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Abstract

Movement is an important part of life. For example, in a central and fundamental
process known as gene expression, there is a movement of biological particles
called RNA polymerases on the DNA strand to produce messenger RNA (mRNA).
Then, ribosomes move sequentially along an mRNA molecule and decode it to
produce functional proteins. In intracellular transport within living organisms,
motor proteins move along microtubules to transport cargo from one location to
another. Another prominent example is the vehicular traffic in a city, where
people or goods are transported to another place via pathways. Understanding
these complex transport phenomena has been a significant area of research in
mathematics, biology, and physics. It requires developing appropriate mathematical
and computational models to analyze the flow of particles in these systems. Over the
years, the Ribosome Flow Model (RFM), obtained via a mean-field approximation
of a stochastic model called the Totally Asymmetric Simple Exclusion Process
(TASEP), has provided a rigorous mathematical framework for the analysis. It is a
deterministic, continuous-time model for analyzing the flow of interacting particles,
and its dynamics are described by ordinary differential equations (ODEs). It is
amenable to both mathematical and numerical analysis. The results of the RFM

analysis can be used to model and engineer gene expression.

In this thesis, we rely on the framework of RFM to model and analyze the
dynamical flow of particles along an ordered chain of sites encapsulating various
biologically observed features. We specifically focus on formulating a system of
non-linear ordinary differential equations, where the densities of each site on a lattice
serve as the state variables and understand their asymptotic behavior. Exploring
cooperative irreducible systems of ODEs with a first integral exhibiting positive
gradient, we leverage results on the global phase portrait of such systems in our
proposed models. Additionally, contraction theory proves to be a powerful tool
for establishing asymptotic properties, such as convergence to steady-state and

entrainment to a periodic excitation.

There are certain types of uncertainties present in the system leading to
variability in the parameters modeling the dynamics. In this direction, we develop
a framework to understand the flux of particle flow in the transport system having
different site capacities. Next, drawing inspiration from complex cellular processes
like intracellular transport where particles having extended length interact through
binding and repelling actions and can detach along the microtubule, we investigate
the impact of interactions and detachment phenomena on the output rate. Further,

motivated by experimental studies on collision-stimulated abortive termination of
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ribosomes, we develop a modeling framework to analyze the production rate under
various circumstances. Next, we derive a network model for large-scale translation
in the cell that encapsulates important cellular properties like ribosome drop-off
and attachment. We explore the effects of ribosome drop-off on production rates
to understand how drop-off influences the total production rate in the system.
Moving ahead, we develop a closed network system modeling simultaneous particle
movement along tracks with varying capacities in a resource-limited environment.
This facilitates the study of competition for shared resources and the development
of network models with feedforward and feedback connections between the tracks.
Inspired by real-world systems where entry rates into a lane are influenced by nearby
pools’ occupancy, we develop a model where parallel lanes are strategically connected
to multiple finite pools. This model takes into account the distribution of particles

in a local neighborhood.

In summary, we develop mathematical models that capture intricate features of
several biological and physical systems. These frameworks yield deeper insights into
how parameters influence system dynamics, enhancing our comprehension of the

underlying processes.

Keywords: Transport Phenomena; Mathematical Modeling; Ribosome Flow
Model; Ordinary Differential Equations; Cooperative Theory; Contraction Theory;
Steady-State.
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Chapter 1

Introduction

1.1 Transport phenomena

Over the years, unraveling the intricate dynamics of transport phenomena has
remained a focal point for scientists and engineers in various research domains
such as Mathematics, Physics, Biology, and more. Understanding the underlying
mechanisms driving these transport processes is crucial in analyzing their respective
dynamics. Many natural or man-made transport processes can be viewed as
non-equilibrium systems where ‘particles” move along a one-dimensional lattice of
ordered ‘sites’. The concepts of self-driven and field-driven dynamics describe two
different mechanisms by which particles move within these systems. Self-driven
dynamics involve internal forces propelling particles autonomously, while field-driven
dynamics result from external fields exerting forces on particles. There is a
non-zero particle flux present in these systems which allows the particles to flow
preferentially in a particular direction. Hence, to analyze the collective movement of
particles in such systems, it is important to gain insights about the non-equilibrium

steady-states.

A pivotal and fundamental process within this realm is gene expression, which
converts genetic information into proteins [1|. Gene expression comprises two
primary stages: transcription and translation. In transcription [2], biological
particles known as RNA polymerases (RNAPs) move to interpret the instructions
encoded in specific regions of the DNA strand, generating messenger-RNA
(mRNA) (see Fig. 1.1a). The mRNA consists of codons, with each codon
corresponding to a specific amino acid. In the subsequent translation stage [3],
ribosomes sequentially traverse the mRNA and the successive tRNA molecules bring
amino acids to the ribosome, and the growing polypeptide chain is formed through
peptide bond formation, ultimately yielding functional proteins (see Fig. 1.1b). The
polypeptide chain, in turn, represents the initial linear form of a protein, with its

final structure and function determined by the specific sequence of amino acids.

Another notable example involves intracellular transport [2], where molecular

motors facilitate the movement of cargo between the cell’s center and periphery (see
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Figure 1.1: Biological processes: a) DNA transcription into mRNAs by RNA
polymerases. b) mRNA translation to produce polypeptide chains by ribosomes.
c¢) Intracellular transport to deliver cargo by kinesin.

Fig. 1.1c¢). These motors navigate along microtubule pathways, utilizing the energy
generated through adenosine triphosphate (ATP) hydrolysis [4]. Additionally, the
transportation of goods in a city’s vehicular traffic serves as another instance,
illustrating the movement of vehicles from one location to another [5]. Linear
communication networks provide yet another example, where data packets traverse

a structured arrangement of buffers [6].

The analysis of these transportation processes commonly involves employing a
model depicting the flow of particles along an ordered sequence of sites known
as a lattice or track. The particles” movement may exhibit either unidirectional
flow, as seen in gene translation |7], or bidirectional flow, as observed in gene
transcription [8, 9]. To enhance the overall flow, multiple particles often traverse
the same lattice simultaneously. For instance, several ribosomes concurrently decode
the same mRNA molecule to increase protein production [10, 11]. In general, these
moving particles possess volume and are unable to pass through a particle positioned
in front of them. This leads to adherence to a simple exclusion principle, asserting

that along the lattice, two particles cannot occupy the same site simultaneously.



Consequently, a stalled particle can trigger the formation of “traffic jams” behind
it. Substantial evidence supports the existence of traffic jams involving ribosomes,
RNAPs, and motor proteins [10, 12, 13].

The proper functioning of these transport processes is crucial for the survival
of any living organism. For example, specific mutations in molecular motor
components can give rise to various neurological conditions, such as Alzheimer’s
disease, viral transport issues, and kidney diseases [14]. Additionally, research
indicates that ribosome drop-off may lead to potentially non-functional proteins,
contributing to developmental defects [15]. The consequences of traffic jams are
also of significant interest in understanding how particle density relies on system
parameters |16, 17]. Despite years of in vivo and in vitro studies on these transport
processes, certain properties remain inadequately analyzed due to experimental
constraints. Consequently, there is a need to develop suitable models to scrutinize
the movement of biological particles within the realms of biotechnology and synthetic

biology.

