.

The term V™ F5F is the approximation of the term V™! solved by the Newton iteration
step. The algorithms goes as follows: at ¢y we set V1Y = V0 and we solve equation

(6.13). After solving the equation, we calculate the L? distance [V — V10|12 0,
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Parameter Description Value Reference

d, p53 Diffusion coefficient 600m? /min [15]

dm Mdm?2 Diffusion coefficient 600pm? /min [15]
dmRNA Mdm?2 mRNA Diffusion coefficient 6m? /min [38, 119]

dyy p53p Diffusion coefficient 600pm? /min [15]
Dp53 p53 permeability coefficient 10pm - min~!' | obtained
Dimdm2 Mdm?2 permeability coefficient 10pm - min~!' | obtained
PmRN A Mdm2 mRNA permeability coefficient | 0.1pum - min~' | obtained
Dpp p53, permeability coefficient 10pm - min~! | obtained

Table 6.1: Parameter values for the dimensional model. The permeability coefficients
are obtained by numerical data fitting. A more accurate description of the choice of the
permeability parameter is done in section

and we proceed until [[V1 — V10126 g,y < ¢, for a fixed e. Once calculated the
numerical solution V1 we set V20 = V! and we calculate the solution for the following
time step with a new Newton iteration.

6.4 Simulations Results

6.4.1 Spatial parameters

In this new setting, the number of parameters of the system has increased. Diffusion
and permeability coefficients need to be set accordingly to the biophysical knowledge of
the cellular environment and molecular species. Since, according to [15], the diffusion
coefficient of a general protein with a mass of about 40kDa is roughly 600um?/min, we
take this value as a reference for all the protein species, p53 and Mdm2, in the nucleus
and in the cytoplasm. Using single molecule tracking and statistical analysis, recent
works managed to calculate the mRNA diffusion coefficient [38], [119] 50] and found that
the coefficient of a single mRNA particle is ~ 6 — 30 x um?/min, i.e., the ratio between
mRNA and protein diffusion coefficients is about 1 : 100. Concerning the permeability
coefficient, we supposed, to tie in with this diffusion coefficient ratio, that the ratio
between the mRNA and the protein permeability coefficient is 1 : 100. In the sequel, all
the simulations will be done for values of parameters listed in Table [6.1]

6.4.2 Simulations results in a 1-dimensional domain

We begin the study of the system in a simplified one-dimensional domain, plotted
in Figure [6.4] This domain is given by two adjoining segments that represent the
cytoplasmic and nuclear compartments. We fix an interval [a, ¢] = [0,10] (in pm),
[a, c] = [a, b]Ub, ¢], with [a, b] = [0, 9] the cytoplasmic compartment, and [b, ¢] = [9,10]
the nucleus, as shown on Figure[6.4] We performed all simulations using finite differences
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Figure 6.4: A 1-dimensional simplified domain of the cell.

schemes and we used a basic IMEX numerical scheme. For further details see [60]. Even
if the geometry is oversimplified, there is a striking difference with the ODE case. The
protein flux from one compartment to the other is not given, as in the ODE case, by
an average of the total concentration over the whole compartment, but by the protein
concentration that actually exists at the membrane location. In order to test whether the
system reproduces the oscillatory behaviour observed in the ODE case, first we analyse it
by following the variations of the AT M parameter. As explained above, this parameter is
meant to represent the DNA damage and it is the switch that turns on the system, giving
rise to robust oscillations. In the sequel we fix a time duration of 500 min to compare the
results for different values of the parameters. We observed, see Figure , that for
values of ATM < 2, first the system tends towards a stable equilibrium, then starts to
produce damped oscillations (Figures|6.5(c)| and [6.5(e)]). Oscillations become undamped
and their amplitude rises when ATM > 2, see Figures . It is known from in
vitro observations [70, 40] that the period of oscillations is stable over different irradiation
doses and consequent damages. The same behaviour may be observed on our simulation
results that show that once the undamped oscillations occur, the period varies slightly
and stabilises around a value of 35 min. See Figure where we plotted the number
of peaks of the sustained oscillations observed in 500 min, against ATM variations.

