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Abstract

Mathematical models of biochemical processes are essential tools to understanding
the dynamics of intercellular events in living organisms. The copy number of species in
such a system fluctuates in time due to the random occurrence of chemical reactions,
leading to variability in the population of living cells. Therefore, characterising the
number of species at a certain time requires stochastic models of particular interest. To
this end, numerous modelling approaches have been proposed in both deterministic
and stochastic settings to elucidate the dynamic behaviour of biochemical reaction
networks.

Gene expression, the production process of gene products such as proteins, is one
of such biological mechanisms intensively studied over the last decades. The (basic)
two-stage model gives the essential description of gene expression, which entails
the dynamics of transcription and translation processes involving mRNA and protein
species. In the stochastic context, the dynamics of species in gene expression is given
by the chemical master equation (CME). Despite its simple structure, finding a solution
to the CME is often challenging, and analytical solutions are inaccessible for most
systems. Consequently, numerical methods, including stochastic simulations, emerge
as a remedy to the underlying problem.

On the other hand, with the recent advances in technology, experimental studies
open a new window into the more advanced models capable of capturing the detailed
dynamics of molecular systems. Accordingly, the present biochemical reaction models
need to be revisited. In particular, gene expression is far more complex than the basic
two-stage model. The mRNA molecules, for example, can switch between their active
and inactive states.

In this thesis, we consider and study various structured chemical reaction systems
tailored for gene expression, generalising the results of the basic two-stage model.
Specifically, we first begin with a stochastic gene-expression model that accounts for
a self-regulating protein molecule with exponential and phase-type lifetimes. We
show that the one-dimensional and multiclass-multistage models exhibit the same
stationary distribution in the case of non-bursty production of protein regime.

Second, we focus on extending the basic two-stage model to that involving an

mRNA inactivation loop, where mRNA molecules are allowed to transition between
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active and inactive states. For this model, we present a systematic mathematical
derivation of the generating function of the stationary distribution of the species,
providing the marginal protein distribution given in terms of special functions.

Next, we characterise the protein noise in terms of the two metrics, Fano factor and
the squared coefficient of variation, concluding that the extended model exhibits less
protein noise than the basic two-stage model. Importantly, we demonstrate how the
models studied here play an important role in modelling the formation of stem-loops,
thus controlling noise.

Finally, we present a generalisation of the two-stage and the extended model,
which involves multiple mRNA states. We give a detailed mathematical analysis of
the model, obtain marginal molecular distributions, and provide an additional gene
expression example, which can be obtained from the generalised model.

Overall, in this thesis, we develop and study various gene expression models that
may contribute to understanding the stochastic dynamics of biochemical reaction

networks arising in relevant research fields.

Keywords: biochemical processes e Master equation e stochastic simulation e gene

expression
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Abstrakt

Matematické modely biochemickych procesov st zdkladnymi ndstrojmi na
chapanie dynamiky medzibunkovych udalosti v zivych organizmoch. Fluktudcia
poctu koépii druhov v takomto systéme v cCase je dosledkom ndahodného vyskytu
chemickych reakcii, ¢o vedie ku variabilite populdcie Zivych buniek. Preto si
charakterizdcia poc¢tu druhov v urcitom case vyzaduje stochastické modely, ktoré
maju osobitny zdaujem. Na tento ucel bolo navrhnuté mnozstvo pristupov k
modelovaniu aj v deterministickych, aj v stochastickych nastaveniach, aby objasnili
dynamické spravanie sieti biochemickych reakcii.

Génova expresia, proces tvorby génovych produktov, ako su proteiny, je jednym z
takychto biologickych mechanizmov intenzivne Studovanych v poslednych
desatrociach. (Zakladny) dvojstupnovy model poskytuje podstatny popis génovej
expresie, ktory zobrazuje dynamiku transkripénych a translacnych procesov
zahfnajtucich mRNA a proteinové druhy. V stochastickom kontexte, dynamika druhov
v génovej expresii je dand chemickou Master rovnicou (CME). Napriek jednoduchej
Strukture je hladanie rieSenia pre CME casto ndro¢né a analytické rieSenia su pre
vacsinu systémov nedostupné. V dosledku toho sa ako ndprava objavuju numerické
metddy, vratane stochastickych simuléacii.

Na druhd stranu, vdaka neddvnym pokrokom v technolégii sa otvaraja
experimentadlne Stidie nové okno do pokrocilejsich modelov, ktoré su schopné
zachytit detailni dynamiku molekuldrnych systémov. V stulade s tym je potrebné
prehodnotit sti¢asné modely biochemickych reakcii. Najmé génova expresia je ovela
zlozitejSia ako zdkladny dvojstupniovy model. Napriklad, molekuly mRNA sa mézu
prepinat medzi aktivnym a neaktivnym stavmi.

V tejto praci uvazujeme a Studujeme rozne Strukturované chemické reakcné
systémy prisposobené pre génovu expresiu, ndsledne zovSeobecnujeme vysledky
zakladného dvojstupriového modelu. Najprv zac¢iname so stochastickym modelom
génovej expresie, ktory zodpovedd za samoregulacni proteinovd molekulu s
exponencidlnym a fazovym typom zivota. Ukazujeme, ze ked rezim produkcie
proteinu je nepreruSovanym (bez ndhodnych pulzov), jednorozmerné a viactriedne-
viacstupnové modely vykazuju rovnaké staciondrne rozdelenie.

Nasledne sa zameriavame na rozsirenie zakladného dvojstupnového modelu na

ix



model zahfnajuci inaktiva¢nu slucku mRNA, kde je pre molekuly mRNA umozneny
prechod medzi aktivnymi a neaktivhymi stavmi. Pre tento model uvaddzame
systematické matematické odvodenie generujicej funkcie staciondrneho rozdelenia,
poskytujice margindlne rozdelenie proteinu vyjadrené pomocou Specidlnych funkcii.

Dalej charakterizujeme proteinovy $um z hfadiska dvoch metrik, Fano faktora a
Stvorcového variacného koeficientu, pricom sme dospeli k zaveru, ze rozsireny
model vykazuje mensi proteinovy Sum ako zdkladny dvojstupniovy model. Toto je
dolezita demonstracia toho, ako Studované modely hraju délezita ulohu pri
modelovani utvarania kmenovych sluciek, tym kontrolujic Sum.

Nakoniec uvddzame zovSeobecnenie dvojstupniového a rozsireného modelu, ktory
zahfna viacero stavov mRNA. Poskytujeme podrobnd matematickd analyzu modelu,
ziskavame margindlne molekuldrne rozdelenia a poskytujeme dalsi priklad génovej
expresie, ktory mozno ziskat zo zovSeobecneného modelu.

Celkovo v tejto praci vyvijame a Studujeme rozne modely génovej expresie, ktoré
moézu prispief k pochopeniu stochastickej dynamiky sieti biochemickych reakcii

vznikajtcich v relevantnych oblastiach vyskumu.

Klacové slova: biochemické procesy e Master rovnica e stochastické simulacie o

génova expresia
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CHAPTER 1

Introduction

1.1 Motivation

In recent decades, the study of complex systems has gained significant attention in
many research fields, including physics, chemistry and biological sciences. In
particular, the models involving chemical reaction kinetics have become an
in-demand research topic of interest. In simplest assumptions, the dynamics of such
chemically reacting systems are modelled deterministically [1]. However, the
number of species in a reaction system is often subject to inherent stochasticity,
which requires a rigorous understanding of mathematical modelling. To this end,
many different deterministic and stochastic approaches have been proposed to find a
solution to the underlying problem, analytical or numerical.

The deterministic description of the dynamics of biochemical systems is given by
the reaction rate equations, which consist of a set of ordinary differential equations.
In particular, when the system of interest involves a large number of molecules,
deterministic approaches are adequate to govern the dynamics of the mean number
of species in the system. Unsurprisingly, the stochastic effects come into play for the
systems with a low copy number of molecules and many other biological processes,
which are inherently subject to random fluctuations due to the production and
degradation reactions, e.g., gene expression [2]. These stochastic effects are
characterised by the associated probability distributions, whose description is given
by the chemical master equation (CME) capturing the full random dynamics.

The CME consists of a finite set of differential equations describing the time
evolution of the probability of being in a state at a given time. Except for simple
cases, no analytical solutions to the CME are obtained. Consequently, stochastic

simulation algorithms that enable us to generate sample time trajectories of species
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in a system have been developed as an alternative approach rather than seeking a
solution to the underlying CME [3, 4]. However, using a stochastic simulation
algorithm can come with a high computational cost for systems including many
species.

One of the widely-studied chemical reaction networks where random fluctuations
in the number of species play an essential role is the stochastic model of gene
expression. The model describes the synthesis of the gene products such as protein
and messenger ribonucleic acid (mRNA). From a modelling viewpoint, the simplest
gene expression mechanism consists of two main steps: transcription and
translation; it is therefore referred to as the two-stage gene-expression model in the
literature.  While an mRNA molecule is produced during the transcription,
translation of the “transcribed information” takes place to produce protein in the
second step. Due to the random occurrence of the production and decay reactions,
the copy number of species in the two-stage model of gene expression fluctuates in
time. These random fluctuations are referred to as noise.

Noise in gene expression can stem from many different sources. For example,
transcription factors that are gene-specific proteins that bind to DNA to regulate the
transcription rate play an essential role in gene expression noise [5, 6]. Recent studies
have shown that the lifetime of such regulatory molecules can assume a far more
complex model than simple exponential, where the (basic) two-stage model remains
inadequate for tracking the system’s full dynamics [7, 8]. Another biologically possible
scenario by which stochasticity can be regulated is the inclusion of an mRNA activation
loop into the (basic) two-stage model, turning active mRNA molecules into inactive
and vice versa.

As outlined above, motivated by relevant studies in the literature, we focus on

multivariate gene expression models in this thesis.

1.2 Organisation

This thesis is organised as follows. Chapter 2 presents fundamental mathematical
concepts and methods arising in biochemical systems, which will be used

throughout the following chapters. In Section 2.1, we review the two-state chain
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and introduce the associated Master equation together with its solution. We then
give a simple example of a chemical reaction system that can be modelled using the
two-state chain in Section 2.2. We next, in Sections 2.3-2.4, present the relationship
between chemical reaction networks and queueing theory, providing the necessary
elementary information about some simple queuing models we will use in the
subsequent chapters. In Section 2.5, we present the generating function technique
for solving a particular class of systems of differential equations. We demonstrate in
detail the stochastic simulation algorithm, of which we give two specific examples in
Section 2.6. Next, we present how reaction kinetics works in general settings in
Section 2.7. After briefly reviewing gene expression in Section 2.8, we finalise this
chapter by introducing the basic two-stage gene-expression model, which will be
frequently used throughout this thesis.

In Chapter 3 we study a stochastic gene-expression model for a self-regulating
transcription factor whose lifespan (or time till degradation) follows a general
distribution modelled as per a multi-dimensional phase-type process. In Section 3.2,
we formulate, both in the deterministic and stochastic settings, a one-dimensional
model for the abundance of a transcription factor with a memoryless lifetime,
allowing the production rate to vary with the copy number. We show that steady
states of the deterministic model are given by the fixed points of the feedback
response function. We next characterise the steady-state behaviour of a structured
multiclass—multistage model that accounts for complex lifetime pathways in Section
3.3. We demonstrate that the deterministic fixed points and the stochastic stationary
distribution for the one-dimensional framework remain valid for the total protein
amount in the multi-dimensional setting. We provide explicit counter-examples in
Section 3.4 to show that the distribution invariance result rests on the assumption of
non-bursty production of protein. In Section 3.5, we approximate the stochastic
protein distribution by a mixture of Gaussians and study the rates of metastable
transitions between the Gaussian modes in the one- and multi-dimensional settings.

Chapter 4 focuses on a two-stage stochastic gene expression model that extends
the standard model by an mRNA inactivation loop. The model is introduced in
Section 4.2; the stationary means are obtained from the system of deterministic rate

equations; the CME is formulated. We give a detailed mathematical breakdown of
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the associated CME and rederive the stationary means using factorial cumulants in
Section 4.3. Next, we express the Fano factor (variance-to-mean ratio) in terms of
these cumulants in Section 4.4. Additionally, we provide a special-function
representation of the sought-after joint generating function in Section 4.5. We then
obtain the marginal mRNA and protein distributions employing the generating
function of the stationary distribution in Section 4.6. Furthermore, we perform
stochastic simulations to compare the theoretical results with those obtained by the
simulations.

Chapter 5 presents the application of gene-expression model, which is studied in
the previous chapter. More specifically, we briefly summarise our motivation for
studying this model by providing a biological example of the formation of
stem—loops in Section 5.1. Next, we characterise the noise in the basic two-stage
model and the extended model in terms of the Fano factor and the squared
coefficient of variation in Section 5.2. In Section 5.3, we study noise control by
stem-loops in detail, obtaining the Fano factor and the CV?, which leads us to
conclude that incorporating an mRNA inactivation loop into the basic two-stage
model decreases the protein noise.

In Chapter 6, we generalise the extended model of Chapter 4 to a structured
multivariate model which considers multiple mRNA states. The model and its
corresponding CME are formulated in Section 6.2. Next, we focus on a
comprehensive mathematical analysis of the model to obtain a solution to the
corresponding PDE in Section 6.3. In the next Section 6.4, we obtain the marginal
mRNA distributions and determine the moments of the protein distribution. We then
discuss two distinct gene-expression models, the mRNA inactivation loop and the
multiphasic model, which can be obtained as special cases from the structured
model in Sections 6.5-6.6.

The thesis is summarised and concluded in Chapter 7.



CHAPTER 2

Preliminaries

This chapter introduces fundamental concepts and methods that often arise in the
mathematical modelling of chemical reaction systems. These introductory topics will
be used in the following chapters. First, we start with the simplest Markovian model,
i.e. the two-state model, that is often used to describe random switching in chemical
reaction systems. We then present step-by-step how to model a degradation reaction
in deterministic and stochastic contexts, providing its corresponding ODE and
chemical master equation. Next, we show the relationship between chemical
reaction networks and queueing systems by introducing some basic Markovian
models of queues. Then, we present the generating function method for solving the
CME. Additionally, we provide the SSA for obtaining sample time trajectories of
species in a system and discuss general reaction kinetics. Finally, we briefly overview

the stochastic gene expression process on which the following chapters will be based.

2.1 The two-state model

A two-state chain is one of the simplest models widely used in stochastic modelling.
As its name indicates, the chain involves two states, say state 1 and state 2, where
random transitions occur from each of which at constant rates p and ¢, respectively.
A graphical representation of the model is shown in Figure 2.1. The rate constant p is
defined so that pdt gives the probability that a single transition from state 1 to state 2
occurs in the time interval [¢, ¢ +dt) where ¢ stands for time and d¢ is an infinitesimally
small time step.

A question of interest is that, starting at time ¢ = 0, how the probabilities p; (t)
and p»(t) of being found in state 1 and 2 at time ¢, respectively, evolve as time goes

on. To answer this question, let us determine all possible transitions as follows: i)
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Figure 2.1: Schematic of the two-state chain. Random transitions occur between

states 1 and 2 at constant rates p and ¢, respectively.

the system can be in state 1 at time ¢ and have not moved to state 2 during the time
interval [t, ¢+ dt) or ii) it can be in state 2 and can move to state 1 in the time interval
[t,t + dt). Note that we here neglect the terms of O(dt?) due to the fact that these

terms will be vanishing in the limit d¢ — 0. Hence, we obtain
pi(t +dt) = pi(¢)[1 — pdt] + pa(t)qdt. (2.1)

Rearranging (2.1) and taking the limit d¢ — 0 yields the following ordinary
differential equation (ODE)

dp(t
pét( ) - —ppr(t) + qpa(t) (2.2)
for p;(t). Likewise, we can obtain
dpa(t
pjt( ) - —qpa(t) + ppi(t) (2.3)

for po(t). It is worth noting that the set of equations (2.2)-(2.3) is nothing else than
a linear ODE system, but it is referred to as the differential Chapman-Kolmogorov
equation in mathematics, the master equation in physics, and the chemical master
equation in chemistry.