In investigating cellular transport phenomena, scientists employ mathematical
and computational models to analyze both qualitatively and quantitatively [18, 19,
20, 21]. Mathematical models are becoming increasingly significant in understanding
particle flow dynamics because they can be used to make qualitative and quantitative
predictions about the effects of changing parameters on system dynamics 22, 23,
24, 25|. Models with a steady state or several steady states are useful in numerous
studies in system biology [26]. This is so as the steady state has been used to
accurately predict several features of the biological experiments that are generally
performed in a very specific experimental environment |27, 28]. These models aid in
the identification of useful control parameters and in understanding the influence of
system structure and parameters on the particle density along the chain. Another
objective involves determining optimal parameter values that lead to achieving an
optimal production rate. Their significance is notably pronounced in synthetic

biology, wherein biological modules undergo modification or redesign [29].

1.2 Totally asymmetric simple exclusion process

The conventional model of translation is the totally asymmetric simple exclusion
process (TASEP) introduced by Mac-Donald et al [30]. It is a stochastic model
for modeling the unidirectional flow of particles along an ordered lattice. The term
“simple exclusion” represents that the particles hop forward with some probability
to a neighboring site provided it is empty. This describes the fact that the particles

cannot overtake each other due to their volume constraint. In TASEP with open



boundary conditions, the particles enter the chain from the environment and exit
the chain into the environment. Fig. 1.2 depicts the topology of TASEP with open
boundary conditions along the chain having n sites. The input rate into the chain
is denoted by a > 0, the hopping rate from site ¢ to site ¢ + 1 is denoted by ~; > 0,
and the exit rate from the chain is denoted by 5 > 0. During a short time interval
[t,t + AT, a particle enters the chain with probability « AT, provided the first site
is empty, hop from site ¢ to site ¢ + 1 with probability AT, provided site ¢ 4+ 1 is
empty, and exit the chain with probability SAT.

Figure 1.2: TASEP with open boundary conditions.

The TASEP has been used to study a large number of transport phenomena
ranging from intracellular transport to pedestrian dynamics [22, 31, 32|. However,
due to the indirect interactions between the particles, rigorous analysis of TASEP is
still a challenge, and closed-form results exist only in the case of the homogeneous
TASEP or in particular cases such as when only one or two rates differ from all the
others. In the non-homogeneous case, one resort to extensive and time-consuming
Monte Carlo simulations [33, 34, 35]. Several mathematical models, such as those
based on Petri nets and probabilistic Boolean networks, have been proposed, but

they often entail lengthy and laborious calculations [36, 37].

Reuveni et al. introduced a dynamical model called the ribosome flow model
(RFM) for translation and it has been used extensively to study transport
in cell biology with many applications [38]. It is a deterministic dynamical
model for describing the evolution of particle densities in a finite chain with
unidirectional movement that obeys the ‘soft’ version of the simple exclusion
principle. The dynamics of the RFM are described by nonlinear ordinary differential
equations (ODEs) [39].

The next section describes the dynamics of the RFM.

1.3 Ribosome flow model

The RFM is a continuous-time model for analyzing the flow of particles along n
consecutive sites [39]. During modeling the flow of ribosomes in the translation

process, mRNA molecules are coarse-grained into a lattice consisting of n sites of
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codons. The entry of particles from the environment to the first site of the lattice
is regulated by a transition rate \g. The flow of particles from site ¢ to site ¢ + 1
is regulated by a transition rate \; for : = 1,2,...,n — 1. The transition rate at
which particles exit the lattice is regulated by A,. The rates \;, © = 0,1,...,n
are positive numbers and has units of 1/time. The exact values of \;’s can be
determined based on the biophysical properties of the phenomena modeled by the
RFM. For example, in the translation process, these properties include the tRNA
pool of the organism, the codon composition of each site, the local folding of mRNA
molecule, and the number of free available ribosomes [38, 40]. The occupancy or
density level of site ¢ at time ¢ is represented by a state variable x;(t) : Ry — [0, 1],
for i = 1,2,...,n. Here, z;(t) € [0, 1] represents the probability how occupied site
i is, where x;(t) = 0 |x;(t) = 1] means that site ¢ is completely empty [completely
occupied| at time ¢. The topology of the RFM is described in Fig. 1.3.

ANONNEDN NSO

(00000 -_—
R(t)
x1(t) x(t)  x3(t) Xn-1(t)  x,(t)

Figure 1.3: The RFM models unidirectional flow along a chain of n sites. The
density at site ¢ at time ¢ is represented by z;(t) € [0, 1]. The transition rate from
site ¢ to site ¢ 4+ 1 is regulated by a parameter \; > 0, with A\g and A, regulating
the initiation and termination rates, respectively. R(t) denotes the output rate at
time ¢.

The dynamics of the RFM is given by n nonlinear first-order ODEs:

iil'l = )\0(1 — .%'1) — )\1.%'1(1 — %2),

Zl"JQ = )\11‘1(1 — 1’2) — )\21‘2(1 — 1'3),

Tn = A1Zn_1(1 — ) — A\ (1.1)

Defining x¢(t) = 1 and x,41(t) = 0 allows to write the above equations more
succinctly:

T; = >\i—1517i—1(1 - -’Bz) - /\ixi(l - fEi+1)a (&S {L cee ,n}. (1-2)

The flow of particles from site i to site ¢ + 1 increases with the occupancy level of
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particles at site ¢ and decreases as site ¢ + 1 becomes fuller. This corresponds to a
“soft” version of the simple exclusion principle in TASEP. Hence, the rate of flow of
particles from site ¢ to site ¢ + 1 is proportional to z; and (1 — ;) [vacancy level at
site ¢ — 1] and is given by A\;z;(1 — x;11). Thereby, Eq. (1.2) states that the change
in the state variable x; as a function of time t is equal to the flow entering from site
i — 1 to site ¢ minus the flow leaving from site i to site ¢ + 1. The rate of flow of
particles out of the system is the output rate given by R(t) := A,x,. In the case
of mRNA translation, the output rate of ribosomes from the mRNA is also called
translation (protein production) rate. Since the state variables represent normalized
density levels, the state-space of the RFM is C™ := [0, 1]™.

Thus, RFM is a nonlinear compartmental system, where each x; represents a
normalized amount of “material” in the ith compartment and the dynamics describe
the flow of material from one compartment to another (see Fig. 1.4). Compartmental
systems play an important role in various biological domains including cellular

growth, pharmacokinetics, and epidemiology [41, 42].
7\0 7\1 )\2 13 )\n—3 )\n—z 7\n—l )\n

R(t)

x1(t)  x(t)  x3(t) Xn—2(t) xp_1(t) xp(t)

Figure 1.4: The RFM as a compartmental system where z;(t) denote the normalized
amount of “material” in compartment 7 at time t.