The response of the system is robust upon changes of the diffusion coefficients.

Once the oscillatory regime is established, we can vary the spatial parameters, namely
diffusion and permeability, to understand how the system responds to spatial pertur-
bations. In Section we pointed out that the physiological ratio between protein
and mRNA diffusion is about 100:1. Keeping this ratio fixed, we performed simulations,
varying only the diffusion coefficient. Our results show that the oscillatory behaviour is
highly robust over a wide range of variation for the diffusion coefficient. Oscillations arise
for very low diffusion coefficient (see Fig. and remain active for very large values
of the parameters. The amplitude of oscillations decreases slightly with the diffusion
coefficient but the period of oscillations is almost constant. We can observe damped os-
cillations for values of protein diffusion lower than 10um?/min, but once this threshold
is crossed, undamped oscillations arise with a period of about 35 minutes (lower than
the period observed in biological experiments [40, [70]). Conversely, if simulations are
performed with a 1:1 ratio between mRNA and protein diffusion, oscillations disappear
quickly, for diffusion values D > 100, as shown on Figure |6.7] This suggests that the
difference between mRNA and protein diffusion coefficients is crucial to the oscillations
of the system.
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Figure 6.5: 1-dimensional PDE model. |(a) Bifurcation diagram of ugn) as a function of
ATM. : Number of sustained oscillations peaks observed in a fixed duration of 500
minutes. Oscillations in the 1-dimensional case: ,@ evolution of p53 concentration,

nuclear compartment. : evolution of Mdm2 concentration, nuclear compartment.
Undamped oscillations occur only for value of ATM > 2 (AT M = 0.2).

Low permeability is essential for oscillations in the 1-D case.

We analysed the behaviour of the system under variations of the permeability coeffi-
cient. In order to cross the nuclear membrane, proteins and RNAs need to pass through
large protein channels, called nuclear pore complexes (NPCs), that let only authorised
molecules to pass through. Even though a nuclear pore can be up to 100 nm long [110]
and the access to the pore is highly controlled, the translocation pathway is impressively
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Figure 6.6: Oscillations in the one-dimensional PDE case. If the ratio between protein
to mRNA diffusion is kept 100:1, varying the diffusion coefficient do not compromise
the oscillatory behaviour of the system. |(a)i oscillation amplitudes over the diffusion

coefficient for ugn) m Number of peaks of the sustained oscillations during 500 min for

each diffusion coefficient value. Evolution of u:(,)n) over time, for a diffusion coefficient

equal to 50 and 1200um?/min.

efficient. The mass flow through a single NPC can be up to 80 M Da/s [I111] and the
time needed for translocation through the pore lasts only 5-7ms [23]. In order to under-
stand whether the permeability parameter is determinant for the model behaviour, we
performed numerical simulations for different permeability values. As in Section [6.4.2]
the ratio between the diffusion coefficients of protein and mRNA has been set to 100:1.
In the 1-dimensional case, undamped oscillations occur for values of the permeability p;
included between 3 and 20 pm/min. Some damped oscillations still appear for values
of the parameter p; € [20, 40], as shown in Figure [6.8] We also notice that, unlike in
the previous experiments on diffusion coefficients, the period of the oscillations depends
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Figure 6.7: 1-dimensional PDE model. Temporal evolution of nuclear p53, and Mdm2
concentrations. For homogeneous values of the diffusion coefficient (ratio 1:1) only
damped oscillations occur. Here we fixed D; = 200, Vi = 0,...,3. All the other pa-
rameter values are fixed to the reference ones reported in Table [5.1] and

highly on permeability variations. Figure [6.8(b)|shows the number of peaks of p53 level
observed in 500 minutes.