The ODE system (2.2)—(2.3) is subject to initial conditions

pi1(0) = pi”, pa(0) = p}”, (2.4)
where p§0> and pgo) are prescribed distributions that characterise the state of the system

(0) (0)

at the initial time, satisfying the normalisation condition p;’ + p; * = 1. In particular,

when the process of interest is initialised in state 1, equation (2.4) takes the form of
=1 p =0 (2.5)
For the sake of simplicity, the system (2.2)—(2.3) can be expressed in matrix form as
dp T
— = 2.6
6
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where the transition matrix is given by

and
T
p(t) = (1) pa())
is the state vector.

The explicit solution to the system (2.2)—(2.3) subject to the initial conditions (2.4)

satisfying (2.5) can be obtained as

+ ef(p+q)t
p (1 —e Pt
pa(t) = ( P ) (2.8)

At steady state, the system (2.2)—(2.3) reduces to the algebraic expressions
0= —ppi” + qpy’,
0= —qp5” + ppi*,
where p;(t) = p3* and py(t) = p3® are the stationary probabilities that are satisfied by

q 55 p

s 4 =P (2.9)
=y 71y

We note that stationary probabilities (2.9) coincide with the limit values of the

time-dependent results (2.7)-(2.8) as t — oc.

2.2 A simple model of degradation

Let us present an elementary chemical reaction system, which can be thought of as a
collection of independent two-state chains. Consider the following degradation
reaction given by

X 5, (2.10)

where X is a chemical species of interest decaying at constant reaction rate k. The
symbol () stands for chemical species that are of no interest. The reaction (2.10) can
deterministically be modelled by

dx
— = —kX 2.11
T ) (2.11)
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where X = X (t) denotes the number of X molecules at time ¢. The left hand side of
(2.11) denotes the change in the number of X with respect to time, whereas the right
hand side implies that the change is proportional to the decay rate & . The solution
is, clearly, X (t) = X (0)e ",

In a stochastic setting, the reaction rate k is reinterpreted so that kdt¢ gives the
probability of degradation of a species X in the time interval [¢, t+dt) [9]. Particularly,
the probability that exactly one degradation reaction occurs during the time interval
[t,t + dt) is given by X (¢)kdt. Consequently, we have the following possible reactions
occuring in [t, ¢ + dt):

IP(exactly one reaction) = X (t)kdt + O(dt?), (2.12)
IP(no reactions) = 1 — X (t)kdt + O(dt?), (2.13)
IP(two or more reactions) = O(dt?), (2.14)

where P stands for the probability that the event of interest occurs.

The Chemical Master Equation Let p,(¢) denote the probability of having n
molecules of X in the system at time ¢. The probability that one of the reactions

(2.12)-(2.14) occurs in [t, t + dt) is then given by
pn(t + dt) = pp(t)(1 — kndt) + ppaq (H)k(n + 1)dt. (2.15)

Rearranging the terms in (2.15) and dividing both sides by dt yields

Pu(t +dt) — p(t)
dt

=k(n+ 1)pps1(t) — knpn(t). (2.16)

Taking the limit d¢ — 0 of (2.16), we arrive at

dpy,
% =k(n+ 1)ppy1 — knp,, n>0. (2.17)
Equation (2.17) is known as “the chemical master equation (CME)” [10], and denotes
an infinite system of ODEs for the probabilities p,,, where n = 0,1,2,.... Given an

initial condition such as

1 ifn=nyg,
Pn(0) = (2.18)
0 otherwise,

where n < ng, reduces (2.17) to a finite set of ODEs. Setting n = n, gives

dpn,

e —knop,,, where p,, (0)=1,

8
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which admits the solution

Po(t) = ", (2.19)
Inserting (2.19) into (2.17) yields
d
&pm),l(t) = —k(no — 1)pn071(t> + knge*knot. (220)

Using the method of variation of constants, we seek for a solution to (2.20). The

solution pj(t) to the homogeneous equation

Pro—1(t) + k(no — 1)ppy—1(t) =0 (2.21)

is obtained as

pu(t) = e o=t (2.22)
We then assume that the general solution to (2.20) is in the form of
Pro—1(t) = v(t)pn(1). (2.23)

To obtain v(t), we substitute (2.23) into (2.20), and solve for v(¢). Elementary

calculations yields
knoe—knot
U(t) = /mdt

= —kng / e ke

= —nge ™ 4+ C, ( is constant.
Imposing initial condition p,,_1(0) = 0 gives
v(t) =ng (1—e ™). (2.24)
Substituting (2.22) and (2.24) into (2.23) reads
Prg—1(t) = no (1 — e’kt) e k(ro—1)t

which is the sought-after solution to (2.20). Furthermore, we can inductively show

that

pa(t) = ("0) (1 —e k)" " emhnt, (2.25)

n

which corresponds to the Binomial distribution [11]. Equation (2.25) can be used to
quantify the characteristics (i.e. the mean and variance) of the degradation reaction

(2.10).
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Ao A1 A3 An—1 An
.. ./—\ DY
V\_/ V\_/
M1 H2 M3 Hn

Mn+1

Figure 2.2: A schematic of a birth-death process. Birth and death transitions occur at

rates \, and p,, respectively.

The chemical master equation (2.17) can be written in matrix form as

dp 7
E - Q P,
T

where p(t) = po(t) pi(t) ... pu(t) ] is the vector of probabilities, and Q is
given by i i

0 0 0

1 -1 0

Q=k
2 =2

We here note that the matrix QQ and the vector p are different from those in (2.6).

2.3 Birth-Death processes

Birth—-death processes (BDPs) have been extensively studied to model population
dynamics in biology, chemistry, and other related fields such as mathematics.
Formally, BDPs are a specific class of continuous-time Markov chains in which the
number of species of interest in a system is modelled. The states (n) of the Markov
chain are the nonnegative integers from which only transitions to adjacent states are
permitted. A schematic representation of the transition rates in a BDP is given in
Figure 2.2. In particular, BDPs have been widely used in queueing theory to model
arrivals and departures in a waiting system. Following queueing theory terminology,
the states represent the number of “customers” in the system. A customer’s arrival to
the system is referred to as “birth”, whereas a “death” corresponds to a customer’s
departure. The time until the next arrival and departure are exponential random
variables with rates )\, and p,. Upon an arrival and departure, the system moves
from state n to n + 1 and n to n — 1, respectively. Below, we will derive a system of

difference-differential equations that describes the dynamics of birth-death process.

10
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Let p,(t) denote the probability that the number of customers (or “population”) is
equal to n at time ¢. Assuming that births and deaths are independent, we can make

the following statements for a birth transition in (¢, At]:

P(one birth) = )\, At + o(At) (2.26)
P(no birth) =1 — \, At + o(At), (2.27)
IP(two or more birth) = o(At), (2.28)

where n > 0, and At is an infinitesimally small time step. By o(At), we mean that
the probability that any other birth or death other than those stated above occurs is

negligibly small, i.e., of order o(At). Likewise, for n > 0, we have

P(one death) = u, At + o(At) (2.29)
P(no death) = 1 — u, At + o(At), (2.30)
P(two or more death) = o(At) (2.31)

for a death transition in the time interval (¢, At]. The system of difference-differential
equations for this BDP can be obtained via the expression for p, (¢ + At) and taking the
limit of [p,(t + At) — p,(t)]/At as At — 0 (c.f. Section (2.2)). It can also be obtained
by writing down the balance equations, which state that the outflux rate of transitions
from a given state must be equal to the influx rate of transitions. In this case, the

influx rate is given by

/\n—lpn—l(t) + Mn+1pn+1(t)7 (2.32)

whereas the outflux rate is given by

(A + n)pn(t). (2.33)

Combining (2.32) and (2.33), we obtain the net probability flow into state n as

d n 4
pdt<t) An—lpnfl(t) Hn+1Pn+1 (t) - (>‘n + Mn)pTL(t)? n = 1’ (23 )
dpo(t
5; ) . ;1({;) )\opo(t)- (235)

Here we note that (2.35) gives the flow rate at the boundary state. At steady state, i.e.
equating the time derivatives in (2.34) and (2.35) to zero, a solution to the system

(2.34)-(2.35) can be obtained as follows. We rewrite the equations (2.34)-(2.35)

11
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recursively as

)\n + Mn, )\nfl

Pnt1 = Pn — Pn—1, n Z 17 (2‘36)
Hn41 Hn+1
A
p1 = =po, (2.37)
M1
Substituting (2.37) into (2.36) gives
AL
P2 ==""p. (2.38)
M2
Likewise, using recursion, we get
A2 AT
— 22270 (2.39)
H3 2t
which, intuitively, leads to
= )\ifl
Pn = Po H , forn>1. (2.40)

=1 I
Formula (2.40) can be proven by using mathematical induction. The normalisation

condition
o
> pi=1
i=0

implies that

. M
n=1 i=1
Note that equation (2.41) provides a necessary and sufficient condition for the

o n -1
po = (1 +> 11 AH) . (2.41)

existence of a steady-state solution when

1+iﬁ)\'l < 0.

i
n=1 i=1 Hi

In a BDP, the transition rates (2.26)—(2.28) and (2.29)-(2.31) lead to the following

generator matrix:

—Xo Ao
—(p1 + A A
Q= M1 (1 1) 1 ’ (2.42)
M —(p2 +A2) A

which is a (tridiagonal) square band matrix whose elements only on the main
diagonal, the subdiagonal, and the superdiagonal are nonzero. In the following
sections, we shall briefly introduce a few simple queueing models that underline the

processes we will be studying in the following chapters.

12
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2.4 Basic Markovian queueing systems

A chemical reaction system can be interpreted as an infinite server queueing
network [12]. For a chemical species of interest in the system, the reactions
production, decay, and conversion correspond to an “arrival”, “departure”, and the
“movement” of a “customer” from one state (or station) to another, respectively. The
movement of the customers (species) in the system is independent of each other.
Following these key points, it can be inferred that queueing theory thereby provides
insights into such reaction networks in stochastic processes. Here we introduce some

of simple queueing models which we will be using in the following chapters.

The M/M/1 queue Let us first consider the simplest single-server queueing model:
the M/M/1 queue. It is used to describe the waiting times in a queueing system
such as communication networks. The two letters M in its abbreviation stand for
memorylessness or Markovian while the number 1 denotes the number of servers. The
inter-arrival and the service times are assumed to be exponentially distributed. The

arrivals occur in accordance with Poisson distribution with rate A

At)F
P[N(t) = k] = e_’\t%, k=0,1,2,...,

where N (t) is the number of arrivals [11]. The service times have also an exponential
distribution with rate parameter ;. The M /M /1 queue model can be described as a

continuos time Markov chain with the generator matrix

= . ]
Q—|" —(p+A) A |
I —(+A) A

whose state space S = {0,1,2,...} corresponds to the number of customers in the

system [13].

The M/M/c queue Next, we consider the M /M/c queue which consists of ¢
identical servers providing independent and identically distributed exponential

service at rate u. The arrival of customers follows a Poisson process with rate A.

13
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Costumers are served according to principle “first come first served” as long as there
is a free server; otherwise, costumers join the queue. Let assume that the number n
of customers are greater then the number c of servers. The generator matrix for this

process can then be written as

0 —A A
1 o —(p+A) A
Q= ,
c cl —(cu+ A) A
c+1 cl —(cp+A) A

which is a tridiagonal matrix having the same rates when all servers are unavailable.

The M /M /oo queue We now focus on the M /M /oo queue which has infinitely many
servers. A schematic of this queue is given in Figure 2.3. The model can be thought as
the limit of ¢ servers as ¢ — oco. The arrivals follow a Poisson process, and the service

times have an exponential distribution. As before, the arrival and service rates are

denoted by A and p, respectively. The generator matrix is given by

o . _
o —(p+A) A
Q= 241 —(21 + \) A (2.43)
3u —Bu+A) A

The differential-difference equations for the M /M /oo queue can be obtained as

dp,,

% - /\pn—l + :u(n + 1)pn+1 - <>‘ + Mn)pm n > 17 (244)
d

% = —Apo + pp1. (2.45)

The time-dependent system of equations (2.44)-(2.45) can be solved using the

generating function method [14], which will be reviewed in Section 2.5.

Note that in the context of chemical reactions the M /M /oo queue can be thought

as a birth and death process (cf. Section 2.3) given by

02X,

14

X &0,

(2.46)
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A A A A
.. ./—\
V\_/ V\_/
2 311 np (n+ Dp

Figure 2.3: Transition rates diagram for the M /M /oo queue.

where the chemical species X is produced from an inexhaustible source of constituents
denoted by (); afterwards, it is degraded.
Rather than finding the full time dependent probabilities, we focus on the

stationary case, i.e. we solve in p the algebraic system
Q'p=0, (2.47)

where Q' is the transpose of the generator matrix (2.43) and p is the state vector. By
(2.47), we have
Apo = jip1,
(A4 p)p1 = Apo + 2upe, n =1, (2.48)
(A4 np)pp = Apn—1 + (n+ Dpppy1, n=2,3,...

which admit the solution

L /2"
pn:—'<—> po, n=20,1,2,.... (2.49)
n! \ p
The normalisation condition )" p, = 1 implies that
A
Do = exXp (——) . (2.50)
0
Inserting (2.50) into (2.49) gives
A\ (A )"
pn:exp(——>(/“> C on=0,1,2,... (2.51)
0 n!

which implies that the stationary distribution of the number of customers ina M /M /oo

queue is Poisson with mean A/ .

The step operator formalism Master equations (2.17) can be expressed in a more
systematic and compact form using the step operator notation [10]. The linear

operator E is defined by any function f(n) where n takes integer values such that
E*f(n)] = f(n+k), and E“*[f(n)] = f(n— k). (2.52)

15
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In particular,

E[f(n)] = f(n+1) and E7'[f(n)] = f(n—1). (2.53)
The master equation (2.17) for the decay process (2.10) can be rewritten as

dpn

el k(E — 1)np,, n>0. (2.54)

Similarly, the master equation (2.44) for the M /M /oo can be expressed as

dpn
T =AET =) patuE-Dnp,, n> 1L (2.55)
Equations (2.54) and (2.55) are subject to the initial condition (2.18).

In the next section, we will describe the generating function method for solving

the chemical master equation.

2.5 Generating functions

In this section we present the generating function technique for solving the system of
equations given by (2.44). Generating functions are useful, in particular, for solving
a certain class of difference equations.