The RFM can be derived via a mean-field approximation for the occupation
probabilities of the sites of TASEP with open boundary conditions. The advantage
of this model is that it is highly amenable to rigorous numerical and mathematical
analysis using tools from systems and control theory [39]. The theory of TASEP
focuses on phase transitions [23]|, domain wall theory [43], etc., which is different
from the control-theoretic approach used to analyze RFM. Also, the analysis of the
RFM provides results that are valid for any number of sites n. In contrast, the
analysis of the TASEP provides approximate results that become more accurate
as n is taken to be very large. Furthermore, the analysis of the RFM holds for
any set of feasible rates including the case where the rates differ from one another.
From modeling intricate dynamics to analyzing stability, predicting future states,
and optimizing processes, the application of RFM theory significantly contributes

to the understanding of complex transport phenomena [44, 45, 46].

We next address the relevant concepts and results that describe the dynamical
properties of the RFM.



1.4 Dynamical properties of RFM

For two vectors a,b € R", we write a < bif a; < b; forall i = 1,....,n,a < b
if a; < b; and a; < b; for some 7, and a < b if a; < b; for all ¢ = 1,... n. Similarly,
for two control function u,v : Ry — Ry, we write u < v if u(t) < v(t) for all ¢ > 0.
Let z(t,a) denote the solution of Eq. (1.1) at time ¢ > 0 for the initial condition
acC"

1.4.1 Invariance

Defining an invariant set is an important aspect of analyzing dynamical systems.
The existence of an invariant set entails bounds for the solution’s behavior [47]. In
this thesis, the main focus lies on modeling cellular transport through dynamical
systems generated by a system of nonlinear differential equations. Therefore, it is

important to consider such state spaces that form an invariant set for the system.

Definition 1.4.1. A set C' is invariant if a solution starts in C' and stays in it for
all ¢ > 0.

Proposition 1.4.1 ([39]). The state space C™ is an invariant set for the dynamics

of the REM, i.e., if a € C™ then z(t,a) € C™ for allt > 0.

In other words, every trajectory emanating from any initial condition in the state

space remains in it for all ¢ > 0.

1.4.2 Repelling boundaries and persistence

Consider a time-varying dynamical system:

y=rty), (1.3)

whose trajectories evolve on ) = I} X Iy --- x Iy C R™, where each [}, is an interval
of the form [0,¢],c > 0 or [0,00), t € [0,00) is the time, and f is nonlinear vector
field which is continuously differentiable. Let y(¢,a) denote the solution of (1.3) at

t for the initial condition a.

Definition 1.4.2 ([48]). The vector field f has the boundary repelling (BR) property
if given any € > 0 and each sufficiently small A > 0, there exists M = M (e, A) such
that for each i € {1,2,...,n} and each t > 0, the condition

yi(t) <A and y; > € forevery je{l,2,...,i—1} (1.4)

implies that

7



In other words, every y;(t) is separated from zero after an arbitrarily short time.

Definition 1.4.3 ([49]). The vector field f has the cyclic boundary repelling (CBR)
property if given any € > 0 and each sufficiently small A > 0, there exists M =
M (e, A) such that for each i € {1,2,...,n} and each t > 0, the condition

yi(t) <A and y;—1 > € (where yo = yn) (1.6)

implies that
filt,y) > M. (1.7)

In particular, if system (1.3) have a first integral then this property is important

to conclude that the trajectories get repelled from the boundaries.

Proposition 1.4.2 ([48, 49]). Suppose that vector field f satisfies BR (CBR)
property and for any T > 0, x;(1) > 0 implies that x;(t) > 0, for alli € {1,2,...,n}
and all t > 7. Then given any 6 > 0 there exists € = ¢(d) > 0, with ¢(§) — 0 as
0 — 0, such that every solution y(t,a) satisfies

yi(t,a) > €, forall t>06 and i€{1,2,...,n}. (1.8)

The following result shows that trajectories of (1.1) that emanate from an initial

condition in C™ become uniformly separated from the boundary of C™.

Proposition 1.4.3 ([48]). Consider the RFM. For any 0 > 0 there exists e = €(0) >
0, with €(§) — 0 as 7 — 0, such that for any a € C™ \ {0} we have

e<uzi(t,a) <1—¢ forall t>6 and i€{1,2,...,n}. (1.9)

In other words, after an arbitrarily short time, each state variable is in the
range [¢,1 — €]. This implies that, after an arbitrarily short time 7 > 0, every site

along the lattice is neither completely empty nor completely full.

To explain the usefulness of Proposition 1.4.3, consider the Jacobian J(x) of the
vector field of the RFM given by



-—)\0 — )\1(1 — .1'2) )\11‘1 0 |
)\1(1 — I‘Q) —)\1231 — )\2(1 — SL’3> )\21’2
0 ce An,1$n,1
0o ... — A Tn

For any x € C”, all the entries of J(z) are non-zero and it may become reducible for
values x on the boundary of [0, 1]*. However, J(z) is irreducible for all z € (0,1)".
Thus, Proposition 1.4.3 is useful in guaranteeing that after an arbitrarily short time,
the matrix J becomes an irreducible matrix. This property is important in analyzing

the asymptotic properties of the RFM.

1.4.3 Monotonicity

Let €2 C R™ be an open set. Consider a system of n ODEs:

y =), (1.10)

where f : 2 — R” is a continuously differentiable function. We assume that the
solution exists for all ¢t > 0. Let y(t,a) denote the solution of (1.10) at time ¢ for

the initial condition a.

Definition 1.4.4 (]|50], Chapter 3). Let <g denote any of relations <, < and <.
The vector field f : 2 — R” is said to satisfy the Kamke condition if for any vectors
a,b € Q satisfying a <g b, we have f;(a) <g fi(D).

The next result implies that the flow is monotone.

Theorem 1.4.1 (|50], Chapter 3). Suppose that the vector field f satisfies the Kamke

condition. Then for a <g b, we have

y(t,a) <g y(t,b), forall t>0. (1.11)

One way to verify that the Kamke condition holds is based on the sign structure
of the Jacobian matrix J whose ij entry is yf L
ij

Definition 1.4.5 (|51]). System (1.10) is called cooperative if for each y € Q,
dfz

8f’ (y) > 0 for any 7 # j. If a cooperative system satisfies ( ) =0 for any |i —j| >

1 then it is called a tridiagonal cooperative system. Furthermore if 8f’ (y) > 0 for

any |i — j| = 1, then it is called strongly cooperative tridiagonal system (SCTS).

9



Proposition 1.4.4. For a cooperative system defined on an open convex set §2, the

resulting local flow is monotone.

Proof. By the fundamental theorem of calculus for line integrals [52], we have

Lof;
0 a?/j

fi(b) = fila) = (a+ (b—a)r)(b; — a;)dr. (1.12)

We have ggi_ (y) > 0 for any ¢ # j, therefore the above equation implies f;(a) < f;(b).