These first results bring out the importance of the spatial variable: analysing vari-
ations of the system with respect to coefficients that could not be studied in the ODE
case, we have pointed out the strong dependence of the solution upon the permeability
coefficient. However, the range of values over which we can observe the expected os-
cillatory behaviour is lower than the permeability values proposed in the literature (see
e.g. [121]), that range around 100 um/min~!. We also noticed that different diffusion
coefficients did not influence - neither qualitatively nor quantitatively - the behaviour of
the system. Since the one-dimensional case is an oversimplified model of the cell, where
the nuclear membrane is reduced to a single point and diffusion is too fast to allow for
significantly different behaviours, we will now analyse the behaviour of the model in a
still simple, but more realistic, two-dimensional domain.

6.4.3 Results in the 2-Dimensional domain

In this section we analyse the system in a two-dimensional cell-shaped domain. For our
simulations we chose the domain represented in Fig. [6.9] where the total area is of about
300 pm?, while the ratio between cytoplasmic and nuclear areas is 10 : 1. These values
will be varied only when specified. References values for spatial parameters have been
reported in Table [6.1]

We reproduced the spatial dynamics of the p53-Mdm2 system, as observed in |70l
40)]. As can be observed on Figure 30 min after damage sensing, the pb3 protein
accumulates in the nucleus. A first peak of p53 concentration appears 1 hour after the
start of simulations. Then the cytoplasm and the nucleus empty and a second cycle
starts. Oscillations of Mdm?2 follow, see Figure [6.11] The period of oscillations is about
300 min and corresponds to the actual period experimentally observed [70, [40].
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Figure 6.8: 1-dimensional PDE model. Bifurcation diagram for non homogeneous
permeability coefficient: protein permeability:RNA permeability fixed to 100:1. All the
other parameter values are fixed to the reference ones reported in Table and
Corresponding number of oscillations in 500 min.

Oscillations exist for realistic protein and mRINA diffusion values.

Following the results of [38][I19] and the numerical results of the previous section, we fixed
the protein to mRNA diffusion coefficient ratio to 100 : 1. As in section we observe
a robust oscillatory behaviour, with sustained oscillations occurring for diffusion values
ranging in [10, 1000]um? /min (see Table and Figure . Comparing these results
with the one-dimensional case, we remark that diffusion values play a more important
role. Indeed in Section we obtained an oscillatory behaviour for all diffusion values
> 10 wm?/min. Adding the second dimension to the system, we remark instead that
oscillations disappear for values of the diffusion coefficient higher than 1000 pm?/min,
which implies that very fast diffusion of molecules prevents the occurrence of oscillations.
This emphasizes the importance in the 2D model of spatial diffusion, with physiological
values for the diffusion cefficients. As shown in [59] experimentally observed p53 mobility
reduces drastically after DNA damage, and its diffusion coefficient passes from ~ 18
pm?/s to ~ 3 pm?/s (1000 pm?/min- 180 pm?/min), within 8 hours. This reduced
mobility is probably due to increased protein-protein interactions and DNA binding of
active p53. Interestingly, the oscillatory dynamics is captured by our model for all those
different values. Nevertheless, we did not consider the diffusion of p53 as a function of
time and DNA damage, which is an open option left for future work.

Period depends on permeability, but sustained oscillations are always present.

We tested again the robustness of the system towards perturbations of the permeability
coefficients. We know, from the previous section, that in the one-dimensional case the
response of the system is sensitive to permeability variations. In the one-dimensional
setting, oscillations disappear for permeability values lower than the realistic ones (see
[121]). In the two-dimensional model the system reacts in a different way, and we can
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Figure 6.9: Simulation domain of the bi-dimensional PDE model, Volume ratio: (C :
N)=10:1

observe oscillations over a much larger range of the permeability coefficient. We set the
diffusion constant to 600um?/min for proteins and to 6um?/min for the variable uso,
representing the mRNA and we varied the permeability coefficient.