Let G(z,t) denote the generating function for a probability distribution p, ()
defined as

G(z,t) = 2"palt). (2.56)
n=0
Differentiating (2.56) with respect to z gives
G & . ’G & 9
Oz ;”Z p 022 ;”(“ )z"""p (2.57)

Evaluating (2.57) at z = 1 gives

= - > nmalt) = (n(), 2.58)
a%;;,t) T 3 n(n —1)p(t) = (n*(t)) — (n(t)). (2.59)

Equations (2.58) and (2.59) correspond to the (first and second) factorial moments
of p,(t); the function F(u,t) = G(1 + u,t) is thereby referred as to “factorial moment

generating function” [11, 15]. Note that the normalisation condition implies that
G(z,t)].=1 = > palt) = L. (2.60)
n=0

16
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Let us now focus on solving (2.44) using the generating function (2.56). To do so,

we multiply (2.44) by the factor z” and sum over all n to obtain

G (2, t = - . . .
ét ):AZzpn,1+u2(n+1)zpn+1—>\zzz)n—uznzpn- (2.61)
n=1 n=0 n=0 n=0

Factoring z out of the first and last sums on the right hand side of (2.61) so that we

can utilise the formulae (2.56)-(2.57) gives

0G(z,t)
ot

= \z Z A Ty Z(n+ 1)z2"ppy1—A Z 2Dy — iz Z nz"p,, (2.62)
n=1

n=0 n=0 n=1
which can be rewritten as

0G oG oG
T A2G + 'u% - NG — ,uza. (2.63)

Rearranging (2.63), we arrive at

oG oG
5 = (z—1) <)\G — M%) : (2.64)

which is a first order partial differential equation (PDE) and can be solved using the
method of characteristics. However, this is out of our interest; we focus on solving it
at steady state, i.e., G /0t = 0.

Importantly, equation (2.63) can formally be obtained from (2.55) by way of the
following relations: )

Ef =% n= 25 (2.65)

where E*! is the step operator defined by (2.52). By (2.65), we present the implicit
correspondence between the step operator E and variable z in finding the PDE. More
clearly, the step operator E coincides with the reciprocal of z, whereas E~! increases
the power of z by one. Notably, relations (2.65) are useful when we deal with
multivariate functions.

At steady state, equation (2.64) turns into an ordinary differential equation (ODE)

% = éG’, (2.66)
0z |
which has a solution in the form of
A
G(z) = Cexp (EZ) , (2.67)

17
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where C' is a constant to be determined using the normalisation condition (2.60). By

doing so, we obtain

G(z) = exp (3(2 - 1)) : (2.68)
Expanding (2.68) in a Taylor series gives
A\ o= (A/p)™
G(z) = exp (—;) 3 ( {1 "” " (2.69)
n=0 )
Comparing (2.69) with (2.56), we recover the steady-state probability distribution as
A\ (A )"
Pn = €xp (——) O/u)" (2.70)
1 n!

which is a Poisson distribution. We here note that (2.70) is consistent with (2.51),

which obtained from the set of recursive equations (2.48).

2.6 Stochastic simulation

Although the CME is useful to provide information about the process of interest, its
explicit solution can be stringent to obtain except for some simple cases. Therefore,
one needs efficient numerical methods for simulating the underlying stochastic
process whose description is given by the CME. The stochastic simulation algorithm
(SSA) is one of those methods that is used to generate time trajectories of the
species in a chemical reaction system [4, 3]. Numerous variants of the SSA have
been proposed in the literature [1, 16]. Some of those include the direct method,
the first reaction method, and the next reaction method [17]. However, for systems
with a large number of species, Gillespie’s SSA becomes computationally expensive.
Below, we shall introduce the SSA for the degradation reaction (2.10) and the
two-stage model.

The SSA for the degradation reaction given by (2.10) can be written as follows
[9]. Given that an initial number of species X at time ¢t = 0, we generate a random
number r uniformly distributed in (0,1). The first task is to determine the time of
next reaction using equation (2.71). Note that In (1) is exponentially distributed with
unit mean; multiplying this with the inverse of the total reaction rate (here kX (¢))
sets the timescale of reaction occurrence. Then the number of X species is decreased

by 1 at time ¢ + 7. This procedure repeats itself until there is no species X left. Two

18
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—— first simulation 25 4 — X
14 1 second simulation A Y

ol |

Number of species
(o))
Number of species

Time (s) Time

Figure 2.4: Sample time trajectories for the degradation and the two-stage model.
Left: Stochastic simulation of the degradation reaction (2.10) plotted for the decay
rate k£ = 0.1, and the initial number of species is set to 15, i.e., X(0) = 15. Right: A
realisation of two-stage process defined by (2.72) with the rate parameters ky = k3 =
2. The parameter values for (2.73) are H = 4, ag = 0.3, a; = 1.6 and the system size

parameter is €2 = 20.

realisations of SSA for the degradation reaction (2.10) is given in the left panel of

Figure 2.4.

Algorithm 1: SSA for the decay process

1 Start with X (0) =ngand ¢t = 0.
2 Generate a random number r uniformly distributed in (0, 1).

3 Compute the next reaction time, ¢ + 7, where

1 1
T = X(t)kln {;} . (2.71)

4 Compute X (t+7) = X(¢) — 1.

Then proceed to Step 2 for time ¢ + 7.

Now, let us present a more complicated model of a chemical reaction system,
including production and degradation reactions. The model is known as the

two-stage process and is given by the following set of chemical reactions

X

Y

=

Y, (2.72)
0

k3

KoW =
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occurring at reaction rates ki, ko, and ks, respectively. The epithet two-stage refers
the two stages of a molecule’s lifetime, first denoted by X and then by Y, and should
not be confused with the stages of transcription and translation of a gene expression
model (Section 2.8). The current two-stage model will be generalised and explored
in Chapter 3. In (2.72), the first reaction states that the probability of production of
species X at a rate k; in the time interval [¢, ¢+d¢) is equal to k;d¢. The second reaction
states that the species X becomes Y with probability k, X d¢ during the time interval
(t,t 4 dt). The last reaction stands for the degradation of Y with a rate constant k;
(cf. (2.10)). The reaction rates ky = 2 and k3 = 2 are chosen so that production and
degradation rates vary with the number of species as 2X and 2Y, respectively. The
reaction rate k; is defined by a sigmoid function

CL1(X‘|—Y)H )
QO+ (X+Y)H )’

k(X,Y) =0 (ao + (2.73)

where H, ag, and a; are the parameter values, and () is the system-size parameter.
The deterministic description of the chemical reactions (2.72) is given in the form

of system of ODEs

dX

o = YY) = kX, (2.74)
dY
— = ko X — k3Y. 2.75
dt 2 34, ( 7 )
subject to initial conditions
X(0) = X,
Y(0) = Yo,

where X = X(¢) and Y = Y(¢) denote the number of X and Y species at time ¢,
respectively. =~ The SSA procedure corresponding to the system of chemical
reactions (2.72) can be given as follows: for a given initial number of species and
time, two random numbers are drawn from a uniform distribution, and the
propensity function of each reaction is calculated. Then the time when the next
reaction occurs is computed via (2.76). Subsequently, a distinct random number 7,
is generated to determine which reaction in the system will occur next (see
(2.77)-(2.78)). The fraction «;/« gives the probability that the i-th reaction occurs.

When i-th reaction fires, the number of species is updated accordingly. Here we
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Algorithm 2: SSA for the two-stage model

1

2

3

Start with X (0) = ng and Y (0) = m, at time ¢ = 0.

Generate two random numbers 7, and r, uniformly distributed in (0, 1).

Compute the propensity function of each reaction by

) = klu
Qg = X(t)k’g,
3 = Y(t)k’g

Then, compute o = a; + a + as.

Compute the next reaction time, ¢ + 7, where
1 1

T=—In|—]|.
(6 T

Compute the number of molecules at time ¢ + 7 as

X(t+71)=

and

Y(t+71)=

;

\

X(t)—1
X(t)+1
X(t)
Y (t) + 1
Y(t)
Y(t) -1

if0<ry<ag/a;
if ag/a <1y < (a1 + ) /v

if (a1 + ag) /o <y < 1

if0<ry<ag/a;
if ag/a <1y < (a1 + ) /ey

if (a1 + aa)/a <1y < 1

Then proceed to Step 2 for time ¢ + 7.

(2.76)

(2.77)

(2.78)
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simulated the system of chemical reactions (2.72) by taking the initial number of
species as X (0) = 15 and Y (0) = 15. A plot of this simulation is shown in the right
panel of Figure 2.4. The Python package Gillespy2 was used to generate time

trajectories [18].

2.7 General reaction kinetics

As illustrated in the previous sections, biochemical systems, including gene
expression, can be modelled as chemical reaction networks that contain a variety of
chemical species. In such a network, the copy number of a species denotes the amount
of its population. The chemical reactions represent how the species in a system
interact. Each species has a stoichiometric coefficient denoting the amount of each
constituent that will be degraded or produced in a reaction system. It is typically a
negative number for reactants and is positive for products. Below, we introduce the
fundamental concepts of general reaction kinetics.

Let us consider a set of M chemical reactions involving N species whose copy
numbers at time ¢ are stored in the state vector X(t) = | X, (t) Xy(t) ... Xn(t) !
When a reaction fires, the copy numbers are updated as per their stoichiometric

coefficients, leading to the net state change in its stoichiometric vector. Once

reaction j occurs, the new state vector is updated as per
X(t) = X(t") +s;,

where ¢t denotes the preceding time for the reaction event. The vectors s;, for
j =1,..., M, are obtained via s; = s;’ — s, where s’ and s§-’ are the vectors of the
reactant and product stoichiometric coefficients for reaction j, respectively.
Consequently, the stoichiometric matrix S that consists of integer stoichiometric
coefficients can be formed by stacking up the stoichiometric vectors column-wise.
Thus, the resulting matrix is of the size N x M, whose columns correspond to the
reactions, and rows correspond to the compounds. The reactions in a well-mixed
system follow the law of mass action, which states that the probability that i-th
reaction occurs in the time interval [t,¢ + dt) is proportional to the product of

infinitesimally small time step d¢ and a function of reactant copy numbers. This is
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typically given by the propensity function f;(X) defined as [19]
fi(X(t)) = k x total combinations in X(¢) for each i,

where k is a non-negative constant called as the kinetic rate parameter.
Let us consider the two-stage model (2.72), where we have species X and Y,

evolving as per the reaction scheme
DX, XByY, v (2.79)

where k1, ks and k; are the kinetic rate parameters (or reaction rate constants). In

(2.79), species X is produced from a pool, X becomes Y, and then Y is degraded,
. T

respectively. Let X(¢) = [ X(t), Y(t)] be the state vector. The propensity functions

read
fl(X(t)) =k, fo(X(t)=kX(t) and f3(X(t)=ksY(t). (2.80)

Here we note that the propensity function f; (X(t)) = k; is specifically defined by

(2.73) for the two-stage model. The stoichiometric vectors are given by

1 -1 0
S1 = ) S2 = ) 83 = ) (28]—)
0 1 —1

which form the stoichiometric matrix

1 -1 0
S ==
0 1 -1
The probability P(x,t) of having x = [xl .o N} molecules at time ¢ satisfies
the (general form of the) CME
dP(x,1) l
ét ) _ > filx—s)P(x—sj,t) = P(x,1) Y fi(x), (2.82)
j=1 j=1

where s; is the j-th column of the stoichiometric matrix S [20, 21]. Note that P(x,t)
is a function of N integers, i.e. x1, s, ..., xy, and of a continuos variable ¢. Therefore,
we write ordinary derivatives instead of partial derivatives. Equation (2.82) can be

rewritten as

dP(x,t) _ (H E;Sij _ 1> fi(x)P(x,1), (2.83)
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where the step operators E; 5ig [10, 14] are defined on a general function g by
E;Sijg(xl, ey Ty xn) = g(x1, ., — Sijy o TN,
For the specific model (2.79), inserting (2.80) and (2.81) into (2.82) gives the CME

dP t + -
dP(=,y,t) =k1P(z — 1,y,t) + kao(x + 1)P(z + 1,y — 1,1)
pn (2.84)

+ka(y + 1) P(x,y + 1,t) — (ki + ko + k3y) P(2, y, 1)
Denoting by E; and E, the step operators in the variables = and y, the CME (2.84)
can then be recast as

dP(z,y,t)

n =k (B[ — )P + ky(E{Ey' — DaP + ks(Ey — 1)yP. (2.85)

In the next section, we will briefly introduce the gene expression process and its

corresponding mathematical model.

2.8 Gene expression

Gene expression is a process by which the information in DNA is transformed via
cellular machinery into functional gene products such as mRNA and protein [2]. The
process comprises two key steps, transcription and translation, whose control plays
an essential role in producing a protein molecule. Transcription is conducted by an
RNA polymerase enzyme, leading to the creation of an RNA transcript called
messenger RNA (mRNA) from the DNA in a gene. After the mRNA has copied the
transcribed information from the DNA, translation, the second major step, in which
the mRNA is read to form a sequence of amino acids during the protein-making
process, takes place. In addition, the levels of gene products, i.e. mRNA and protein,
determine the fate of cells and give rise to variation in the cell population.
Therefore, quantifying the amount of these molecules is a question of intense
research. Although gene expression is a far more complex process, we here make a
simplified description of the model as elementary reactions. We neglect processes
such as the binding of ribosomes and RNA polymerase; we focus on the simplest case

in which the model incorporates transcription, translation, and decay reactions.
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The two-stage model The dynamics of the two-stage gene-expression model is

given by the reaction scheme [22]

0 2% mRNA, mRNA 2 0,
(2.86)

mRNA 2% mRNA + protein, protein 2

where )\, is the mRNA production rate, )\, is the protein translation rate, and ~; and
~, are the decay rate constants of mRNA and protein species, respectively. Here and
below, 1 and 2 in the subscript indicate the mRNA and protein species, respectively.

The deterministic description of the reaction system (2.86) is given by

dM dN
— =X -y M, — =AM —~N 2.
a )\1 Y1 y dt )\2 Y21V, ( 87)

where M and N denote the levels of mRNA and protein, respectively. Given that an
initial condition, an explicit solution to the system (2.87) can be obtained [22].
In the stochastic context, the probability P(m,n,t) of observing m mRNA and n

protein molecules at time ¢ satisfies the CME

dP(7Z£n, t) =\ (P(m —1,n,t) — P(m,n,t)) + i ((m + 1)P(m + 1,n,t)
—mP(m,n,t)) + Agm(P(m,n —1,t) — P(m,n,1)) (2.88)
+7((n+1)P(m,n+1,t) — nP(m,n,t)),

subject to initial condition

p<m7 n, O) = 5m,m05n,n07 (289)

where ¢, ; represents the Kronecker delta symbol, which is one if i = j and zero
otherwise; mg and ny are the initial mRNA and protein amounts, respectively. Note

that equation (2.88) can be rewritten in a more compact form as

dP

where E; and E, are the step operators in the variables m and n, respectively.
In what follows, we are interested in finding a solution to the CME (2.88). To that

end, let us define by
G(z,y,t) = Z Z z™y"P(m,n,t)

the generating function. Then the CME (2.88) can be transformed into the PDE for

the generating function of the stationary distribution, which is given by (see [22] for
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details)

oG oG oG

5 MI1=—2)G+ (n(z—1)+ Xz(1 —y))— 4+ 12(y — 1)8_y (2.91)

ox

Note that (2.91) can formally be obtained from (2.90) by the following transformation
rules: P= G; Ef' = 2L EF =47y m = :zca%; n= ya% (cf. Eq. (2.65)).