Hence, by Theorem 1.4.1 the flow of (1.10) is monotone. O

Proposition 1.4.5 ([39]). For any a,b € C™ with a <gr b, the solution of the RFM
satisfy
z(t,a) <g x(t,b), for all t>0. (1.13)

This has the following interpretation. If b, > a; for all 7, we say that a density
profile b is “more occupied” than a. The above proposition guarantees that this
relation between the corresponding density profiles of the RFM remains true for all

time.

1.4.4 Contractivity

Contraction theory is a potent tool for analyzing the behavior of certain nonlinear
dynamical systems [53]. It is a powerful tool for proving asymptotic properties
of the system including convergence to equilibrium and entrainment to a periodic
excitation |54, 55].

We consider a general deterministic dynamical system of the form:

y=fty), (1.14)

where y(t) € Q C R™ is the state variable, ¢ € [0, 00) is the time and f is nonlinear

vector field which is continuously differentiable. Let y(¢,a) denote the solution of

(1.14) at t for the initial condition a. Given a vector norm |.| : R® — RT, the
induced matrix norm |[|.]| : R™*"™ — R* is ||A|| = 1|rn|a>1<|Ay| and the induced matrix
y:
measure £ : R™™ — R is p(A) = limy (|| + hA|| — 1).
h—0

Definition 1.4.6 ([53]). The system (1.14) is called contractive if there exists a

vector norm |.| and ¢ > 0 such that
1y(t,a) — y(t,6)] < exp(—ct)la — b, (1.15)
for any a,b € 2 and all t > 0.
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We focus here on the matrix measures to prove that the trajectories converge to

each other exponentially.

Definition 1.4.7 ([55]). The given system (1.14) is said to be infinitesimally
contracting on (2 if there exists a norm ||.|| on 2, with associated matrix measure

i, such that for some positive constant ¢ (contraction rate) it holds that

u(J(t,y)) < —c, forall yeQ andall t>0. (1.16)

The next result states that infinite contractivity implies global contractivity.

Theorem 1.4.2 ([55]). Let Q be convex and an invariant set of the dynamics of
(1.14). Suppose that [ is infinitesimally contracting on Q with respect to a norm,
||.||, with contraction rate c. Then for any two solutions y;(t) and yo(t), it holds
that:

lly1(t) — yo(t)|| < exp(—ct)|y1(0) — y2(0)|, for all t > 0. (1.17)

Certain dynamical systems from system biology are not contracting with respect
to any norm but become eventually contractive after arbitrarily short transients
in time or amplitude. Indeed, the study of contraction after initial transients
seems reasonable as this notion is usually used to prove asymptotic properties

of the dynamical system. We next define two forms of generalized contractive

systems(GCSs).

Definition 1.4.8 ([56]). The system (1.14) is said to be contractive after a small
overshoot and short transient (SOST) on 2 with respect to a norm |.| if given any

e > 0 and 7 > 0 there exists ¢ = ¢(7,€) > 0 such that
ly(t + 7,a) —y(t + 7,0)| < (1 +€) exp(—ct) |a — b, (1.18)
for all ¢t > 0 and all a,b € €.

The definition of SOST states that the system contracts at an exponential rate
but only after an arbitrarily small time 7 and with an arbitrarily small overshoot
(1+e).

Definition 1.4.9 ([56]). The system (1.14) is said to be contractive after a small
overshoot (SO) on 2 with respect to a norm |.| if given any ¢ > 0 and 7 > 0 there

exists ¢ = ¢(7,€) > 0 such that
[y(t,0) — y(t, )] < (1+€) exp(—ct) |a— b, (1.19)
for all t > 0 and all a,b € Q.
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The definition of SO states that the system contracts at an exponential rate with

an arbitrarily small overshoot (1 + ¢€) and there is no time transient.

Note that SO implies SOST. The next definition provides a sufficient condition
to show that system (1.14) is SOST with respect to a norm.

Definition 1.4.10 ([56]). The system (1.14) is said to be nested contractive (NC)
on  with respect to a norm |.| if there exist a convex set Q¢ C Q and norms
l.le : R® = Ry, where £ € (0,1/2], such that the following conditions holds.

Lo Uee(o.1/2 2 = ©, and Qg C Qg,, for all & > &.

2. For every 7 > 0 there exists £(7) € (0,1/2], with {(7) — 0 as 7 — 0 such that
z(t,a) € g, for all a € Q and all ¢ > 0.

3. It is contractive on (¢ with respect to a norm |.|¢ .

4. The norms )¢ converge to |.| as £ — 0, ie., for every £ > 0 there exist
d =9d(&) > 0 witho(§) — 0 as £ — 0 such that (1 —d)|w| < |w|e < (1+9)|w],
for all w € Q.

Theorem 1.4.3 ([56]). If the system (1.14) is NC with respect to a norm |.| then
it 1s SOST with respect to a norm.

Also, it is interesting to know that under what conditions SO and SOST are

equivalent. The following definition addresses this aspect.

Definition 1.4.11 ([56]). A system (1.14) is said to be weakly ezpansive (WE) if
for any € > 0 there exist 7 > 0 such that

ly(t, a) —y(t,0)] < (1 +€)la -], (1.20)

for all a,b € Q2 and all t > 7.

Proposition 1.4.6 ([56]). Suppose that the system (1.14) is WE. Then (1.14) is
SO if and only if it is SOST.

Let |.|; : R® — R, denote the Ly norm, i.e., for z € R", |x|; = |x1| + |xo| + -+ +
|z,|. The next result shows that the solutions of the RFM are contracting after an

arbitrarily small overshoot.

Proposition 1.4.7 ([48]). Given any € > 0 there exist v = v(€) > 0 such that the
solutions of the RFM satisfy

|z(t,a) — x(t,b)[; < (1+¢€) exp(—~t)|a—bls, (1.21)

12



for all a,b € C™ and all t > 0.

Proof: Tt can be proved that the RFM satisfies SOST property by referring to
Definition 1.4.10. It can be easily observed that RFM is WE (see Ref. [39]). Hence,
by Proposition 1.4.6, RFM satisfies SO property.

The above contraction result is useful in implying that the RFM satisfies several

useful and important asymptotic properties.

1.4.5 Global asymptotic stability

Theorem 1.4.4 (|51]). Consider the system (1.10) to be a SCTS defined on S.
Then either: a) limy_, y(t,a) exists and is a steady-state point of the dynamics, or

b) ast — oo, y(t,a) eventually leaves any compact set.

The following Brouwer Fixed-Point theorem guarantees the existence of the

steady-state point of the system (1.1).

Theorem 1.4.5 ([57]). Given that set €2 is compact and convez, and that function
f:Q — Q is continuous, then there exists some k € Q such that f(k) = k.

Theorem 1.4.6 ([39]). The RFM admits a unique steady-state point e € int(C™)
that is globally asymptotically stable, i.e.,
tlim x(t,a) =e, forall a€ C". (1.22)
—00
Proof: The proof can be concluded by combining the fact that the RFM is

a strongly cooperative tridiagonal system with the above theorems. Also, the

framework of contraction theory provides a tool to conclude the existence of a steady
state for the RFM.