In the two-dimensional case the system is much more robust and oscillations arise
for permeability values strictly higher than 5 pum/min. We notice that the amplitude
of oscillations is almost constant (see Figure , whereas, again, it is the period
of oscillations that exhibits the most remarkable variations. It varies from 250 min for
permeability values of 10um/min to about 40 min when the permeability is set to 200

pm/min (and 2 gm/min for the mRNA), see Fig[6.13(b)] and Table [6.2]

We notice that, in the two-dimensional setting, the period of oscillations strongly
depends on these spatial coefficients. For high permeability constants the frequencies of
oscillations are high, while for lower permeabilities we can reproduce the period of in
vitro observations (about 4-5h, [70]).

The discrepancy between our values and those found in the literature could be due
to the simplification of the transport machinery done in our model. We supposed indeed
that proteins could traverse the nuclear membrane by themselves, which is not the case.
Proteins like p53 or Mdm2 need to be carried by a chaperon through the membrane
and then be released in the destination compartment. The translocation process imply
a number of reactions, like the recognition by the importin and exportin proteins and
the binding (and unbinding) to the small GTPase RAN, that handle the directionality
of the transport. The time needed for these events to occur is not taken into account by
our model and this led us to set low permeability values, namely 10um /min instead of
100pm/min [121], in order to get oscillations with the period observed in the literature.
Note that this point is more extensively commented in Section
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Figure 6.10: Bi-dimensional PDE model. Spatial distribution of p53, at different time-

step on the reference domain. Phosphorylated p53 spatial distribution and temporal
evolution. As observed in biological experiments [40} [70] p53 accumulates in the nucleus.
The peak of p53 protein is observed at 1h from damage sensing. Then the level of p53
steps back towards the initial state.

10 o

Period depends on the total volume of the cell rather than on cytoplasmic to
nuclear volume ratio.

The spatial treatment of the problem allow us to analyse the response of the model
in different domains. Numerical simulations have been performed over a large range of
domains having different total area, while the ratio between cytoplasmic and nuclear area
was kept fix at 10 : 1. Our results show that the oscillatory dynamics is the constant
response of the system. However the period of oscillations depends on the total volume
of the in silico cell, see Fig. For smaller volumes, the period is shorter and it
rises with the volume. We observed variations between 55 and 1000 min.

We also analysed how the nuclear:cytoplasmic volume ratio affects the response of

Parameter Description Ref. values values for oscillations
VOZ Total area of the simulations domain 300Mm2 VOZ > O(IU/m2)
‘/r Volume ratio Cytoplasm:Nucleus ].0 2 S ‘/7- S 100
Pi Protein permeabilities 10Mm/m1n 5 S Pi S 5000(/.l/m/m1n)
D; Protein diffusion coefficients 600pm? /min | 10 < D; < 1000(m? /min)

Table 6.2: Parameter ranges of spatial values for which oscillations occurs. Remark:
As explained within the text, the ratio “protein diffusion:mRNA diffusion” has been
fixed to 100:1. Consistently to this choice also the ratio “protein permeability: mRNA
permeability” has been fixed to 100:1. Range of parameters obtained as in Table 5.1}
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Figure 6.11: Bi-dimensional PDE model. Mdm2 evolution in time and space. As shown
in biological experiments, the peak level of Mdm2 follows the peak of p53 [40]. The peak
of nuclear Mdm2 takes place at t=2h, while p53 peaks at t=1h. To compare with p53
evolution, see Figure [6.10]

8

H

the system. In this case, we fixed the total area to 300um? (Figure , and we varied
the nuclear area. Here again, the temporal dynamics of the system is oscillatory and
oscillations do not depends on the volume ratio. The period of sustained oscillations
varies between 175 and 400 min. Two or three peaks of p53 level (in the fixed time lapse
of 500 minutes) can be observed on Figure for volume ratios varying between 2
and 100. See Figures and below and Table [6.2] for more quantitative details.

One can remark that the dynamics of the system is robust as sustained oscillations
can be observed over different domains. This information let us speculate that the role
of oscillations is crucial for the p53-Mdm2 system. Indeed, even if we change drastically
the physical environment, or the cell shape (as we will see in the next section), sustained
oscillations are always present.