At steady state, equation (2.91) reads

oG oG
(1(z — 1) + Ag(1 — y))% +Ya(y — 1>8_y =Mz - 1)G. (2.92)

An analytical solution to (2.92) has been obtained in [22] as

Gla,y) = exp (aﬂ /1yM (1,14 A, B(s — 1)) ds + (e — )M (1,14 A, By — 1))) ,
(2,93)

where
— (a)n2"

M(a,b,z) = Z ()

n=0
is Kummer’s function [23], (x), = z(x+1)(x+2) ... (x+n—1) which for (), = 1 is the

rising factorial (or Pochhammer symbol), and o = Ay /71, 8 = A2/72, and A = v /7.
The results and fundamental concepts given in this chapter will be used in the
following chapters. In particular, we shall focus on a gene expression model consisting

of complex lifetime pathways in the subsequent chapter.
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CHAPTER 3

Multiclass—-multistage model

In this chapter, we consider a stochastic gene-expression model for a self-regulating
transcription factor whose lifespan (or time till degradation) follows a general
distribution modelled as per a multi-dimensional phase-type process. We show that
at steady state the protein copy-number distribution is the same as in a
one-dimensional model with exponentially distributed lifetimes. This invariance
result holds only if molecules are produced one at a time: we provide explicit
counterexamples in the bursty production regime. Additionally, we consider the case
of a bistable genetic switch constituted by a positively autoregulating transcription
factor. The switch alternately resides in states of up- and downregulation and
generates bimodal protein distributions. In the context of our invariance result, we
investigate how the choice of lifetime distribution affects the rates of metastable
transitions between the two modes of the distribution. The phase-type model, being
non-linear and multi-dimensional whilst possessing an explicit stationary
distribution, provides a valuable test example for exploring dynamics in complex
biological systems.

The content of this chapter has been published in Lecture Notes in Computer Science,

vol 12314, pp. 27-43. Springer, 2020 [24].

3.1 Introduction

Biochemical processes at the single-cell level involve molecules such as transcription
factors that are present at low copy numbers [25, 26]. The dynamics of these
processes is well described by stochastic Markov processes in continuous time with
discrete state space [27, 28, 29].  While few-component or linear-kinetics

systems [30] allow for exact analysis, in more complex system one often uses
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approximative methods [31], such as moment closure [32], linear-noise
approximation [33, 34], hybrid formulations [35, 36, 37], and multi-scale
techniques [38, 39].

In simplest Markovian formulations, the lifetime of a regulatory molecule is
memoryless, i.e. exponentially distributed [22, 40]. However, non-exponential decay
patterns have been observed experimentally for both mRNA transcripts and
proteins [7, 8]. Therefore, in this chapter we shall consider lifetime distributions
that can assume far more complex forms than the simple exponential. Previous
studies of gene-expression models with delayed degradation also provide examples
of non-exponential lifetime distributions [41, 42].

In Section 3.2, we formulate, both in the deterministic and stochastic settings, a
one-dimensional model for the abundance of a transcription factor with a
memoryless lifetime. Since many transcription factors regulate their own gene
expression [43], we allow the production rate to vary with the copy number. We
show that the deterministic solutions tend to the fixed points of the feedback
response function; in the stochastic framework, we provide the stationary
distribution of the protein copy number.

In Section 3.3, we characterise the steady-state behaviour of a structured model
that accounts for complex lifetime pathways. The model is multidimensional, each
dimension corresponding to a different class and stage of a molecule’s lifetime; the
chosen structure accounts for a wide class of phase-type lifetime distributions [44,
45]. We demonstrate that the deterministic fixed points and the stochastic stationary
distribution that were found for the one-dimensional framework remain valid for the
total protein amount in the multi-dimensional setting.

We emphasise that the distribution invariance result rests on the assumption of
non-bursty production of protein. The case of bursty production is briefly discussed in
Section 3.4, where explicit counter-examples are constructed by means of referring
to explicit mean and variance formulae available from literature for systems without
feedback [46, 47].

In the final Section 3.5, we approximate the stochastic protein distribution by a
mixture of Gaussians with means at deterministic fixed points and variances given

by the linear-noise approximation [10, 48]. Additionally, we study the rates of
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X fX))r
X-1 X | X+1

Figure 3.1: A diagram of the one-dimensional model. The number of molecules X
can decrease by one or increase by one. The stochastic rates (or propensities) of these

transitions are indicated above the transition edges.

metastable transitions [49, 50] between the Gaussian modes in the one-dimensional

and structured settings.

3.2 One-dimensional model

Deterministic framework. The dynamics of the abundance of protein X at time ¢

can be modelled deterministically by an ordinary differential equation

) - X, (3.1)
which states that the rate of change in X is equal to the difference of production and
decay rates. The decay rate is proportional to X; the factor of proportionality is the
reciprocal of the expected lifetime 7. The rate of production per unit protein lifetime
is denoted by f(X) in (3.1); the dependence of the production rate on the protein
amount X implements the feedback in the model. Equating the right-hand side of
(3.1) to zero yields

f(X) =X, (3.2)

meaning that steady states of (3.1) are given by the fixed point of the production

response function f(X).

Stochastic framework. The stochastic counterpart of (3.1) is the Markov process
with discrete states X € Ny in continuous time with transitions X — X — 1 or
X — X + 1, occurring with rates X/7 and f(X)/7 respectively (see the schematic in
Figure 3.1). Note that in case of a constant production rate, i.e. f(X) = ), the model
turns into the immigration-and-death process [51]; in queueing theory this is also
known as M /M /oo queue [12], (see also Section 2.4). The stationary distribution of

the immigration—death process is known to be Poissonian with mean equal to A [51].
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For a system with feedback, the probability P(X,¢) of having X molecules at time
t satisfies the master equation

P(X
%t’t) =7 (E'-1) f(X)P(X,t) + 7 (E - 1) XP(X, 1), (3.3)
in which E is the van-Kampen step operator [10]. Inserting P(X,¢) = 7(X) into (3.3)
and solving the resulting difference equation, one finds a steady-state distribution in
the explicit form

(X)) = W(O)w. (3.4)

The probability 7(0) of having zero molecules plays the role of the normalisation
constant in (3.4), which can be uniquely determined by imposing the normalisation
condition 7(0) + m(1) 4 ... = 1. Note that inserting f(X) = X into (3.4) results in the

aforementioned Poissonian distribution with 7(0) = e~*.

3.3 Multiclass—multistage model

In this section, we introduce a structured multiclass—multistage model which is an
extension of one-dimensional model introduced in the previous section. The
fundamentals of the multidimensional model are as shown in Figure 3.2. A newly
produced molecule is assigned into one of K distinct classes. Which class is selected
is chosen randomly according to a discrete distribution py, ..., px. The lifetime of a
molecule in the i-th class consists of S; stages. The holding time in any of these
stages is memoryless (exponential), and parametrised by its mean 7,;, where ¢

indicates which class and j indicates which stage. Note that

i

K S
T = ZzpiTij (3.5)

i=1 j=1
gives the expected lifetime of a newly produced molecule. After the last (S;-th) stage,
the molecule is degraded. The total distribution of a molecule lifetime is a mixture,
with weights p;, of the lifetime distributions of the individual classes, each of which is a
convolution of exponential distributions of the durations of the individual stages; such
distributions are referred to as phase-type distribution and provide a wide family of
distribution to approximate practically any distribution of a positive random variable

[44].
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Figure 3.2: A schematic representation of multiclass—multistage model. A newly
produced molecule is randomly assigned, according to a prescribed distribution
pi,...,PK, into one of K distinct classes. The lifetime of a molecule in the i-th class
consists of S; consecutive memoryless stages, and ends in the degradation of the
molecule. The expected holding time in the j-th stage of the i-th class is 7;;. The
production rate is a function of the total number ||.X || of molecules across all stages

and classes.
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We denote by X;; the number of molecules in the i-th class and the j-th stage of

their lifetime, by
X = (Xlla s 7X151aX217 s 7X252a s 7XK17° < aXKSK>

the Zfi , Si-dimensional copy-number vector, and by

i

K S
1 X = ZZXU (3.6)

i=1 j=1

the total number of molecules across all classes and stages.

Deterministic framework. The deterministic description of the structured model is

given by a system of coupled ordinary differential equations

dX;; pzf(HXH) Xi

= -—, 1=1,.. K 3.
dt T TZI? ? Y Y 7 ( 7)
dX;; Xy Xy .
=y w2 = Kandj=2,...,;. (3.8)
dt Tij—1 Tij

The right-hand sides of (3.7)-(3.8) are each equal to the difference of appropriate
arrival and departure rates at/from a particular compartment of the structured model.
The departure rates are proportional to the number of molecules in the compartment,
with the reciprocal of the holding time giving the factor of proportionality. The arrival
rate takes a different form for the first stages (3.7) and for the other stages (3.8). For
the first stage, the arrival is obtained by the product of the production rate f (|| X||)/7
and the probability p; of selecting the i-th class. For the latter stages, the arrival rate
is equal to the departure rate of the previous stage.

Equating (3.7)-(3.8) to zero, we find that

pif (IX]])  Xa X Xij

=—=—=...= (3.9)
T Ti1 Ti2 Tij
hold at steady state, from which it follows that
X, = piTijf (HXH) (3.10)
T

Summing (3.10) overi =1,..., K and j = 2,...,S;, and using (3.5) and (3.6), yield

X1 = s A1) (3.11)
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for the total protein amount (3.6). Thus, the protein amount at steady state is
obtained, like in the one-dimensional model, by calculating the fixed points of the
feedback response function.

Combining (3.11) and (3.9) we find

il X
X, = piTijll ||7 (3.12)

-
which means that at steady state the total protein amount is distributed among the
compartments proportionally to the product of class assignment probability and the

mean holding time of the particular compartment.

Stochastic framework. Having demonstrated that the stationary behaviour of the
one-dimensional and the structured multi-dimensional models is the same in the
deterministic framework, we next aim to demonstrate that the same is also true in
the stochastic context. Prior to turning our attention to the feedback system, it is
again instructive to discuss the case without regulation, i.e. f(||X||) = A; the new
molecule arrivals are then exponentially distributed. In the language of queueing
theory, the process can be reinterpreted as the M /G /oo queue with exponential
arrivals of customers, a general phase-type distribution of service times, and an
infinite number of servers. It is well known that the steady-state distribution of an
M /G /oo queue is Poisson with mean equal to A [52]. Thus, without feedback, we
obtain the very same Poisson(\) distribution that applies in the one-dimensional
case.

In the feedback case, the probability P(X,t) of having X = (Xii,..., Xk.s,) cOpy

numbers in the individual compartments at any time ¢ satisfies the master equation

PX
LHEE) sz E;l 1) f(IXIDP(X, 1) (3.13)
K S;—1
+3°5 " it (BB — 1) Xy P(X 1) (3.14)
=1 j=1
+an 1) X5, P(X, ). (3.15)

The right-hand-side terms (3.13), (3.14), and (3.15) stand for the change in
probability mass function due to the production, moving to next stage, and decay

reactions, respectively. Note that E;; is a step operator which increases the copy
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number of molecules in the i-th class at the j-th stage by one [10]. Likewise, ]E;j1
decreases the same copy number by one. Rearrangement of terms in the master

equation yields

dP(X, 1) X ) )
= (F'pEL FUIXIDPX ) = 7 X P(X, 1))
=1
K S;—1
+ZZ 71E Ez]+1X P(X t) zj+1XZJ+1P<X t))
=1 j=1

K
+ZTiTS‘3]EiSiXiSiP(X’t) -7 (HXH)P(X,t)

i=1
Equating the derivative to zero, we derive for the stationary distribution =(X) an

algebraic system

0=3" (rpBF (X [)r(X) = 7 Xam(X))

+) Z (75 "By B Xiym(X) — 751 X (X)) (3.16)

=1 j=1
K
+ D s Bis, Xis,m(X) — 7 (X |)m(X).
=1
Clearly, it is sufficient that
TpER f(IXINT(X) = 71 X (X),

77 By Xym(X) = 74 Xipam(X), (3.17)

ZTiTg}EisiXisﬂ(X) =7 f(IX ) (X)
i=1
hold for 7(X) in order that (3.16) be satisfied. One checks by direct substitution that

[X1-1

« ] fe xHH W”/T (3.18)
k=0

i=1 j=1
satisfies equations in (3.17); therefore, (3.18) represents the stationary distribution of
the structured model. In order to interpret (3.18), we condition the joint distribution

on the total protein copy number, writing
T(X) = Teona (X | [ X[[)meor ([| X)), (3.19)

in which the conditional distribution is recognised as the multinomial [15]

X
(X 161 = (1 ”)HHM/T s, (3.20)

i=1 j=1
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and the total copy number distribution is given by

[IX—-1

—o [f(k)

Ttot, X = Ttot 0 k=0 .
(1) = man(0) L

(3.21)
By (3.20), the conditional means of X;; coincide with the deterministic partitioning of
the total copy number (3.12). Importantly, comparing (3.21) to (3.4), we conclude
that the one-dimensional and multi-dimensional models generate the same (total)

copy number distributions.

3.4 Bursting

The independence of stationary distribution on the lifetime distribution relies on the
assumption of non-bursty production of protein that has implicitly been made in our
model. In this section, we allow for the synthesis of protein in bursts of multiple
molecules at a single time [53, 54]. Referring to previously published results
[46, 47], we provide a counterexample that demonstrates that in the bursty case
different protein lifetime distributions can lead to different stationary copy-number
distributions. The counterexample can be found even in the absence of feedback.
Bursty production means that the number of molecules can increase within an
infinitesimally small time interval of length d¢ from X to X + j, where ;7 > 1, with
probability A7~'b;d¢, in which ) is the burst frequency (a constant in the absence of
feedback), 7 is the mean protein lifetime, and b; = Prob[B = j] is the probability
mass function of the burst size B. Protein molecules degrade independently of one
another. The distribution of their lifetime 7" can in general be described by the survival

function G(t) = Prob[T > t]; the mean lifetime thereby satisfies

T=— /OO tG'(t)dt = /OO G(t)dt. (3.22)
0 0

The copy protein number X at a given time is given by the number of products that
have been produced in a past burst and survived until the given time; this defines a
random process, cf. [46], whose steady-state moments are provided below. In
queueing theory, bursty increases in the state variable are referred to as batch
customer arrivals. Specifically, a bursty gene-expression model without feedback and

with general lifetime distribution corresponds to the M¥/G/co queue with
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memoryless (exponential) batch arrivals, general service distribution, and an infinite
number of servers.

Previous analyses [46, 47] show that the steady-state protein mean (X) and the
Fano factor ' = Var(X)/(X) are given by

(X)=\B), F=1+K, (<<]332)> - 1) : (3.23)
where o
K, = w (3.29)

is referred to as the senescence factor. Elementary calculation shows that K, = 1/2
if the lifetime distribution is exponential with survival function G(t) = e~*/" and that
K = 1 if the lifetime distribution is deterministic with survival function G(t) = 1 for
t < 7and G(t) = 0 for t > 7. Thus, although two lifetime distributions result in the
same value of the stationary mean protein copy number, they give a different value of

the noise (the Fano factor); therefore the copy-number distributions are different.

3.5 Metastable transitioning

Transcription factors that self-sustain their gene expression by means of a positive
feedback loop can act as a simple genetic switch [55, 56]. A positive-feedback switch
can be in two states, one in which the gene is fully activated through its feedback
loop, while in the other the gene is expressed at a basal level. The switch serves as a
basic memory unit, retaining the information on its initial state on long timescales,
and very slowly relaxing towards an equilibrium distribution. It is therefore
important to investigate not only the stationary, but also transient distributions,
which are generated by a positively autoregulating transcription factor.
Following previous studies [57, 58, 59], we model positive feedback by the Hill
function response curve
H
f(X) =9 (ao + %) , (3.25)
in which ag and a; represent the basal and regulable production rates, H is the
cooperativity coefficient, and ) gives the critical amount of protein required for

half-stimulation of feedback. Provided that H > 1, one can find aq and a; such that

36



Metastable transitioning Multiclass—multistage model

257 — fix) 0.00 A
2.01 —0.05 A
X 1.5 < -0.10-
[ S
1.0 ~0.15-
0.51 ~0.201
0'0- T T T T T T T T T T
00 05 1.0 15 2.0 2.5 0 1 2 3
X X

Figure 3.3: Left: A sigmoid feedback response function (blue curve) intersects the
diagonal (orange line) in multiple fixed points. Ones that are stable to the rate
equation (3.1) (full circles) are interspersed by unstable ones (empty circle). Right:
The potential u(x), defined by (3.33), is a Lyapunov function of the rate equation
(3.1). The local minima, or the troughs/wells, of the potential are situated at its
stable fixed points; the local maximum, or the barrier, of the potential coincides
with the unstable fixed point. Parameter values for both panels: We use the Hill-type
response (3.25) with ag = 0.3, a; = 1.6, H = 4, = 50.