Thus, any set of transition rates A\;, ¢ =0,1,...,n induces a unique steady-state
value and any trajectory of the RFM converges to this value, regardless of the initial

point. The next simple example demonstrates the dynamical behavior of the RFM.

Example 1.4.1. Consider the RFM with dimension n = 3, rates A\ = 1.1654,
A1 = 1.0426, Ay = 1.0249, and A3 = 1.2086 . Fig. 1.5 depicts trajectories for six
different initial conditions [0.5 0 0, [0 0.5 0], [1 0 0], [0 1 1), [1 0 1], and

[1 1 1). It can be seen that the three solutions converge to the same point.

1.4.6 Entrainment

Many biological systems are excited by periodic signals, for example, the 24-hour

solar day. Proper functioning requires biological mechanisms to synchronize with
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Figure 1.5: Trajectories of the RFM in Example 1.4.1 for six different initial points
in int(C™). The unique steady-state point is marked by an ellipse.

the periodic excitations. An important question is whether the system converges
to a periodic pattern with the same period as the excitation. It is well-known that
stable linear time-invariant systems entrain [58]. There are nonlinear systems that
may not entrain, for example, their trajectories may display a chaotic pattern rather
than converge to a periodic pattern [59]. There are however two important classes
of nonlinear systems that do entrain: contraction systems and cooperative systems

that admit a first integral.

The next theorem is an important result that proves entrainment to a periodic

excitation.

Theorem 1.4.7 (|56]). Suppose that the system (1.14), with state y evolving on a
compact and convex state-space §2, is SOST and that the vector field f is T-periodic.
Then it admits a unique periodic solution ¢ : [0,00) — Q with period T and y(t,a)

converges to ¢ for any a € ).

To study entrainment in the RFM, assume that the parameters \; are not
constant, but are time-varying functions that are all jointly periodic with a

period T' > 0. More precisely, we assume that

e There exists a (minimal) 7" > 0 such that all the rate functions \;(¢) are

non-negative, continuous and T-periodic.
e There exists 0 < ; < 0y such that \;(t) € [01, 2], for all ¢ and all t € [0, 7).

14



We then refer to the network as the periodic RFM (PRFM). Note that a constant

function is T-periodic for any T

The next result shows that the PRFM entrains.

Theorem 1.4.8 (|48]). The PRFM admits a unique function ¢ : R, — int(C™),
i.e., T-periodic and for any initial condition a € C™, the solution x(t,a) of the

PRFM converges to ¢ ast — oo.

The next simple example demonstrates that the RFM entrains to the periodic

excitations.

Example 1.4.2. Consider a PRFM with dimension n =4, \g = 1, \; = 1, \(t) =
2 4 sin(7t), A3(t) = 3 + sin(nt), and Ay = 1. Note that all the rates are periodic
with a common minimal period 7" = 2. It can be seen from Fig. 1.6 that all the

trajectories converge to the periodic solution with period T = 2.

Site densities

Figure 1.6: State variables z; as a function of ¢ in Example 1.4.2. Note that each
state variable converges to a periodic function with a period T = 2.

1.4.7 Spectral representation of RFM

At the steady state, the time derivative of the state variables in Eq. (1.1) is zero,

and this gives
)\161(1 —€i+1> = R, for i :O,l,...,n, (123)

where ey = 1 and e, 1 := 0. Solving the above set of nonlinear equations is not

trivial. However, there exists a spectral representation of the mapping from the \;’s
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to R [60]. Define the (n + 2) x (n + 2) tridiagonal matrix given by

0 A2 0 .. 0]
)\81/2 0 )\1—1/2
0 AP0

0 0 A2
0o MY o0

It has been proved that there is a simple maximal eigenvalue o > 0, and let ¢ € R"+?

be the corresponding eigenvector. It has been analyzed that steady-state densities

satisfy
Ci 2 .
e = /\1/2—+ for all i€ {1,2,...,n} (1.24)
i Girl
and .
R=—. (1.25)

1.5 Simulations

Direct simulation. We numerically solve the equation in Matlab to obtain the set
of steady-state occupancy probabilities and the steady-state rate of protein synthesis,
R. We start from an mRNA strand which is empty of ribosomes, x(0) = 0. The
densities are then found for a set of later times using Eq. (1.1) and Matlab’s ordinary
differential equation solver. The process stops when the vector z(t) converges to the
vector of steady-state density. More accurately, () is constant (up to we stop the
process for a time t* for which some prefixed numeric error threshold) for every
t > t*. The vector of steady state density and the protein production rate are then

r=-cand R = \,e,.

Stochastic simulation. Since the RFM is a mean-field approximation of TASEP,
we ran MATLAB simulations of this process. A simulation begins with an empty
chain of dimension n and continues for 107 time steps i.e., total simulation time.
Each site can accommodate atmost one particle and a particle can only hop
unidirectionally to a consecutive site if it is empty. Every site i, i = 1,2,...,n
in the chain is associated with hopping rates \;’s, where the next hopping event
time t; + €, is generated randomly. For site i, €, are random variables drawn from
the exponential distribution with mean rate \;. If hopping time is equal to the
simulation time, then the particle at site ¢ hops to site ¢ 4+ 1, provided site 7 + 1 is
empty. The occupancy at each site is averaged throughout the simulations with the

first 103 time steps discarded from the calculations to obtain the average steady-state
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reader density of each site.

To verify that the high correlation between the model and Monte Carlo
simulations holds for a large set of parameters, we ran 400 tests, wherein each

test a new set of rates are drawn randomly.

Example 1.5.1. Consider an RFM having dimensions n = 40. Assume that \; =
1 + 6; where 6; is a random variable uniformly distributed in the interval (—1,1).
Fig. 1.7 depicts the correlations between the steady-state mean densities (p) of the
RFMs and the steady-state mean densities (o) calculated through Monte Carlo
simulations. It can be seen that the correlation between the two is high (r ~

0.93484).

Figure 1.7: Steady-state mean densities (numerically simulated p and Monte Carlo
simulated o) and the corresponding Pearson’s correlation coefficient r and p-value
in Example 1.5.1.

Hence, Monte Carlo simulations support the modeling of dynamical aspects of

translation using RFM.

1.6 Generalizations of the RFM

The RFM primarily analyzes the dynamical flow of ribosomes along the mRNA
molecule during the translation process. Many important aspects: the effect of
ribosome recycling [61], optimizing the protein production rate subject to convex
constraints on the rates [44, 62, 63|, stochastic variability in translation [64], and
more have also been analyzed using tools from the theory of continued partial
fractions [65] and random matrix theory [66]. Several generalizations of the RFM

have been used to model numerous cellular central processes incorporating more
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sophisticated and more realistic features into the dynamical systems modeling
the movement of particles along the tracks. This includes ribosome flow model
network with a pool (RFMNP) to study the impact of competition for the limited
resources [49], excluded flow with local repelling and binding model (EFRBM)
to model the flow of motor proteins along a one-dimensional lattice of sites with
nearest-neighbor interactions between the motors [67], ribosome flow model with
Langmuir kinetics (RFMLK) that models attachment and detachment of ribosomes
along the mRNA molecule [68], the ribosome flow model with extended objects
(RFMEO) that models the unidirectional flow of ribosomes that cover several site
units [69], ribosome flow model with different site sizes (RFMD) that models the
unidirectional flow of particles along a lattice having different site sizes [70], and
many more. Next, we briefly review the dynamical properties of the enlisted models

above.