The geometry of the domain does not change the dynamics of the system.

We analysed the behaviour of the system over different geometric domains: rectangular,
elliptic and ‘cell-shaped’ domains. In accordance with Terry et al [132] we conclude that
the geometry of the domain does not influence the dynamic response of the system. In
Figure we reported the cellular domain used in simulations and the corresponding
temporal evolution of nuclear and cytoplasmic levels of p53, all three domains having
approximately the same area and same volume ratio. As can be seen, the reproduced
temporal dynamics of the three systems are the same. Furthermore, the spatial dynamics
does not depend on the shape of the domain, as can be observed on Figure [6.18] where
we reported the simulations results in two different domains.
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Figure 6.12: 2-dimensional PDE model. Number of peaks of sustained oscillations ob-
served in the fixed time laps of 500 min. On the x-axis the values of the corresponding
diffusion coefficient expressed in pm?/min.

We also performed simulations locating the ribosomes, the big protein complexes,
scattered within the cytoplasm, that translate the mRNAs into proteins. We designed
the spatial distribution of ribosomes in such a way that their total concentration did not
change, varying only their location. To do this, we considered different functions defined
on the domain of Figure all having the same mean. No influence of the ribosome
location could be observed and we could conclude that the oscillatory behaviour is robust
upon changes on the location of ribosomes. This result differs from [128] where the
authors stated that the p53 oscillatory response was dependent on ribosome location.
However the same authors in [129], studying the spatial distribution of ribosomes in a
more precise spatial setting, observed a lower influence of this location.

Oscillations depends on the localization of the damage signal.

Finally we were interested in understanding whether the location of the damage signal,
triggered by ATM, and not only its strength, was responsible of generating the oscilla-
tions. To do this, we have changed the equations relative to p532(,n) and p531(f), ie. ﬂg")’(c).
In a first experiment we have set:

83 —DAﬂé)—kph_ 3 ok
_(c) _(c _(c
Ot~ _ DsAal + ATM —0 o~ Fen— e 5
or 1+ ay Ko, +

so that p53, is produced only in the cytoplasm. In a second experiment, we have assumed
the opposite, i.e. the damage signal is triggered only in the nuclear compartment. In

134



o
oscillations
) amplitude B o
ok
' L 1
2|
+ + t ; I j_l

A . I B R I T R
PERMEABILITY (um/min) PERMEABILITY (um/min)

350 400 250

(a) Amplitude of oscillations (b) Number of oscillations in 500 minutes

Figure 6.13: Bi-dimensional PDE model. Oscillations in the 2-dimensional case. Varia-
tions according to the permeability coefficient: in the 2-dimensional domain, undamped
oscillations appear for a wide range of permeability values (see Table . In |(a)| we
plotted the amplitude of oscillations, while in [@] we plotted the number of oscillations
in 500 min. The protein to mRNA permeabilty ratio is fixed to 100:1.

this case, the equations for uz write:

83 = D3A’EL:(3 ) + ATM% - kph_gi(n),
T 1+ ayg Ky + ug
0ad o - ald
5 = Dadaf) — kyn———,
T Kpn + g

We left unchanged the corresponding boundary condition on I' 2, that we recall:

ouz™  p3 _. Oug®
= —U =
on D5 3 on

on Flg.

In both cases, no oscillations are observed. It is clear that the concentration of p53,,
in the compartment where it is not produced, is very low. Indeed, in both cases, in
at least one compartment, the only reaction term for ug is of degradation. If pb3 is
phosphorylated only in the nucleus, its cytoplasmic concentration tends to zero. Indeed,
P53, moves from the cytoplasm to the nucleus but not back. Thus, no boundary sources
at all are present. Depending on the location of the signal, p53, accumulates mostly in
the nucleus or in the cytoplasm. However, in both cases a fraction of p53, reaches the
nucleus so that the mdm2 production increases. Anyhow, no oscillations occur and a
equilibrium between p53 and Mdm2 concentrations is found. The temporal evolution of
the total concentrations, nuclear and cytoplasmic, are plotted in figure[6.17} We have also
repeated the same experiments, without considering in one of the compartment, neither
the production term for p53,, nor the degradation one. In this way, one of the two
equations for @z (nuclear or cytoplasmic), is reduced to a diffusion equation. The results
are qualitatively similar to the previous case and no oscillations are observed. These
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Figure 6.15: Bi-dimensional PDE model. Oscillations of nuclear p53 (average concen-
trations) for different volume ratios (V) and fixed total area, V, = % (b)
number of oscillations occurring in 500 min for different volume ratio.