(3.25) possesses three distinct fixed points X_ < X, < X, of which the central is
unstable and the other two are stable (Figure 3.3, left). The two stable fixed points
provide alternative large-time outcomes of the deterministic models (3.1) and
(3.7)-(3.8).

Bistability of deterministic models translates into bimodal distributions in the
stochastic framework. For large values of €2, the bimodal protein distribution can be
approximated by a mixture of Gaussian modes which are located at the stable fixed

points X, (see Figure 3.4), cf. [10, 48],

C(x-x_)? C(x-x4)?
203 e 201

po(t) e— = )= —

The mixture approximation (3.26) is determined not only by the locations X, but

P(X,t) ~ (3.26)

also on the variances 02 and the weights p.(¢) of the two modes (which are given
below). The weights in (3.26) are allowed to vary with time in order to account for
the slow, metastable transitions that occur between the distribution modes.

The invariance result for stationary distributions derived in the preceding
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Figure 3.4: Exact stationary protein distribution (3.4) and the Gaussian-mixture
approximation (3.26) in varying system-size conditions. The means of the Gaussians
are given by the stable fixed points of f(X); the variances are given by linear-noise
approximation (3.27). The mixture weights are given by p,(c0) = T, /(T + T-),
p_(o00) = T /(T + T_), where the residence times are given by the Arrhenius-type
formula (3.32). We use a Hill-type response (3.25) with ag = 0.3, a; = 1.6, H = 4,

and 2 shown in panel captions.

sections implies that, in the limit of ¢ — oo, the protein distribution (3.26) becomes
independent of the choice of the protein lifetime distribution. In particular, the same
variances o5 and the same limit values py(oco) of the weights will apply for
exponentially distributed and phase-type decay processes. In what follows, we first
consult literature to provide results o2 and p.(t) that apply for the one-dimensional
model with exponential decay. Next, we use stochastic simulation to investigate the
effect of phase-type lifespan distributions on the relaxation rate of p.(¢) to the

stationary values.

The variances of the modes are obtained by the linear-noise approximation [60,

38



Metastable transitioning Multiclass—multistage model

61] of the master equation (3.3), which yields

X4 '
1— f(Xs)

the right-hand side of (3.27) is equal to the ratio of a fluctuation term (equal to the

(3.27)

2 _
0L =

number of molecules) to a dissipation term (obtained by linearising the rate equation
(3.1) around a stable fixed point).
The metastable transitions between the distribution modes can be described by a

random telegraph process (cf. Figure 3.5, left), cf. [11],

1T
o=@, (3.28)

1Ty
in which the lumped states © and & correspond to the basins of attractions of the two
stable fixed points; 7" and 7', are the respective residence times. The mixture weights
p—(t) and p(t) in (3.26) are identified with the probabilities of the lumped states in

(3.28); these satisfy the Chapman-Kolmogorov equations [62]

dp-— p—  p+ dpy  p— py
Y I o S o S R 3.2
& T T @ T T (3.29)
which admit an explicit solution

T, T, 11
t) = 0) — =+ =)t 3.30
pi0 =g+ (O - i e (< (o)1) @30

T T 11
_(t) = _(0) — = +=)t). 3.31
0=+ (0= e e (< (e )e). @D

The initial probability p,(0) = 1 — p_(0) is set to one or zero in (3.30)-(3.31)
depending on whether the model is initialised in the neighbourhood of the upper or
the lower stable fixed point.

With (3.30)-(3.31) at hand, the problem of determining the mixture weights in
(3.26) is reduced to that of determining the residence times 7.. Previous
large-deviation and WKB analyses of the one-dimensional model [63, 64, 65]

provide an Arrhenius-type formula

Ty = 277X 'ow/—o2 exp(u(Xo) — u(X1)). (3.32)

Formula (3.32) features, on top of the familiar symbols (the mean lifetime 7, fixed
points X and X, linearised variances o, and the Ludolph-van-Ceulen constant 7),

two new symbols: a value o} and a function u(X). The value o is readily calculated
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Figure 3.5: Left: Large-time stochastic trajectories of a structured two-class model
with parameters as given below. The horizontal lines represent deterministic fixed
points as given by (3.11)-(3.12). Right: The number of trajectories, out of 10%
simulation repeats, that reside in the basin of attraction of the upper stable fixed
point as function of time. Simulation is initiated at the upper stable fixed point
(the decreasing function) or at the lower stable fixed point (the increasing function).
The dashed black curve gives the theoretical probability (3.30) with initial condition
p+(0) = 1 (the decreasing solution) or p, (0) = 0 (the increasing solution). Parameter
values: The Hill-function parameters are: 2 = 50, H = 4, ap = 0.3, a; = 1.6. The
mean lifetime is 7 = 1. The two-stage model parameters are: K =1, p; =1, S; = 2,
711 = 712 = 0.5. The two-class model parameters are: K = 2, p; = 1/6, p, = 5/6,
S1 =8y =1,711 =3, 791 = 3/5.

by inserting 0 instead of + into the fluctuation—dissipation relation (3.27); note that
for the unstable fixed point X, the denominator in (3.27) is negative (cf. Figure 3.3,
left), which renders the whole fraction also negative.

In analogy with the Arrhenius law, the function u(X) represents an “energy” of

state X, and is given here explicitly by an indefinite integral [63, 64, 65]

w(X) = / In (%) dx. (3.33)

Note that the derivative of (3.33),

W'(X) = 1In (%) : (3.34)

is zero if f(X) = X, i.e. at the fixed points of the feedback response function, is

negative if f(X) > X and positive if f(X) < X. Substituting into (3.33) the solution
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X = X(t) to the deterministic rate equation (3.1) and evaluating the time derivative,

we find

! _ -1 X
P v = e - om (575

<0, (3.35)

X=X(t)

with equality in (3.35) holding if and only if X is a fixed point of the feedback
response function f(X). Therefore, the energy function u(X) is a Lyapunov function
of the ordinary differential equation (3.1) (Figure 3.3, right). The exponentiation in
(3.32) dramatically amplifies the potential difference between the stable and the
unstable fixed points. For example, a moderately large potential barrier, say 5
(which is about the height of the potential barrier in Figure 3.3, right), introduces a
large factor e® ~ 150 in (3.32). This confirms an intuition that metastable transitions
between the distribution modes are very (exponentially) slow.

The random telegraph solution (3.30) is compared in Figure 3.5 to the residence
of stochastically generated trajectories in the basin of attraction of the upper fixed
point. The agreement is close for simulations of the one-dimensional model (with an
exponential lifetime) and for a structured model with one class and two stages (with
an Erlangian lifetime). For a two-class model (with an exponential mixture
lifetime), the transitioning also occurs on the exponentially slow timescale, but is
perceptibly slower. Sample trajectories were generated in Python’s package for
stochastic simulation of biochemical systems GillesPy2 [18]. The one-dimensional
model was initiated with | X, | molecules. The two species in the two-stage and
two-class models were initiated to S and | X, | — S, where S was drawn from the

binomial distribution Binom(| X} |, 0.5).

3.6 Discussion

In this chapter we studied a stochastic chemical reaction system for a self-regulating
protein molecule with exponential and phase-type lifetimes. We demonstrated that
the exponential and phase-type models support the same stationary distribution of
the protein copy number. While stationary distributions of similar forms have
previously been formulated in the context of queueing theory [12, 66, 67], this

chapter provides a self-contained and concise treatment of the one-dimensional
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model and the multi-dimensional structured model that is specifically tailored for
applications in systems biology.

We showed that the invariance result rests on the assumption of non-bursty
production of protein. We have demonstrated that, in the presence of bursts,
exponential and deterministic lifetimes generate stationary protein-level
distributions with different variances.

Deterministic modelling approaches are used in systems biology as widely as
stochastic ones. Therefore, we complemented the stationary analysis of the
stochastic Markov-chain models by a fixed-point analysis of deterministic models
based on differential equations. The result is that, irrespective of lifetime
distribution, the deterministic protein level is attracted, for large times, to the stable
fixed points of the feedback response function. Connecting the stochastic and
deterministic frameworks, we demonstrated that the stationary distribution of the
Markovian model is sharply peaked around the fixed points of the deterministic
equation. We showed that the distribution can be approximated by a mixture of
Gaussian modes with means given by the deterministic fixed points and variances
that are consistent with the traditional linear-noise analysis results.

Next, we focused on the transitions between the distribution modes. These occur
rarely with rates that are exponentially small. We compared an asymptotic result,
derived in previous literature for the one-dimensional model, to stochastic simulation
results of the one-dimensional model and two specific structured models: we chose a
model with one class and two stages and a model with two classes each with one stage.
The simulation results of the one-dimensional and two-stage models agreed closely to
the theoretical prediction; intriguingly, the agreement with theory was closer for the
two-stage model. On the other hand, a two-class model showed slower transitioning
rates. The theoretical asymptotic results have been derived in [63, 64, 65] only for
the one-dimensional model. Large deviations in multi-dimensional models are much
harder to quantify than one-variable ones. We believe that the current model, being
multi-dimensional while possessing a tractable steady-state distribution, provides a
convenient framework on which such methodologies can be developed.

In summary, our study provides an invariance-on-lifetime-distribution result in the

deterministic and stochastic contexts for a non-bursty regulatory protein. While the
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main results concern the stationary behaviour, our study also performs simulation,

and opens avenue for future enquiries, into the transient transitioning dynamics.
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CHAPTER I

The extended two-stage model

This chapter presents a two-stage stochastic gene expression model that extends the
standard model by an mRNA inactivation loop. The extended model considers that
mRNA molecules can transition between their active/inactive states. We provide an
extensive mathematical analysis of the joint steady-state distribution of active and
inactive mRNA and protein species. We determine its generating function and derive
a recursive formula for the protein distribution. In addition to obtaining the
stationary means from the deterministic model, we calculate the steady-state Fano
factor and express it as a function of the model parameters. Additionally, we use the
analytical formula for the generating function to determine the marginal distribution
for each species. The results of the analytical formula are then cross-validated by
kinetic Monte-Carlo simulation.

The contents of this chapter have been published in Lecture Notes in Computer

Science, vol 12881, pp. 215-229. Springer, 2021 [68].

4.1 Introduction

As many other biochemical mechanisms, gene expression in which protein synthesis
occurs is inherently stochastic due to random fluctuations in the copy number of
gene products, e.g. proteins [2]. From the viewpoint of biochemical reactions, in
simplest formulations, gene expression consists of two main steps: transcription and
translation. While RNA polymerase enzymes produce mRNA molecules in the
former, protein synthesis takes place by ribosomes in the latter, each reaction
corresponding to the production and decay of relevant species. Additionally, the
two-stage model can be extended by the regulation of transcription factors, which

affect gene expression by modulating the binding rate of RNA polymerase [69].
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Over the last decades, the two-stage model of gene expression has been extensively
studied to understand how the stochastic phenomenon in cellular processes takes
place [70, 71, 21, 72]. Specifically, quantifying the number of species in terms of
probability distributions has become an interesting and challenging endeavour due to
the subtleties involved in finding a solution to the underlying problem. On the other
hand, the fluctuations in mRNA and protein levels are considered as a major source of
noise, leading to cell-to-cell variability in gene regulatory networks [73, 74, 75, 76,
77, 6, 78]. The noise emerges from different sources, namely intrinsic and extrinsic
noise [79, 80]; yet, structural elements such as stem-loops can also contribute to
noise by forming in an untranslated region of mRNA [81]. The untranslated regions
of mRNAs often contain these stem-loops that can reversibly change configurations
making individual mRNAs translationally active/inactive.

Numerous modelling approaches have been proposed based on deterministic and
stochastic frameworks, including the hybrid ones as a combination of the preceding
two [82, 83, 84]. Only a few of those provide an explicit solution to the two-stage
gene-expression model [22, 72]; most of the studies are based on Monte Carlo
simulations, which are usually computationally expensive.

As a generalisation of the two-stage model, some studies in the literature consider
a set of multiple gene states and investigate the dynamics of stochastic transitions
among these states [85, 86]. Nevertheless, to the best of our knowledge, none of these
studies takes an mRNA inactivation into account. Here we extend the two-stage model
by an mRNA inactivation loop, by which we mean that after transcription species
can switch between active and inactive states. In other words, there exists a pair
of reversible chemical reactions occurring at constant rates by turning active mRNA
species into inactive ones, and vice versa. Subsequently, the active mRNA is translated,
while the inactive mRNA stays dormant. The schematic of reactions describing the
model is given in (4.1). Here we thereafter refer to the aforementioned model as
the extended model. A possible biological scenario that can implement this extended
model is by a regulatory RNA that temporarily blocks mRNA function [87].

This chapter is organised as follows. In Section 4.2, the stationary means of
active mRNA, inactive mRNA, and protein are obtained from a deterministic

formulation the model; the master equation of the stochastic model is formulated,
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and transformed into a partial differential equation for the generating function. In
Section 4.3, the partial differential equation is transformed into one for the factorial
cumulant generation function and a power series solution is found; recursive
expressions for the coefficients — the factorial cumulants of the three molecular
species — are thereby provided. In Section 4.4, the protein Fano factor is expressed
in terms of the first two factorial cumulants, which will be used in the subsequent
chapter to analyse the noise-reduction effect of the mRNA inactivation loop. The
generating function of the stationary distribution of active mRNA, inactive mRNA
and protein amounts is represented in the special-function form in Section 4.5. The
marginal protein and active and inactive mRNA distributions are derived in Section

4.6. The chapter is concluded in Section 4.7.

4.2 Model formulation

The extended model involves three species, mRNA, inactive mRNA (imRNA for short),
and protein, and consists of the reactions
)\1 « ~1
0 = mRNA, mRNA = imRNA, imRNA 20,
" g (4.1)
mRNA 2% mRNA + protein, protein 2 (.
The reactions in (4.1) correspond to mRNA transcription and decay, mRNA
activation and inactivation, inactive mRNA decay, protein translation, and protein
decay, respectively.
Due to the linearity of kinetics in (4.1), the mean levels of the mRNA (m), inactive

mRNA (/) and protein (n) exactly satisfy the system of deterministic rate equations

% = A1 — (1 + ) (m) + B,

@ = a(m) — (71 + B)(m), *-2)
d(n)

— = Me(m) = ().

Setting time derivatives in (4.2) to zero, and solving the resulting algebraic system,

the stationary means are obtained as

Al P m n:&m
<m>=ﬁ, <m>—7~1+6< ), (n) 72< ) (4.3)
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for the mRNA, inactive mRNA, and protein respectively, where

eff Ozil
=+ = (4.4)
h n Y1+ 8

denotes the effective rate of mRNA decay. Owing to the linearity of reaction rates,
one can find a closed system of differential equations not only for means, but also for
higher-order moments [88, 89]; however these equations are typically less revealing
than the mean dynamics. Here we take a different approach and quantify the protein
noise as a by-product of a generating-function analysis in Section 4.4.