1.6.1 Ribosome flow model network with a finite pool

Naturally, as cellular resources are finite, the cellular components available are
in a limited amount, for example, it was estimated that there are approximately
24 x 10* ribosomes and 6 x 10* mRNA molecules in a yeast cell [71]. Biological
evidence suggests that there is an indirect coupling between the mRNAs as they
compete with each other for the limited availability of ribosomes [72|. Competition
for shared finite resources is a substantial aspect of studying the biophysics of
the cell. The investigation of the effect of a finite pool of ribosomes has been
done by a model called RFMNP introduced by Raveh et al. using a mean-field
TASEP approximation [49]. This is the very first model of a network composed of
interconnected RFMs. In this model, a set of m RFMs with input are considered
to represent different mRNA molecules parallelly competing for ribosomes. These
are interconnected through a pool of free ribosomes. An important property of the
RFMNP is that it is a closed system, so the total number of ribosomes remains
conserved for all ¢ > 0. Let z(t) denote the pool density of free ribosomes at time
t. The ith RFM has dimension n;, transition rates /\3 > 0, an input measurable
function G; and output function y*. The dynamics of the ith RFM in the network
is thus given by:
iy = AGi(2)(1 = 21) — Ajz (1 — ),
iy = ANy (1 — ) — Ay (1 — ),
(1.26)

Ty = Ay 1Ty, (1 —a,) — A\, @

n;—1 i

yl =\ g
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The output of each RFM is fed into the pool. Hence, the pool dynamics is given by:
g=> Y =Y NGi(2)(1 — i), (1.27)
i=1 i=1

In other words, all the ribosomes that exit the mRNAs feed the pool and the pool
feeds the initiation sites in all the mRNAs (see Fig. 1.8).

Pool
z(t)

Figure 1.8: Each mRNA is described by an RFM with input and output. The output
of each RFM is fed into the pool and the pool feeds the initiation rates of each RFM.
The function G; describes the likelihood that the particles from the pool will attach
to the ith RFM.

Recall that every state variable x§ denotes the probability how occupied is the
site j of ith mRNA molecule and the pool variable z represents an average number

of free ribosomes in the pool. Therefore, the relevant state space of the RFMNP is:
Q:=10,1]" x --- x [0,1]" x [0, c0).

Let m
H(t):=z(t) + > Y al(b).

i=1 j=1
This is the total number of ribosomes in the system at time ¢. Thus, H is a first
integral of the dynamics. Let d := n; +--- 4+ n,, + 1, and let 1; denote a column
vector of d ones. For s > 0, let Ly := {a € Q : 1,a = s}, ie., the s level set of
the first integral H. The next stability result provides a rigorous framework for
analyzing the effect of competition by analyzing the steady-state behavior of the

network after a change in the parameters.
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Theorem 1.6.1 ([49]). Every level set Ly contains a unique steady-state point ey,
of the RFMNP and for any initial condition a € L, the solution of the RFMNP

converges to ey, .

In other words, the REMNP admits a continuum of steady-state points and every

trajectory converges to a steady state.

1.6.2 Ribosome flow model with extended objects

In many biological flows, the particles are larger than their step sizes. For example, in
DNA transcription, each RNAP typically covers between 42 and 51 nucleotides [73]
and in mRNA translation, each ribosome typically covers about 10 to 11 codons |2].
In the RFM, mRNA molecules are coarse-grained into sites of consecutive codons.
However, how to coarse-grain the mRNA in a systematic way to obtain the best
fidelity between the model and the biological reality is still not clear. To encapsulate
the feature that every ribosome occupies the codon it is translating and codons after
it, a model called REFMEO was introduced [69]. The RFMEO is a continuous-time
model that describes the unidirectional flow of ribosomes where every ribosome
covers ¢ site units, with 1 < ¢ < n [69]. The part of the ribosome translating the

codon is referred to as the “reader”.

The transition rates A\; > 0 represent the flow of ribosomes from one codon to
another, where \y represents the rate at which the ribosomes start attaching to the
mRNA, and ), represents the rate at which ribosomes stop translating the mRNA.
Each codon on the n-dimension mRNA has a normalized reader density z(t) € [0, 1]

and a coverage density yx(t) € [0, 1] given by

wt)= Y. mt), k=12....n (1.28)

t=max{1,k—(+1}

The dynamical equations describing the RFMEO are:

&1 = Xo(1 —ye) — M@y (1 — yeqa),
Ty = )\1$1(1 - yz+1) - )\zxz(l - y£+2);

(1.29)
Ltn = )\nflxn71<1 - y2+n71) - Anxn(l - yZJrn)’
with y, = 0 for all £ > n.
More succinctly, we can write the above equations as follows:
Zj?i :fi_l(ﬂf) —f1<l’>, 1= 1,2,...,n, (].30)
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where
fl(l') = )\,L.Tz(l —yi+g), 1= O,l,...,n, (131)

with x;(t) = 0 and y;(t) = 0 for all ¢ < 1 and ¢ > n. The term x;(1 — y;4¢) represents
that the reader flow from site ¢ to site i + 1 increases with the reader density at site
i and decreases with the coverage occupancy level at site ¢ + ¢ (see Fig. 1.9). Also,
note that the equations describing the flow in the last sites are linear ones as the

ribosome decoding the last ¢ codons can move without any hindrance towards the
exit end of the mRNA.

PN PETN
[ X 1 J 4 ) { ) [ 1 1 J
\ / \ ’
S ” N

X1 (1) x;(t)  xi41(0) Xipo—1(8) Xi40(0)
( )
Y
£ sites

l Aixi(1—Yite)

Y O :\"\) :\’"‘) YY)
Xi—1 () x;(t)  xi44(0) Xipo—1(t) xi4p(L)
\ )

Y

£ sites

Figure 1.9: Ribosomes that cover ¢ sites scan the mRNA from left to right. The solid
circle represents the reader location of the ribosome and the sites ¢,i+1,...,i+¢—1

are covered by the ribosome. The flow of ribosomes from site 7 to site 7 + 1 is given
by A\ii(1 — yitre), where y; () = ?ffm w(t).

The RFMEO, unlike the RFM, is not a cooperative dynamical system. The RFM
is a special case of RFMEOQO, with ¢ = 1. Further, as x; and y, are densities, the

state space is given as:

U={reR":2,€l0,1 and y; € [0,1]}. (1.32)

The next result shows that the solutions of the RFMEOQO are contracting after an

arbitrarily small overshoot and short transient.