results seem to show that oscillations depends on the nuclear import of cytoplasmic
p53. In fact, when the damage is triggered in the nucleus, active p53 accumulates and
produces the mRNA of Mdm?2. Thus, the negative feedback is ‘on’ and should triggers
the oscillations. The fact that it doesn’t happened could mean that the import to the
nucleus of activated p53 is necessary to cause the oscillations and that an active pb3
species exclusively nuclear, is unable to generate an oscillatory behaviour. A deeper
understating of these results is clearly needed.

6.5 Summary of the results

In this chapter we studied a new model for p53 which describes both its temporal and
spatial dynamics. We were able to reproduce oscillations with the period observed in in
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vitro experiments, namely 4 - 5 hours [70], using realistic diffusion coefficients, by the
addition of a spatial variable. Moreover we have shown that these oscillations are present
for all known values of p53 diffusivity [59] (knowing that p53 mobility is reduced after
DNA damage).

We observed that the response of the system strongly depends on the spatial coeffi-
cients of the system (diffusion, permeability, total volume of the cell), which points out
the significant role of space in the pb3 system.

We have also studied how the system responds to variations in permeability coeffi-
cients, total volume and nuclear to cytoplasmic volume ratio. We have shown that the
oscillatory response is robust towards such variations, and that the period of oscillations
depends on the permeability coefficient, and also on the total volume of the cell.

The distinction between nucleus and cytoplasm is the characteristic feature of eukary-
otic cells. We think that a model of signal transduction needs to consider this basic and
simple distinction in order to be consistent with common knowledge of the intracellular
biology and topology.

6.6 Conclusions and Perspectives - Part 11

We have proposed a model for p53 nuclear accumulation. We have shown that the nega-
tive p53-Mdm2 feedback reproduces the oscillatory behaviour observed in cultured cells,
if the distinction between the nuclear and cytoplasmic compartments is taken into ac-
count. This implies locating the main cellular processes and making explicit the delays
due to transcription, translation and translocation between compartments. Firstly, we
have studied the response of the ODE differential system, and we have verified that the
dynamics of the network proposed was the expected one. We have reproduced undamped
oscillations against ATM variations showing the existence of a Hopf supercritical bifurca-
tion. Then we have introduced a spatial variable and numerically analysed the simulation
results in the new PDE setting. Our choice to develop a spatial model of the p53 net-
work has led us to remark that taking into account physiological phenomena within the
cellular space explains in biologically relevant details the expected oscillations. We have
shown that the experimental diffusion values fit our model and reproduce the oscillatory
behaviour with a good estimation of the period observed in wvitro. We have provided
evidence that the oscillatory behaviour of the system is also robust towards variations of
the nuclear to cytoplasmic ratio and of cell shapes. This allows us to speculate that such
a robust response of the system towards changes in physical coefficients, as cell volume,
diffusion coefficient or volume ratios, testifies the crucial role of oscillations in the p53
system.