The probability p,, .,(t) of having m mRNA, 7 inactive mRNA, and n protein

molecules at time ¢ satisfies the chemical master equation

dpm,fn,n
dt

:)\1 (pm—l,fn,n - pm,fn,n) + a((m + 1)pm+1,rh—1,n - mpm,fn,n)

+ '771((7% + ]-)pm,fn—l-l,n - mpm,fn,n) + )\2m<pm,rh,n—1 - pm,rh,n) (45)
+72((n + Dpmpint1 — Pmamn) + 71((M + 1)Pmg1mn — MPmin)
+ B((Th + 1)pm—1,ﬁ1+1,n - mpm,fn,n)-

Equating the left-hand side of (4.5) to zero yields the steady-state master equation

0 :>\1 (pmfl,m,n - pm,ﬁl,n) + a((m + 1)pm+1,ﬁ171,n - mpm,m,n)

+ 71 (M + 1)Pmmt1n — MPmsinn) + A2 (Dmsmn—1 — Pmnn)

(4.6)
+ %2 (7 + D)t — mPmmn) + Y1((M + 1Dt mn — MPmin)
+ 6((77?‘ + 1)pm71,7h+1,n - mpm,m,n)-
We additionally require that the normalising condition
Z Pmmn = 1 (47)

m,m,n

hold.
We aim to find the moments of the probability distribution p,, s, by using the
generating function approach [14]. In order to solve (4.6)-(4.7), we employ the

probability generating function

G(l’,y, Z) = Z xmymznpm,ﬁz,n (48)

m,m,n

for the probability distribution p,, .. Multiplying (4.6) by the factor x™y™2" and
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summing over m, m and n yields

MO = 2)G = oz(z — 1) + (1l — ) +aly — 2)) %
oG oG (4.9)
+ (M1 =y)+ 8 —y)) By +72(1 - 2)5-
Equation (4.9) is subject to
G(1,1,1) =1, (4.10)

which is implied by the normalisation condition (4.7).

4.3 Factorial cumulant generating function

In order to find a particular solution to (4.9)-(4.10), we change the variables

according to
r=14u, y=14v, z=14+w, G=-exp(p), (4.11)

and obtain that the factorial cumulant generating function [15] ¢ = ¢(u,v,w) is a

solution of the inhomogeneous linear partial differential equation (PDE),

_ dp dyp dp
Au = (=A(1+w)w+yu+ alu—0v)) 5 + (1v + B(v — u)) 5 + gt (4.12)
subject to
©(0,0,0) = 0. (4.13)
In order to solve (4.12)-(4.13) we shall employ the ansatz
o(u, v, w) = @oo(w) + upip(w) + veer (w). 4.14)
We immediately obtain the partial derivatives
Dy Oy do , ,
ou = p1o(w), En = o1 (w), ow = ppo(w) + upio(w) + vy, (w). (4.15)

Inserting (4.15) into (4.12) and rearranging the terms yields an inhomogeneous

system of ODEs

’Y2w9060 — Mwepig = 0,
Yowpiy + (71 + @ — Aw)pio — Bpor = A1, (4.16)

Yowpy, + (11 + B)por — apro = 0.
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Let us assume that the functions g, 19, and g, are of the power series form, i.e.,
woo(w) = Z arw®,  pro(w) = Z brw®, oo (w) = Z crwt. (4.17)
k=0 k=0 k=0

The coefficients a, by, and ¢, give the factorial cumulants of the joint molecular
distribution [15]. Note that a; = 0 follows immediately from the normalisation
condition (4.13). Evaluating the derivatives in (4.17) and substituting into (4.16),

we obtain the following recurrence equations:

A
a = k—jzbk_l, k> 1, (4.18)
(71 + a)byg — Beg — A+ Z(%kbk + (71 + a)bp — Aabp—q1 — 50k)wk =0, (4.19)
k=1
(1 + B)co — abo+ > _(yaker + (11 + B)ex — aby)w® = 0. (4.20)
k=1

Since we consider (4.17) as a solution to (4.12), all the coefficients in (4.19)—-(4.20)
must be zero. Thus, we get

(’71 + o+ ’ng’)bk — )\Qbk_l — ﬁck = 0, (421)

(1 + B+ 2k)er, — aby, =0, (4.22)

for b, and ¢;. Solving the algebraic system (4.21)-(4.22) in by, k > 1, yields

(k> + Y (T + 71 + B+ @)k + 171 + 118 + Tra)be = Aa(T1 + B + kv2)bi—1,

ie.

Ao(T1 + B + k)
VEk2 + (o + 1 + B+ @)k + iy + 1B + T
where the zeroth term of the sequence b is obtained, by equating the terms out of

b =

bi—1, (4.23)

the sums in (4.19) and (4.20) to zero, as

(T + B) _ ﬁ
(m+a)(n+p)—Pa At
Equation (4.24) thus rederives the stationary mRNA mean (4.3) by means of factorial

by = (4.24)

cumulant analysis; similarly, ¢, and a; can be identified as the stationary imRNA and
protein means. Thus, the sequence b, can be calculated iteratively from (4.23) starting
from the initial condition (4.24). Having calculated b,, the sequence a; and ¢, can
be evaluated via (4.18) and (4.22). In Section 4.5, we will utilise these formulas to
obtain a special-function representation of the generating function. Before doing that,

we show that the first two terms of these sequences determine protein variability.
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4.4 Protein variability

As outlined in the previous section, the first-order cumulants by, ¢, and a; (ag = 0 by
normalisation condition), coincide with the stationary mRNA, imRNA, and protein
mean values. In this section, we use the second-order cumulants to describe the
stationary noise in our model. The noise in mRNA and imRNA is Poissonian (see
Section 4.6 for details) and therefore uninteresting: we focus on the protein noise.
Below, we express the Fano factor in terms of the first and second order cumulants,
which is independent of the specifics of the current model. We will use this formula
to analyse the noise reduction effect of the inactivation loop in Chapter 5 (cf. Section

5.3).

Expressing the Fano factor in terms of the cumulants. The generating function

is expanded by the Taylor formula as

oG 10°G 5 3
G(1,1,2) _G(l,l,1)+£(1,1,1)(z—1)—|—§ﬁ(1,1,1)(2—1) +0(z—1)°. (4.25)
Differentiating (4.8) with respect to z and setting (z,y,z) = (1,1,1) links the

derivatives of the generating function to the factorial moments:

oG 0*G
Inserting (4.10) and (4.26) into (4.25), we have
G(1,1,2) =1+ (n)(z — 1) + <"(n2—_1)>(z —1)*4+0(z - 1)% (4.27)

On the other hand, (4.11), (4.14), and (4.17) imply
G(1,1,z) = exp (a1(z — 1) + az(z — 1)> + O(z — 1)*)
- (1 +ay(z—1) + %%(z — 1)2) (I+a(z=1)°)+0(z-1)° (428
=1+a(z—1)+ (a2+a§) (z—1)*+0(z — 1)
Comparing (4.27) and (4.28) gives
(n)y =a;, (n(n—1))=2ay+ai.

The Fano factor,

po )y =)y 2y (4.29)
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is thus expressed in terms of the first two factorial cumulants a; and a,.
Substituting (4.18) and (4.23) into (4.29) and simplifying gives

by A2

o et ST

(4.30)

Formula (4.30) provides the steady-state protein Fano factor as function of the
model parameters (degradation rate constants 71, 71, 72 of active/inactive mRNA and
protein; inactivation/activation rate constants «, [3; translation rate constant \,).

In the next section, we go beyond the mean and noise statistics (the first and second
order factorial cumulants), using the higher order cumulants to find a special-function
representation of the generating function of the joint distribution of mRNA, imRNA,

and protein copy numbers.

4.5 Special-function representation

Factorising the second-order polynomial in & in the denominator of (4.23) gives

Y+ B+ ks

by, = b1 fork>1, 4.31
PR k) (k) = (4.31)
where
S Nntat+hi+B8EV (N +B—m—a)?+4Ba
b 272 .
Note that the sequence b in (4.31) can be rewritten as
(14 7), (Ag)’“
R S A e A

where we set 7 = (71 + )/ for the sake of simplicity and the polynomial
() =z(z+1)(z+2)...(x+k—-1), (x)o=1

represents the rising factorial, also called the Pochammer symbol.

We next find the remaining sequences a;, and ¢;. Inserting (4.32) into (4.18) gives

bo?“1’l“2 (T)k (Ag)k
- 2Z2) 0 k>l 4.33
T kr)e(ra)e \ 2 (4:33)

Similarly, substituting (4.32) into (4.22) yields

obo () <A2>k k> 1 (4.34)
Cr = — — y = 1, .
TR B+ k(T e \ 72

51



Marginal distributions The extended two-stage model

where ¢y = %, which can be obtained by combining (4.20) and (4.24).
Having found the sequences in (4.17), we next return to the original variables in
(4.11) to obtain the generating function of the stationary distribution of active mRNA,

inactive mRNA, and protein amounts, which is given by

G(z,y,2)

(4.35)
= exp (Z ar(z—1D)F+ (=1 b(z =D+ (y— 1)) erlz - 1)k) .

k>1 k>0 k>0

Equation (4.35) can be rewritten as

bo)\g/z ( 1,1+T )\2 )
G(x,y,z) = — F. ;—(s—1)|d
(z,y,2) exp( A G g 72(5 ) |ds

—(z—1
1+T1,1+7’2 Y2

+— — 1), F: —(z—1
”Y1+5(y )2 2(1—1‘7’1714‘7’2 72(2 >))

in terms of the generalised hypergeometric functions defined by [23]

(ll,...,ap_~ B 00 Mg_
qu(bl, ...7bq72> = Z (bl>n'--<bq>n 1 (4.37)

oo - Daf

Equation (4.36) provides the sought-after special function representation of the joint
generating function. In the following section, we focus on specific one-dimensional
sections of the joint generating function that give the generating functions of the three

marginal distributions.

4.6 Marginal distributions

In this section, we use the analytic formula (4.36) for the generating function to
determine the marginal active and inactive mRNA, and protein distributions. To do

so, we first set y = z = 1 in (4.36) and obtain
G(x) = G(x,1,1) = exp(bo(z — 1))

for the marginal active mRNA distribution. Similarly, setting + = 2z = 1 in (4.36)

yields the marginal inactive mRNA distribution

6lo) = 1) = e (- 1))

52



Marginal distributions The extended two-stage model

Finally, we set z = y = 1 in (4.36) and get the marginal protein generating function
G(z) as
G(2) = G(L, 1, 2) = exp((2)),

where 1) is given by

bo/\g z 1,1+T /\2
_ 0% R 2205~ 1) )ds. 4.38
v i) w2 2<1+T1,1+T2 72<S )> ’ ( )

In order to obtain the marginal protein distribution, we exploit its generating function

) (4.39)

where D stands for the differential operator d/dz and p.., gives the probability of
having = protein molecules and any number of active and inactive amount of mRNA.
The first derivative of the composite function G(z) in (4.39) is obtained by chain rule

as
dG(2) dy(2)
dz dz

For the n-th derivative, we evaluate the (n — 1)th derivative of (4.40) according to the

(4.40)

= G(z)

Leibniz rule, thus we have

n—1

prcen =3 (" )PeEm e, (4.41)

: i
1=0

Next, we determine the rth—r is an arbitrary positive integer—derivative of the function

Y(z), which is given by

) - X =D+ 1) ( rTAr o A )
D(@b(Z))—bo(Vz) (1+r1)r_1(1+r2)r_12F2 r1+r,r2+r’w(z 1)), (4.42)

in which we used the formula

ds at, . 0y P (a;) (al—l—s N ~)

— F ) ) p; _ i=1\%1)s la ) )y Yp 7

RE q(bl,...,bq Z) ) b s, by s
for the s-th derivative of the generalised hypergeometric function ,F,. Inserting the
derivatives in (4.42) into (4.41), taking » = 0, and rearranging the resulting equation
according to (4.39) gives the formula for the marginal protein probabilities

W2 0o \2 (14 71)n—i—1(1 4+ 72)p—i1

n—1,7T+n—1 Ao
X 2F2( ; __>p-,-,i7

. . )
n—1+r,n—1+ry Y

D
(4.43)
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Figure 4.1: Left: Comparison of the probability mass function (4.43) of the marginal
protein distribution and the probability calculated by Gillespie’s stochastic simulation
algorithm (the solid line). Right: A logarithmic scale plot of the probability, out of 10°
repeats, obtained by the two approaches. Parameter values: The kinetic parameters

are:)\1:5,&:71252’71:72:1,)\2:5.

where the first term of the series is given by

bo/\2/1 1L,1+7 Ao
.0o=G(0) = - E i—(s—1) |ds ). .
D0 (0) exp( 2 1—}—7’1,1—1—7’2’72(8 ) )ds (4.44)

In order to calculate and compare the marginal protein probabilities (4.43) with
those obtained by stochastic simulations based on Gillespie’s algorithm, we
implement the recursive formula (4.43) in a high-level programming language,
Python, together with using its numerical computing library NumPy and plotting
library Matplotlib. The probabilities in (4.43) are calculated iteratively starting from
its first term given by (4.44) up to n = 50. In Figure 4.1, the right panel compares
the theoretical probability distribution (4.43) (blue bars) with the one obtained
using stochastic simulations (solid line) at the timepoint ¢ = 100, while the left panel
shows the same comparison but on a logarithmic scale. The number of Gillespie
iterations was set to 10° in the Python package GillesPy2 [18]. The initial number of
active and inactive mRNA and protein was set to 5. A Python routine mpmath . hyp2f2

used to calculate the generalised hypergeometric function , F; in (4.43)-(4.44).

54



Conclusion The extended two-stage model

4.7 Conclusion

In this chapter, we analysed a formulation of the two-stage model for gene expression
that extends the classical version [22, 40] by an mRNA inactivation loop. The principal
results of our analysis are the characterisation of the mean and noise behaviour, as well
as the underlying probability distribution. The principal tool is the factorial cumulant
generating function and the factorial cumulant expansion.

We have provided a comprehensive classification of the underlying probability
distributions. Unsurprisingly, the distributions of the active and inactive mRNA are
Poissonian. On the other hand, the protein distribution is highly non-trivial, and is
characterised in terms of the generalised hypergeometric series. The
characterisation is used to derive a recursive expression for the protein probability
mass function. The recursive formula is found to be consistent with kinetic
Monte-Carlo simulation (by means of the Gillespie direct method).

In summary, this chapter provides a systematic mathematical analysis of an
mRNA-protein model for gene expression extended by an inactive mRNA species,
and hints at possible functional roles of mRNA inactivation loop in the control of low
copy number gene-expression noise.

In the next chapter, we shall employ the extended model and analyse the protein
noise in the model. To do so, we utilise the two popular metrics: the Fano factor and
the squared coefficient of variation. We cross-validate our theoretical results with the

data from a recent experimental study.
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CHAPTER 5

Effects of stem-loops on protein noise

This chapter concerns the application of gene-expression models. Specifically, we
characterise noise in the basic two-stage model in terms of two noise metrics, the
Fano factor and the squared coefficient of variation. Next, we compare protein noise
in the basic two-stage model and the extended model. The main example pertains to
the formation of stem loops; here, we reinterpret previous data and provide
additional insights, summarising some of the key results of our mathematical
analysis.

The content of this chapter will be published in BMC Bioinformatics.

5.1 Introduction

The motivation for our mathematical analysis stems from a recent experimental
study [81] on the influence of RNA stem loops on gene expression noise. Stem loops
appear when two palindromic sequences on the chain of nucleic acids align and form
hydrogen bonds. The aligned palindromic sequences then form the “stem” and the
nucleic acids in between form the “loop” of a stem loop. Another term is “hairpin
loop” because of resemblance.