Proposition 1.6.1 (|69]). Given any e > 0 and each 7 > 0, there exist v = y(e) > 0
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such that the solutions of the RFMFEQ satisfy
lz(t +71,a) —x(t+7,0)1 < (1+¢€) exp(—t)|a — by, (1.33)
for all a,b € ¥ and all t > 0.

The following theorem states for fixed parameters in the system, the trajectories

corresponding to different initial states all converge to a unique steady-state point.

Theorem 1.6.2 ([69]). The RFMEO admits a global asymptotically stable
steady-state point e € int(V) i.e.,

lim z(t,a) = e, forall a € V. (1.34)

t—o00

1.6.3 Ribosome flow model with Langmuir kinetics

Biological observations suggest that ribosomes may detach from the mRNA before
reaching the stop codon due to different reasons such as the presence of premature
codon, depletion in the concentration of tRNAs, or ribosome stalling [74, 75]. Also,
it is known that ribosomes may get attached to a codon via internal ribosome entry
sites (IRES), or due to leaky scanning [76]. To encapsulate all these features, a
deterministic, nonlinear, and continuous-time model called ribosome flow model with
Langmuir kinetics (RFMLK) was introduced [68]. The RFMLK is a coarse-grained
mean-field approximation of TASEP with open boundary conditions and Langmuir
kinetics. The RFMLK describes the flow of ribosomes along n consecutive sites of

an mRNA molecule. It contains three sets of parameters:

e )\, >0,i=0,1,...,n, controls the transition rate from site 7 to site i + 1,
e o, >0,7i=1,...,n, controls the detachment rate from site i, and
e 3,>0,i=1,...,n, controls the attachment rate to site 7.

Each parameter has units of 1/time. The probability that how occupied site 7 is
at time ¢ is represented by a state variable x;(¢). The dynamical equations describing
the RFMLK are:

B = Xo(1 —21) = Mo (1 —22) + Bi(1 — 21) — aqy,
Ty = Mx1(1 — 22) — Aowa(1 — x3) + Fo(1 — 22) — po,

T = A1 1(1 — x) — App + Bu(1 — ) — . (1.35)
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The term «;x; represents the detachment of particles from site ¢ to the environment,
whereas ;(1 — z;) represents the attachment of particles from the environment to
site . The topology of the RFMLK is depicted in Fig. 1.10. By setting some of
the o;’s and (;’s to positive values and the others to zero, it is possible to model

drop-off and internal entry of ribosomes at specific sites.

aq aZ as An-1 an
).0 )11 )‘2 13 '111—2 An—l An
% % R(t)
xl(t) xz(t) x3(t) Xn— 1(t) xn(t)
Bl BZ ﬁS ﬂn—l ﬂn

Figure 1.10: The RFMLK models unidirectional flow along a chain of n sites. The
density at site ¢ at time ¢ is represented by z;(t) € [0, 1]. The transition rate from
site ¢ to site ¢ + 1 is regulated by a parameter \; > 0, with \y and A, regulating
the initiation and termination rates, respectively. The parameter a; > 0 [3; > 0]
controls the drop-off [attachment| rate from [to] site i. R(t) denotes the output rate
at time t.

The RFMLK, just like RFM, is a nonlinear tridiagonal compartmental model
and the dynamical equations describe the flow between these compartments and
also with the cellular environment. If o; = 8; = 0 for all ¢, then the model reduces
to the RFM. The following contraction property helps to deduce the global behavior

of the dynamical equations.

Proposition 1.6.2 ([68]). Given any € > 0, there exist v = y(€) > 0 such that the
solutions of the RFMLK satisfy

2t @) = 2(t,B)] < (1+¢) exp(—)|a — by, (1.36)
for all a,b € C™ and all t > 0.

The next theorem implies that any solution of the RFMLK converges to a unique

steady-state density.

Theorem 1.6.3 (|68]). The RFMLK admits a unique steady-state e € int(C™) that
is globally asymptotically stable, i.e.,

lim x(t,a) =e, forall a € C". (1.37)

t—o00
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In particular the output (production) rate R == \,z,, + Y ., @&y, converges to
a steady-state. The RFMLK demonstrates the effect of the drop-off of ribosomes
on the mRNA translation process. It is intuitive to expect that detachment of
ribosomes from a jammed site may reduce congestion and hence increase the flow.
This is not true as drop-off results in truncated and non-functional proteins that
are of no use in cellular activities. The next result shows that detachment always

decreases the steady-state output R.

Proposition 1.6.3 ([68]). Suppose we modify RFMLK by changing o to &;, with
a; < @, forany j € {1,2,...,n—1}. Let R denote the steady-state output rate in
the modified RFMLK. Then R < R.

1.6.4 Excluded flow with local repelling and binding model

Experimental investigations exhibit that intracellular transport phenomena are
influenced by the presence of interactions between the particles. Transport by
kinesins-1 along microtubules is an example of such behavior where kinesins-1
remains longer attached to the microtubule in the presence of neighboring motor
proteins |77]. An extension of the RFM called excluded flow with local repelling
and binding model (EFRBM) was introduced to include the nearest-neighbor
interactions between the particles by incorporating two “force” interactions: repelling
and binding forces with parameters r and ¢ [67]. The EFRBM with n sites includes

the following parameters:

e )\, >0,7i=0,1,...,n, controls the transition rate from site 7 to site i + 1,
e r > (0 is the attachment /detachment force between the two existing neighbors,
e ¢ > 0 is the attachment/detachment force between the two new neighbors.

Let

z(t) := ' ‘ (1.38)
0 otherwise.

The dynamical equations describing the EFRBM are as follows:
Zj?i :fi—l(x) —f1<l’>, 1= 1,2,...,n, (139)
where

filz) = Nwi(1 — i) (1 + (¢ — Dzige) L+ (r — 1)zimy), i=1,2,...,n. (1.40)
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Eq. (1.39) implies that the change in the reader density at site ¢ is the inflow
fi—1(z) from site i — 1 to site ¢ minus the outflow f;(x) to site ¢ + 1. The term
(14 (¢ — 1)z;12) represents that the flow from site i to site i + 1 also depends upon
the density at site ¢ + 2 and increases |decreases| if ¢ > 1 [¢ < 1]. The particle at
site i + 2 will attract [¢ > 1] or repel [¢ < 1| the particle that move from site ¢ to
i+ 1 . Similarly, the term (1 + (r — 1)z;_1) represents that the flow into site ¢ + 1
also depends upon the density at site i — 1. The topology of the EFRBM is depicted
in Fig. 1.11.
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Figure 1.11: Schematic explanation of the transition flow from site ¢ to site ¢ + 1 in
the EFRBM. Upper-left: the transition rate is \; when both sites i — 1 and 7 + 2
do not contain particles. Upper-right: the transition rate is A\;q when site ¢ — 1 does
not contain particle and site i + 2 does. Lower-left: the transition rate is \;r when
site ¢ — 1 does contain particle and site ¢ + 2 does not. Lower-right: the transition
rate is \;rq when both sites ¢ — 1 site ¢ + 2 do contain particles.