It is worth nothing that the permeability values that reproduce the physiological be-
haviour in our model are lower than the values proposed in other works |15, 121]. We
believe that, taking into account more signalling pathways involved in the import and ex-
port nucleocytoplasmic machinery should permit to consider more realistic permeability
values. Indeed, it is known that the translocation rate is given by the nucleocytoplasmic
transport machinery [50], and not by the translocation through the nuclear pore com-
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plexes, since the time during which molecules bind to the central region of the nuclear
pore is very low [23]. Thus to take into account more realistic transport timing it would
be important to couple the model we have designed with the model of nucleocytoplasmic
transport studied in [I5]. It would also be interesting to model the cytoskeloton activity
in the transport mechanism, as done in [129] [I5]. It has indeed been shown that p53 uses
the microtubule filaments in order to get faster to the nucleus [113], 41]. However, there
is still no experimental evidence for a role of microtubules in Mdm2 cytosolic transport.

To conclude on a medically oriented note, the simplicity of the network considered
in this work may offer in the future an effective tool to understand the effects of known
mutations of p53 with respect to the different mechanisms that we represent in our model,
as nuclear import, translation, or phosphorylation. Indeed p53 is known to be mutated
in more than 50% of cancer cells and it is a future goal with possible pharmacological
and clinical consequences for us to understand how these mutations influence the spatio-
temporal dynamics of p53.
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Chapter 7

Conclusions and Perspectives

In this thesis we have dealt with the transmission of molecular signals within a cell.
In particular we were interested in the exchange of information between the two major
compartments of the eukaryotic cells, the nucleus and the cytoplasm. Proteins undergo
transformations that have a specific meaning for the cell, and move inside the cell in
order to transmit their message to the required location. Often, several proteins and
molecules are involved in signal transmission, and long sequence of transformations, e.g.
a phosphorylation cascade, is necessary in order to transmit a signal. Therefore, the
delivery of a message depends not only on chains of reactions, but also on the distances
that molecules have to cover in the intracellular space.

Most of the current models of signal transduction take into account only the first
issue: the chemical reactions. Those models focus on the biological networks in order
to reproduce the dynamics of the considered system. The use of ordinary differential
equations is straightforward, since they are a powerful means that permit to explore the
temporal dynamics of complex systems. In this thesis our aim was to consider both
the network and the space. On the one hand, we are interested in the physiology of
the biological system studied, on the other hand, we wanted to reproduce the spatial
dynamics of the networks we considered.

In the first part of the thesis the necessity of dealing with a spatial distribution was
crucial. The problem is spatial in its own definition. We have proposed a model of
transport of proteins along a single microtubule with the aim to evaluate what kind of
proteins benefit of motor-assisted transport in their way towards the nucleus. Therefore
we have compared the mass flow due to diffusion, by which proteins naturally move, with
the flow given by the combined action of the microtubule and the diffusion. We have
found that transport towards the nucleus, of proteins having a diffusion coefficient up to
61m? /s, is enhanced by the interactions with motor proteins, that allow the attachment
to the microtubule. Then, we have coupled our model with a model of nucleo-cytoplasmic
transport, proposed in [15], and we have quantified the nuclear accumulation of a generic
cargo protein. Our results show that the classical import mechanism is efficient and
that the addition of a ‘microtubule-bound species’ reduces the import rate. This result
is quite surprising, since on the one hand, some experimental works show the opposite
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result for some specific proteins. On the other hand, the work of Cangiani et al. [15],
that models in a three-dimensional environment the transport between nucleus and cy-
toplasm with the addition of microtubules, presents a divergent result, that emphasizes
the benefit of microtubule activity. The main difference with our model, that partially
explains the difference in the results, is that in [15] the authors consider a vector field that
averages the influence of many single microtubules. In our model we have located the
microtubule, defining a specific attraction area, that corresponds roughly to the width of
a microtubule. The transport on the microtubule is uni-directional and uni-dimensional,
while the diffusive particles move in two directions. Moreover, we have defined a diffusive
species attached to the motor proteins and a species that is only transported along the
filament. In this way we have located spatially all the reactions that are needed to per-
form microtubule transport at a macromolecular level. It is clear that our understanding
of these phenomena is still incomplete and further research will be necessary.