The authors of [81] have constructed several variants of a gene encoding for a
fluorescent reporter protein. Although the constructs encode for the same reporter
protein, they differ in palindromic sequences in the untranslated region at the 5’ end
of the gene (5’'UTR). The formation of a stem-loop interferes with translation; the
higher the stability of a stem-loop, the greater the interference; the lower the mean.
The authors also show that this is associated with an increase in the coefficient of

variation.
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5.2 Application of two-stage model

Previous theoretical studies indicate that different noise metrics can lead to different
interpretations of the effects of a particular mechanism on gene expression noise. The
most common are the squared coefficient of variation and the Fano factor defined by

N o e o Ui B Vo

(P)? (P)
where P stands for the reporter protein and (.) are the averaging brackets. In Figure
5.1, in addition to showing the dependence of the CV? on mean (thus reproducing
Figure 6 of [81]), we also show the dependence of F = (P)CV2 on the mean. Notably,
decreasing the mean (which is associated with greater stem loop stability) decreases
the Fano factor.

In order to explain the apparently contradictory interpretations, we fit the basic
two-stage (transcription-translation) model of gene expression [40, 82]. The model
is described in full mathematical detail in Section 2.8. For the purposes of the current

section, we mention that it predicts that the stationary protein mean and Fano factor

of the form
A2

M
_ 127 Fe14 7
Y172 Y1+ 2

where ); is the mRNA production rate, )\, is the protein translation rate, v; and ~, are

(P)

the decay rate constants of mRNA and protein species, respectively. Provided that the

protein is more stable than the mRNA (v, < ~;), we can simplify to

Ao Y2(P) > F 1 V2
Fo1422 94028 o = - 02 (5.1)
" A1 (Py (P) X\

Stem loops do not affect the transcription rate \; or the protein stability ~,, but they
can affect the protein mean through translation rate A, and mRNA decay rate ;. Thus,
the two-stage model predicts an increasing linear dependence of the Fano factor, and
a decreasing hyperbolic dependence of the CV?, on the mean. In Figure 5.1, the Fano
factor data are fit by a straight line using simple linear regression. The regression
coefficients are reused for the hyperbolic dependence of the CV2. The fits seem to be
satisfactory, leading us to attribute the changes in the noise to the decrease of mean

rather than an active control of noise by the stem—loop mechanism.
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Figure 5.1: Dependence of protein noise on protein mean for different 5’UTR
constructs. The yEGFP reporter (bottom) and the ymNeonGreen reporter (top)

constructs are treated separately. The use of a log-log scale is adopted from [81]. The
dots give the experimental values taken from [81] (see Table 5.1). Each dot is a result
of multiple experiments, and the error bars indicate the standard deviation. These
were obtained from the standard deviation of the (nonsquared) coefficient of variation
by Taylor formula: SD¢y2 = 2CV SDey, SDp = (P)SDcy2. The dashed lines give the
linear and hyperbolic dependence of the F and C'V?, respectively, which are predicted
by the two-stage gene expression model (cf. (5.1)). The protein translation rate \,
and the mRNA decay rate 7, are being varied to change the mean levels. Note that
the use of the log-log scale results in a slight curvature of the line (with a nonzero

intercept).
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5.3 Noise control by stem-loop

Let us address the question of noise control by stem—loop formation theoretically.
For reasons of mathematical elegance, we will introduce in Section 6.2 and analyse
in Sections 6.3-6.4 a general model that extends the basic two-stage by multiple
transcript states. Here we discuss the special case with two states, one of them
translationally active (without a stem-loop), the other translationally inactive (with
a stem-loop). This special case was analysed in Chapter 4. Using standard methods,

we derived that the mean is given by

Ao
(P) = —,
Y271
where
eff @’71
=+ — (5.2)
h n M+ B

gives an effective mRNA decay rate constant. The Fano factor satisfies

A

alye+q1)
Yo+ 71+ o)

F=1+

The above equations give the steady-state protein mean and Fano factor as function of
the model parameters (degradation rate constants ~;,¥;, 7. of active/inactive mRNA
and protein; inactivation/activation rate constants «, ; translation rate constant \,).
The formula for the mean implies, in particular, that making the stem—-loop more stable
(i.e. decreasing 3) decreases the mean. The noise requires a more subtle analysis,
which is given below.

In order to compare the protein noise in the current model to that exhibited by
the classical two-stage model (without the inactivation—activation loop) we define the

baseline Fano factor as

My + A2 (5.3)

’Y2+’Y1+%7

which can be obtained from (4.30) by first setting = 0 (no inactivation) and then
replacing the mRNA decay rate ~, by its effective value (5.2). Adjusting the mRNA
decay rate maintains the same species means in the baseline model like in the full

model extended by the inactivation loop. Note that a comparison in protein variance
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Figure 5.2: Fractional protein noise reduction by the mRNA inactivation loop as
function of protein stability. The ordinate gives the protein noise (the squared
coefficient of variation) in the two-stage model extended by the mRNA inactivation
loop relative to the protein noise in a baseline two-stage model without the mRNA
inactivation loop (adjusting the mRNA decay rate to obtain the same species means).
The protein mean is set to (n) = 500; the mRNA mean is (m) = 10; the imnRNA decay
rate is either the same as that of active mRNA (7; = ~;; dashed line) or set to zero
(31 = 0; solid line). The inactivation and activation rates are o = 3, = 3 (left panel)

or a =1, § = 0.1 (right panel); we thereby set v, = 1 without loss of generality.
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yEGFP ymNeonGreen
Construct 14 CV (%) 14 CV (%)
LO (Prgr1) 1560 11.8 £ 0.5 3050 12.2+0.3
U 526 1244+ 0.6 - -
M1Ug 408 13.1 £ 0.6 - -
M3g 226 16.0 £ 0.4 - -
Gio 448 12.9 + 0.5 - -
Gy - - 317 154 +£1.5
M3Wn - - 1143 13.14+0.8
M3n - - 579 13.3+£0.5
M3Un - - 377 13.9 £ 0.6
LO (Ppag1) 288 13.8+0.2 495 13.7 £ 0.4

Table 5.1: Protein mean and noise (CV) values for the yEGFP and the ymNeonGreen

reporters obtained from [81]. The hyphen symbol denotes undetermined values.

between the extended and canonical two-stage model can also be done by the mRNA
autocovariance function [90].

The protein variability formulae (4.30) and (5.3) can equivalently be expressed in
terms of the squared coefficient of variation [91, 92] CV? = F/(n) and CV2 = F/(n).
Combining (4.3) and (4.30)-(5.3), we find

1 1 Y2
2 _ JR—
V7= (n) - (m) a(y2+91) ’ (5.4)
V2T Y2+ +8
1 1
eV - 4 P (5.5)
(n) (M) o+ + o

for the protein coefficient of variation and its baseline value (no activation loop).
Comparing (5.4) to (5.5), we see that CV? < CV3, allowing us to conclude that

the inclusion of the mRNA inactivation loop decreases protein noise. However, the two

coefficients will be very close in many parameter regimes; the necessary conditions

for observing a significant difference are given by

1 S min{B, 7}, max{y, 7%} < (5.6)
where by “<” we mean smaller than or of similar magnitude. Thus, in order to obtain
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significant reduction of noise, we require that an individual active mRNA molecule be
more likely to be inactivated than degraded, and that an individual inactive mRNA
molecule be more likely to be activated than degraded. Additionally, we require that
inactive mRNA be more stable than protein (which is possible if inactivation protects
the mRNA from decay).

One particular consequence of the necessary conditions (5.6) is that the fraction
protein noise reduction, CV?/CV¢, is a non-monotonous function of protein stability:
it tends to one for highly unstable or highly stable proteins, and is less than one for
proteins of optimal stability (cf. Figure 5.2). The optimal value of protein stability
critically depends on the rate constant 5 of mRNA activation. In case of fast mRNA
activation, the optimum noise reduction is achieved by unstable proteins (less stable
than mRNA; Figure 5.2, left panel. In case of slow mRNA activation, the optimum
can be achieved by stable proteins (Figure 5.2, right panel). However, slow activation
(8 <« 1) imposes, via (5.6), a stringent condition on the stability of inactivated mRNA.
Indeed, the right panel of Figure 5.2 demonstrates that there is hardly any reduction

of noise if the inactive mRNA is unstable.

5.4 Conclusion

In this chapter, we focused on the applications of gene expression models, which we
introduced in the previous chapters. Our motivation for studying these models was the
influence of stem loops on gene expression noise. In particular, we comprehensively
studied the characterisation of protein noise in the basic two-stage and the extended
model.

We first presented the two noise metrics for the basic two-stage model: the Fano
factor and the squared coefficient of variation. Our theoretical results were fitted to
data from an experimental study, providing an illustrative comparison that allows us
to conclude that the changes in noise are due to the decrease in mean rather than an
active control of noise by the stem-loop mechanism.

Next, we considered the inactivation loop model, showing that the incorporation
of the mRNA inactivation loop into the classical two-stage model for gene expression

reduces the protein noise. However, in order for the reduction be substantial, several
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restrictions on the parameter rates have to be in place. In particular, the protein
cannot be too stable or unstable, but its stability has to be optimally chosen. The
resulting optimal value of protein stability is typically unrealistically low (lower than
mRNA stability, in particular). In order to obtain an optimal stability that is greater
than mRNA stability, one has to assume that inactivation protects the mRNA from
degradation and activation is slow. Thus, our noise analysis points towards a potential
role of the mRNA inactivation loop in gene expression noise control; at the same time,
it delineates the limits of its application.

Overall, this chapter provides a comprehensive noise analysis of two different
gene-expression mechanisms by which the noise in relevant biological scenarios can

be controlled.
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CHAPTER

The generalised model

In this chapter, we study a structuration/generalisation of a stochastic
gene-expression model in which mRNA molecules can be found in one of its finite
number of different states and can transition among these states. We give the
complete mathematical description of the model in Section 6.2. Next, we
characterise and derive non-trivial analytical expressions for the steady-state protein
distribution in Section 6.3. Furthermore, we obtain the marginal mRNA and protein
distributions and provide the protein Fano factor. In particular, we show that two
different gene-expression models, the extended model and the model with
multiphasic mRNA lifetime, can be obtained from the structured/generalised model.

The content of this chapter will be published in BMC Bioinformatics.

6.1 Introduction

As a generalisation of the (classical) two-stage model, some studies in the literature
consider a set of multiple gene states and investigate the dynamics of stochastic
transitions among these states [85, 86]. In Chapter 4 we studied an extension of the
classical model with two distinct mRNA states. Here, we study a structuration/
generalisation of the classical two-stage gene-expression model, which takes into
account multiple mRNA states. More specifically, after being transcribed, mRNA
molecules are considered to be transitioning among their different states at constant
reaction rates. Subsequently, the nascent mRNA molecule is translated, and protein
is degraded. The schematic of the reactions describing this system is given (6.1). In
what follows, we formulate the structured model in terms of the Chemical Master
Equation (CME), and by solving it, we obtain quantitative insights into the

characteristics of the copy number distributions. Additionally, we present two
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specific examples which can be obtained from the structured/generalised model: the
mRNA inactivation loop model and the multiphasic mRNA model. We complement
our analysis by performing stochastic simulations that validate our theoretical
results.

This chapter is structured as follows. In Section 6.2, a brief review of the basic
two-stage gene-expression model is given in deterministic and stochastic settings;
the associated CME to this model, which is then transformed into a partial
differential equation (PDE) for the generating function, is formulated; the core of
this chapter, in which a generalisation of the two-stage model and its corresponding
CME and PDE are given, is introduced. In Section 6.3, a power series solution to the
PDE is found. In Section 6.4, the marginal mRNA and protein distributions are
obtained using the analytical formula for the generation function; moments of the
protein distributions are determined utilising the factorial cumulants, thereby the
protein distribution is recovered. In Section 6.5, an example of the generalised
model, explaining how the model is reduced to the one in which only two mRNA
states (namely active and inactive) are considered, is given. In Section 6.6, a
particular case of the generalised model which takes multiphasic mRNA lifetime into

account is provided. The chapter is concluded in Section 6.7.

6.2 Model formulation

A generalisation of the basic two-stage model (2.86) is given by the following set of
reactions: . N
0 = mRNA; 50, i=1,..., K,

mRNA; 5 mRNA;, i,j=1,...,K, i#}j
N (6.1)
mRNA; — mRNA; 4 protein, i=1,..., K,

protein x, 0,
where A" and ~!" are the production and decay rates for an mRNA molecule in i-th
state, respectively. The term ¢;;, i # j, denotes the mRNA transition rate from state i
to state j, \! is the protein translation rate, and +? is the protein decay rate. In (6.1),
the reactions correspond to mRNA transcription and decay, transitions among these

mRNA molecules, protein translation, and protein decay, respectively. Throughout
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this chapter, we refer the model described by (6.1) to as the generalised two-stage
model, by which we mean that the model is considered as an extension of the classical
two-stage model by structuration of mRNA.

For the generalised model (6.1), the probability P(m, n,t) of observing m; mRNA
copies in state 1, my mRNA copies in state 2, and so on, at given time ¢ satisfies the

following CME,

d (m,n,t) K K
=> (Am (B = )P + 4B — DmiP+ ) qi;(BE; — 1)
= = (6.2)

where m = [ml me ms ... mx}- Note that the step operator [10] E; in (6.2) is
in the variable m;, whereas Ex,; in the variable n; EiIElj‘l —1=0fori=j.

The multivariate probability generating function is given by

G(x,y,t Z ZZP m,n, )z xy? - s y", (6.3)

where x = [1’1 Ty Ty ... X K} . Multiplying (6.2) by z{"z3?...2%*y" and
summing over all my, msy, ..., mg,n, we arrive at the PDE
0G(x,y,1) x 8G
ST =3 (Am( ~1)G+1"(1 +qu ) g
= (6.4)

oG oG
Ply — 1)z — P(1 — ) ==
+ Ay )xlaxi>+v( y)ay

Note that the step operators Ef" in (6.2) coincide with the variables z7' while the
number of species m; correspond to the terms z;0,, in (6.4) for the generating

function. In the next section, we will seek a solution to the PDE (6.4).

6.3 Solution

In this section, we shall provide a step-by-step breakdown of our solution method for

solving the PDE (6.4). We are interested in the steady state; therefore, we set the time
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derivative in (6.4) to zero and rearrange the resulting equation to obtain

Z( —1G+< +Zq” z) 4+ A(y — 1)z )gf)
(6.5)

=1
8G

for the time-independent generating function G(x,y) of the stationary distribution.
The probability normalisation condition translates to G(1,...,1) = 1. Changing the

variables according to
ri=14wu;, y=14+v, G=exp(p) (6.6)

allows us to transform (6.5) into

K

K
dp Op
E K2y Pu(l N — Ay, E (g — — AP )
<)\7, Uj + <>\’LU( + ul) ’71 U; + — C]m(uj ul)) aul> ’7 Ua’U’ (6 7)

i=1

which is subject to the normalisation condition
©(0) = 0. (6.8)

Below, we focus on seeking a solution to (6.7)—(6.8) using a suitable ansatz.

Let us first consider that the solution is of the form

o(uy, g, ug, . .., U, V) = @o(v) + urp1(v) + ... + ug P (v). (6.9)

With this in mind, we obtain from (6.9) that

2 —plo), 2
8ui — ’ a’U

= ¢0(v) + w1 (V) + -+ UK (V). (6.10)

Inserting the partial derivatives (6.10) into (6.7), we get
K K
Z (Almui + (Aﬁ.’v(l +u;) — yitu; + Z qij(uj — uz)> ©; — vpvuig0;>
— ] (6.11)

= 7"ve;.