In the second part of this thesis, we have introduced a physiologically based model
for the activity of the tumour suppressor protein p53. As a first step, we have stud-
ied and analysed the temporal dynamics of the pb53 network. The main idea was to
separate, using an ODE compartmental model, nuclear and cytoplasmic reactions. We
have introduced, for each considered species, its nuclear and cytoplasmic forms. This
approach marks the main difference with respect to other existing ODE models in the
literature, since it has allowed us to consider the physiological and spatial aspects of the
p53 network. For instance, pb3 in its active form is able to reach the nucleus, but unable
to get out of it. The two compartment model that we have proposed, has allowed us
to take into account the directionality of transport. We have analysed this model by a
numerical bifurcation analysis. First with respect to the parameter that activates the
network usually triggered by DNA damage, for which we have shown the existence of
two supercritical Hopf bifurcations that explain the oscillations; then we have considered
other possible parameters and analysed the response of the system to their variations.
Finally by the addition of a spatial variable, we have studied the behaviour of the system
in a PDE form, assuming that all the proteins can diffuse within the cytoplasm and the
nucleus. Moreover we added a membrane-like boundary condition (Kedem-Katchalsky
condition) between the two compartments in order to model the nuclear envelope. In this
setting, we have verified the existence of oscillations, and we have shown that the system
is robust with respect to variations of the spatial parameters. We have reproduced the
experimental data coming from the literature, showing a nuclear accumulation of p53
half an hour after the damage signal and the periodicity of nuclear and cytoplasmic ac-
cumulation already shown in [123]. Finally we have reproduced oscillations occurring at
the period experimentally observed. Other works share this approach [129] [132] explain-
ing the temporal oscillations of biological systems using PDE systems of equations. We
believe that this is a direction to follow and that the analysis of biological networks must
include the treatment of the spatial component.

Both topics covered in this thesis have a broad range of perspectives. Concerning
the first part of the thesis, it should be important to extend the model in terms of the
geometry of the system. We should consider a domain of the size of a cell, in order
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to allow comparisons with data of the literature. Also a comparison with models that
use velocity fields, instead of localized microtubules, would be interesting and could
explain the difference in the qualitative results of the two types of model. Finally, a
more theoretical study could allow us to establish an optimal setting for the use of
microtubules, that would depend on the distance between two microtubules (that do not
have to congest or overcrowd the cytoplasmic area) and on the size of a cell.

The model of the p53 protein dynamics has possible extensions of different na-
tures. From a mathematical point of view, it would be interesting to consider a three-
dimensional environment and test the system in a cell-like domain.

Concerning the extension of the model from a biological point of view, we think that
this model should be coupled with a model of nucleo-cytoplasmic transport that should
take into account import and export from the nucleus, dependent on the Ran cycles.
This would make a more realistic model, but, first of all, it would also allow to study the
impact that the variation on the timing of import and export, have on the oscillations.
On the other hand, it should allow the analysis of two biological models that explain
the stabilization of p53 in the nucleus. In fact, according to some authors [36], the
accumulation of p53 in the nucleus is due to a decreased export of the protein from the
nucleus. According to other authors [82] B3], the reason why p53 accumulates in the
nucleus after DNA damage is the increased import rate triggered by post-translational
modifications. Since the import and the export cycles occur on two different time scales,
it would be possible to test which of the two mechanisms allows the accumulation of the
protein in the observed time, using a mathematical model.

An expansion of the model that would include the mRNA of p53, could allow us to
test the latest scientific results of Gajjar et al. [39] that show that the interaction be-
tween the p53 mRNA and Mdm2 are necessary for p53 stabilization. These observations
demonstrate the existence of a direct positive feedback between pb3 and Mdm2, which
has never been translated into a mathematical model. It would be interesting to analyse
the impact of this extension, in terms of the period and the nature of the oscillations.

Finally this model may have medical applications. Since the network of the model is
reduced to the essential, simple extensions would permit to study the effects of genetic
mutations of ph3 on the nuclear accumulation of the protein.

To conclude we remark that a comparison of all our numerical results with a larger
set of experimental data would allow to support the validity of our results and it remains
a necessary step to fully validate our models.
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