Equation (6.11) can be rewritten as

(7’% Z A7 %)
K

K K
+ Z ( Pug; + <7§n AR Qij) 0i— Y 4 — A?“) u; = 0.
j=1 j=1
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In order that (6.12) hold, we must necessarily have

K
> M — ey =0, (6.13)
i—1
K K
Yoy + (’Yzm — v+ Z %’) P; — Z qGips = A" (6.14)
=1 =1

Next, we solve the system of ODEs (6.13)-(6.14) using the power series method.

Let us assume that the functions ¢, and ; are of the power series form, i.e.,

wo(v) = Z av",  pi(v) = Z bDyn (6.15)
n=0 n=0
fori € {1,..., K}. Differentiating (6.15) term by term we get
oo(v) = Znanv”_l, wi(v) = anni)v”_l. (6.16)
n=1 n=1

Inserting (6.15) and (6.16) into (6.14), and collecting same powers of v, we obtain

the following system of recurrence relations

K K
(%m +D g+ n’Yp) b = giby) = A, (6.17)
i=1 i=1
for b’ ), i=1,..., K. Equations (6.17) can be rewritten in matrix form as
(A-Q" +ny1)X,, =BX,_1, n>1, (6.18)

where I is the identity matrix and the vector X, is defined as

X, =6V, v@, o, . ' (6.19)
In (6.18), Ais a K x K matrix defined by
v fori = j,
0 for i # 7,
Q is a K x K matrix defined by
- Z ik for i = j7

qij for i # j,
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and B is a K x K matrix defined by
AP fori = j,
B = (6.22)
0 fori#j.
In order to solve the recurrence relations (6.18) initial conditions are needed. These
can be obtained from (6.14) by setting v = 0 for each i € {1,2, ..., K'}. The resulting

system of linear equations is given in matrix form as
(A-Q"X,=0C, (6.23)

-
where C is a column vector defined as C' = [)\7171 AR )\}'g] .

Solving the system of algebraic equations (6.18) under the initial conditions (6.23)
yields the terms of b; the sequence a,, can be obtained by substituting (6.15) and
(6.16) into (6.13) and collecting same powers of v. By doing so, we get

K
1 Py (0)
a, = — APb,”y, n>1. (6.24)
n")/p =1
Here the normalisation condition (6.8) implies that ap = ¢(0) = ¢(0) = 0. Having
found the sequences a,, and b , we combine (6.9) and (6.15) to obtain

e K 00
o(u,v) = Z a,u™ + Z v; Z by, (6.25)
=1 n=0

n=1
We return to the original variables in (6.25) via (6.6) to obtain the generating function

of the stationary distribution of mRNA and protein amounts, which is given by

G(x,y) = exp (Z a,(y —1)" + Z(wz -1) Z bg)(y — 1)”) ) (6.26)

Equation (6.26) provides the sought-after steady-state solution to the PDE (6.4) and

will be used in the following section.

6.4 Marginal distributions and moments

In this section, we use the analytical formula for the generating function (6.26) to
obtain marginal mRNA distributions. Subsequently, we determine the moments of
the protein distribution by way of the factorial cumulants, allowing us to recover the
protein distribution. Additionally, we derive the protein Fano factor (variance-to-mean

ratio) and express it in terms of the first two factorial moments.
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Marginal mRNA distributions. In the generating function (6.26), if we take y = 1,

then we get the marginal mRNA distributions as

G"(x) =G(x,1) =exp (Z b(()i)(xi - 1)) = Hexp (b(()i)(x,- — 1)) : (6.27)

from which we conclude that the steady state mRNA distributions are independent
Poissons with means

(mg) = b (6.28)

Marginal protein distribution. We can recover the generating function of the

marginal protein distribution, by inserting x; = 1,7 =1,..., K, into (6.26), as
G(y) =G(1,y) = exp (Z an(y — 1)“) , (6.29)
n=1

where 1 is a K-dimensional row vector of ones.
Next, we determine the moments of the protein distributions. The factorial
(combinatorial) moments h,, are obtained by expanding the generating function into

a power series around y = 1:
= ha(y—1)" (6.30)
n=0

We aim to calculate the factorial moments h,, by way of the factorial cumulants a,,.

To that end, we first differentiate (6.29) to obtain
DG(y) = G(y)DInG(y), (6.31)

where D denotes the differential operator d/dy. Then, taking the (n — 1)th derivative
of (6.31), we get

D"G(y ni( ) (y)D" ' In G(y), (6.32)

which can be recast as

1

D”G ”Z (1 B _) D’G(y) D”‘(;(lfgfy)). (6.33)

Evaluating (6.33) at y = 1 gives the factorial moments of the protein distribution

n—1

=> (1 — —) an_ihi, forn>1, (6.34)
=0
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where hy = 1. The terms of h, can be recursively obtained by inserting (6.24) into
(6.34). Subsequently, we recover the protein distribution exploiting the recurrence

method [93] given by

G+ 1 »

p(n) =y = gy (1), (6.35)
j=1

where (z),, n being a nonnegative integer, denotes the rising factorial or namely

Pochhammer symbol.

Moments. The mRNA distributions in (6.27) are Poissonian. Therefore, mRNA Fano
factor is equal to 1. The protein mean and Fano factor can be derived from the factorial

moments (6.34). The first two factorial moments are given by
(ny=hy=a; and (n(n—1)) =2hy = 2ay + a?, (6.36)
respectively. The Fano factor,
(n®) (n(n —1))
F=—~-n=——+1—-—(n)=—+1, 6.37
w T A (©37)

is thus expressed in terms of the first two factorial cumulants a; and as.

2&2

6.5 The mRNA inactivation loop model

In this section, we reconsider the mRNA inactivation loop model, which we previously
studied in detail in Chapter 4. Here, we present how the structured/generalised model
can be used to encapsulate this model. In particular, we rederive the (full) high-order
cumulants for the extended model using the generalised model.

As mentioned, the inactivation loop model can be readily obtained from the
generalised model (6.1) by taking K = 2, which accounts for only two mRNA states
denoting the active mRNA state m; and the inactive mRNA state m,. In what
follows, we assume that a newly produced mRNA is active, i.e. that the transcription
rate satisfies

AT = A™S,,  fori=1,2. (6.38)

Additionally, we assume that proteins are translated only from an active mRNA, so
that we have

/\f = )\péi,l, fori = 1, 2, (6.39)

for the translation rate. Here, ¢, ; denotes the Kronecker delta symbol.
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Cumulants. We aim to recover expressions for the inactivation loop model from
the generalised model. The system of algebraic equations for this model follow from

(6.23), taking the form of

(1" + Q12)b(()1) - Q21b£12) =", (6.40)
(5 + )by — qiabl? =0, (6.41)
from which we recover
BV — A" (05" + ) _ (6.42)
0 (V" + q12) (V8" + 21) — Q12921
Combining (6.42) with (6.29) we find
)\m
(my) = —, (6.43)
/yeff
where
q1273"
F= - (6.44)
Teit = V3"t g2
is the effective rate of mRNA decay. The recurrence relations (6.18) read
(V" 4 qua + ny? )b — X — g0 5 = 0, (6.45)
(Y2 + g1 + nyP)bP — qibH = 0, (6.46)
for n > 1. Solving the algebraic system (6.45)-(6.46) in b%l) yields
p m D
B AP (75" + go1 +n7P) b (6.47)

n Ap2p2 4 VPV 4+ AT+ go1 + qi2)n + VYT + Vg1 + V5 e
which is a recursive expression whose first term (i.e. zeroth) is given by (6.42). The

sequence a,, can be obtained from (6.24) as

N
n,}/p n—1>

n>1. (6.48)

Ay —

Note that equations (6.47) and (6.48) rederive their one-dimensional counterparts

(4.18) and (4.23) given in Chapter 4 (cf. Section 4.3).

6.6 Multiphasic mRNA lifetime

In this section, we consider that mRNA molecules posses K > 2 stages of their lifetime,

where the transition rates correspond to the ageing of an mRNA molecule. We can
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represent this process, which we refer to hereafter as the multiphasic model, by the

following reaction scheme

m

0 27 mRNA, 2, [ RNA, —0o, L S0 RN A, 206 g

mRNA; 2% mRNA,; + protein, i=1,..., K, (6.49)

P
protein — 0.

By (6.49), there are K stages of an mRNA’s molecule lifetime, each of which lasts
1/K~!} on average. The total mRNA lifetime is then 1/4%; ~/%: is thereby interpreted
as the effective mRNA decay rate.

The multiphasic model (6.49) is obtained by making the following choices in the
general model statement (6.1):

A™m fori =1,
A = (6.50)

0 fori # 1,

and

Ky ifi=K,
N = (6.51)
0 otherwise.

The transition matrix Q (6.21) for the multiphasic model takes the form of

-1 1
-1 1
Q = K : (6.52)
-1 1
0
and the matrix A (6.20) is given by
0
0
A =K% . (6.53)
0
1
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Inserting (6.53) and (6.52) into (6.23), we obtain the system of recurrence equations

1 b(()l) A
@)
g s 0
K —1 o l=1 | (6.54)
s 0
1
-1 1) o 0

0

from which, upon taking the i-th row of (6.54) and solving the recursive equations
— Kb + Kby =0, for2 <i<K, (6.55)

where b(()l) = \""/ K+, we recover

)\m

— . (6.56)
K~

by

Formula (6.56) gives the mean of mRNA molecule in the i-th state of its lifetime. Note
that the matrix B (6.22) takes the form of B = A\’I, where I is the identity matrix.
Having found the first moments (i.e. means) (6.56), we then determine the second

moments. Taking n = 1 in (6.18), we have

(1)
KA+ b 1
by 1
m m 1
_K’Yeﬂ? K’Yeff + pr .
e S O
Kveg +7 :
Ky Ky +97) | ) 1
1
(6.57)
from which we obtain the first term of the sequence bgi) as
AP\
b(l) =y = . (6.58)
' Kyl (Kl +97)
Equation (6.57) implies that
i 5 AP ,
Kb (Kb = 22 for2 <i < K, (6.59)
‘[(,yeﬂr
which can equivalently be rewritten as
b =u4oblY, 2<i<K, (6.60)
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where we set
K

=—= 6.61
TR (661
for simplicity. Combining (6.60) and (6.58), we obtain
B = Lyt (u— “ ) 1<i<K, (6.62)
1—w 1—w

from which all the elements of bgi) (thereby the second moments) can be iteratively
obtained. It is worth noting that one can derive higher moments using formula (6.18),
but we limit our study to the first two moments.

Next, we focus on calculating the first two terms of the sequence a, (6.24).
Setting n = 1,2 in (6.24) and inserting (6.56) and (6.62) into the resulting
equations, respectively, we get
AP\ APy, (K—i—v(—l—K—i—vK))

and ay =

e 29P(1 — v)? (6:63)

ay

Having found the first two terms of a,,, we are now ready to calculate the Fano factor.
Inserting (6.63) into (6.37), and substituting (6.58) and (6.61) into the resulting

expression yields

P m KA~™ K
Fom 142 (14 2 —1+<¢) , (6.64)
P P Krefp + 7

where F,, stands for the multiphasic Fano factor.

6.7 Conclusion

In this chapter, we formulated and analysed a structuration of the two-stage gene
expression model that considers multiple mRNA states. We demonstrated that this
generalised model (in the sense of having multiple mRNA states) can be used to
capture the dynamics of simpler models such as the inactivation loop model and the
multiphasic mRNA model, which were analysed in detail as a particular interest of
this chapter.

We introduced the generalised model and formulated its mathematical
description via the CME. Next, we focused on seeking a solution to the
corresponding partial differential equation obtained by transforming the CME using

the generating function approach. A suitable ansatz was employed for converting

75



Conclusion The generalised model

the PDE to a system of ODEs. Subsequently, using the power series method, we
sought a solution to the ODE system, which is then expressed in matrix form as a
system of recurrence equations. We recovered the generating function of the
stationary distribution of mRNA and protein amounts by means of the coefficients of
power series, which were obtained by solving the recurrence relations under the
initial conditions.

Furthermore, the sought-after solution was then used to characterise the
marginal protein and mRNA distributions. To determine the protein distribution, we
used the factorial moments calculated from the factorial cumulants. Additionally, we
demonstrated that the mRNA distributions are Poissonian; therefore, we derived the
protein mean and Fano factor and thus expressed it in terms of the first two factorial
moments. We then provided two different examples to which the generalised model
and its results can be applied.

The first example was the two-stage gene-expression model extended by an
mRNA inactivation loop. @ We demonstrated that under a suitable choice of
parameters, the generalised model and its results can be used to recover the
expressions for the extended model. In particular, we rederived the formulae for the
cumulants and showed that they agree with those obtained for the extended model.

As a second example, by making suitable parameter choices in the generalised
model, we presented the multiphasic model in which an mRNA molecule is assumed
to be transitioning through its lifetime stages. The solution formula derived previously
for the generalised model and the associated matrices (e.g. the transition matrix) for
this model were used to determine, upon solving the recursive equations, the first
two moments of mRNA distributions, allowing us to calculate the Fano factor for the
multiphasic model.

In summary, this chapter provides a systematic mathematical breakdown for
protein and mRNA distributions in a structured gene expression model, which takes
into account multiple mRNA states. We believe that the model and its results can be

used in understanding the dynamics of underlying biochemical processes.
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Conclusion

Chemical reaction networks describing many biological processes require a rigorous
mathematical formulation of the underlying model. One of such mechanisms is the
stochastic gene-expression process, which describes the production of gene products
such as proteins. Due to the inherent occurrence of chemical reactions, the number
of species involved varies over time, leading to an interest in quantifying it.
However, this task becomes more and more challenging as the number of species in
the system of interest increases. From a mathematical point of view, simple models
remain inadequate to elucidate the problem, giving rise to the study of more
complex models that account for multivariate dynamics. In this thesis, we have
addressed and studied such models of stochastic gene expression.

First, we reviewed fundamental mathematical concepts and methods common in
biochemical reaction systems. These include general reaction kinetics, whose
deterministic and stochastic description is given by a system of ordinary differential
equations and the chemical master equation, respectively. As a standard technique
for solving the CME, we presented the generating function method. In particular, we
introduced the basic two-stage model of gene expression, providing its
corresponding ODE system and chemical master equation. Additionally, we provided
the stochastic simulation algorithm for obtaining sample time trajectories of species
in a system.

We next focused on a specific multiclass—-multistage model that considers
complex lifetime pathways for a self-regulating transcription factor. We have shown
that the one-dimensional and the structured models exhibit the same stationary
protein distribution in the non-bursty regime. Our theoretical results were
cross-validated by performing stochastic simulations.

Motivated by relevant studies in the literature, we have extended the basic
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two-stage gene expression model by including an mRNA inactivation loop. We
provided a comprehensive mathematical analysis in both deterministic and
stochastic frameworks; obtained the statistical measures, which we then used to
quantify the noise. Consequently, our noise analysis demonstrated that the inclusion
of an mRNA inactivation loop into the classical model reduces the protein noise. In
what follows, we have generalised the extended model to the one that considers
multiple mRNA states. We have shown that the generalised model can govern the
dynamics of simpler models, such as the extended and the multiphasic model.
Notably, our results provide non-trivial expressions for the steady-state protein
distribution.

In summary, we think that the models and their extensive mathematical analysis
studied in this thesis will contribute to understanding the dynamics of biochemical

mechanisms in relevant research fields.
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