The EFRBM, unlike the RFM, is not a cooperative dynamical system and if r =
qg = 1 for all 4, then the model reduces to the RFM. The following contraction
property after a small overshoot helps to deduce the global behavior of the dynamical

equations.

Proposition 1.6.4 ([67]). Given any € > 0, there exist v = y(€) > 0 such that the
solutions of the EFRBM satisfy

|z(t,a) — x(t,b)[; < (1+¢€) exp(—~t)|a—bls, (1.41)
for all a,b € C™ and all t > 0.

The next theorem implies that any solution of the EFRBM converges to a unique
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steady-state density that depends on the rates \;, r, ¢, and is independent of the

initial conditions.

Theorem 1.6.4 ([67]). Assume that r,q > 0. The EFRBM admits a unique
steady-state e € int(C™) that is globally asymptotically stable, i.e.,

tlim x(t,a) =e, forall a€ C". (1.42)
—00

1.6.5 Ribosome flow model with different site sizes

In the previous generalizations of the RFM, the capacity of each site or compartment
is taken to be equal. However, each site along the compartment can have a different
size, for example, if we consider the flow of vehicles down a road, then the capacity
changes depending on the number of parallel lanes. A dynamical model called
ribosome flow model with different site sizes (RFMD) was introduced to analyze the
effect of different site capacities on the dynamics of the flow [70]. To incorporate
the feature of different site sizes each particle in this model hops forward to the next
site not only if it is vacant, but also if it is ready to accept the particle. The model

contains two sets of parameters:

e )\, >0,7=0,1,...,n controls the transition rate from site 7 to site ¢ + 1, and

e ¢; € (0,1] describes the capacity at site 1.

The dynamics of the RFMD is given by the set of n nonlinear ordinary differential

equations:

T1 = /\O(Q1 - Il) - /\1$1(C]2 - IEQ),

Ty = Mx1(qa — T2) — Aawa(qs — x3),

Tn = A—1Zn—1(Gn — Tn) — Anp. (1.43)

The state variable z;(t) : Ry — [0, ¢] describes the normalized occupancy level
of site i at time t where z;(t) = 0 [z;(t) = ¢] means that site ¢ is completely
empty [full] (see Fig. 1.12). The RFMD, just like RFM, is a nonlinear tridiagonal
compartmental model where compartments can have different capacities and
the dynamical equations describe the flow between these compartments. In the
particular case, when ¢; = 1 for all i, RFMD becomes the RFM.
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Figure 1.12: The RFM with different site sizes models the unidirectional flow along a
chain of n sites. The density at site ¢ at time ¢ is represented by z;(t) € [0, ¢;], where
¢; € (0,1] represents the maximal possible capacity at site i. The transition rate
from site ¢ to site ¢+ 1 is regulated by a parameter \; > 0, with Ag and \,, regulating
the initiation and termination rates, respectively. R(t¢) denotes the output rate at
time t.

The state-space of the REMD is:

C={zeR": z;€[0,¢], i=12,...,n}.

The next theorem states that the transition rates and site sizes determine a
unique steady-state e and any solution arising from different initial conditions in C'

converges to it.

Theorem 1.6.5 ([70]). The RFMD admits a unique e € int(C') such that

lim z(t,a) = e, forall a€ C.

t—00

1.7 Aims and objectives

This thesis aims to predict the translation rates of ribosomes on a complex
network, which otherwise is difficult to predict through experiments. This will
give future directions to experimentalists for the further investigation of protein
synthesis. These mathematical models can serve as an effective tool for designing
synthetic biological circuits and have ramifications for biotechnology and human
health. In addition, they can also be useful for modeling and analyzing vehicular
flow, molecular traffic flow, pedestrian dynamics, and more. This thesis seeks to
resolve unanswered questions by developing dynamical models that capture realistic
biological phenomena occurring in cellular processes, specifically gene expression.

The following are the main objectives of this thesis:

e To obtain a framework for analyzing a complex transport model that

involves the flow of particles with stochastic transitions and stochastic site
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capabilities. Certain types of randomness or uncertainty are always present
in many nonlinear systems. The main goal of the model is to investigate
the steady-state particle flux under the notion that parameters are random
variables by using tools from the random matrix theory. The analysis can be
generalized and applied to study the flow of particles in numerous transport

systems in scenarios where rates depend on local factors.

Examining the impact of interactions and detachment phenomena during the
flow of particles having extended length along the track. The stimulation to do
this problem comes from the fact that in many complex cellular processes such
as intracellular transport carried by motor proteins, the particles are larger
than their step sizes and they usually interact with one another by binding
and repelling actions based on the state of its neighboring particles [78]. The
methods rely on the theory of dynamical systems to predict properties of the
steady state and its ratification through the numerical solution of the equations

on selected examples.

Understanding flow of ribosomes having extended length moving along mRNA,
including the possibility of detachment of the particles due to several reasons
like ribosome-ribosome collisions [79]. Motivated by the recent experimental
studies on collision-stimulated abortive termination of the ribosomes [80, 79|,
we develop a deterministic modeling framework and analyze the steady state
production rate under different circumstances, such as, with and without
collisions with the neighboring ribosomes on the lattice. The formalism
developed is general and can be applied to different scenarios by considering

appropriate parameter values.

Analyzing and developing a better understanding of large-scale simultaneous
mRNA translation incorporating the possibility of attachment/detachment of
ribosomes from the mRNA. Translation is the most energetically consuming
process in the cell and the phenomena of ribosome drop-off from a single
mRNA result in a decrease in production rate [81]. In the context of
simultaneous translation of mRNA molecules: does drop-off still decrease the
production rate? This work is motivated by the fact to analyze the effect of
ribosome drop-off as this may perhaps increase the total production rate in
the entire system, as it allows ribosomes to detach from slow sites, and then

attach to the initiation sites of other mRNA molecules.

Building a closed network system that can model the simultaneous movement
of particles along tracks having sites of different capacities in a resource-limited

environment. Thus, it allows for studying the important topic of competition
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for shared resources. Moreover, developing a network model with feedforward
and feedback connections between the tracks facilitates modeling a network of
interconnected roads, where the flow out of one road may enter another road

in the network or re-enter the same road.

e To analyze the dynamics of several parallel lanes connected strategically to
multiple finite pools. This work is inspired by the fact that in many real-world
systems, the entry rate of particles into a lane is affected by the occupancy
of nearby pools. The main goal of the model is to investigate the effect of
parameters on the system properties. As per our knowledge, there is no
existing work in the context of RFM models that addresses the possibility

of distinct pools that mimic various physical transport processes.

1.8 Outline of the thesis

In this thesis, various generalizations of the RFM-based models are presented that
play a key role in understanding the different biophysical aspects of many complex
transport phenomena including intracellular transport. These models capture
several dynamical features of the phenomena which were not examined previously.
Models with a steady-state or several steady-states are very useful in various studies
not only related to system biology but also in other areas e.g., physical systems. In
this respect, using tools from contraction theory and cooperative theory, we prove
that the model admits a unique steady state. Secondly, we study the effect of a small
increase/decrease in any of the parameters on the steady-state profile. Monte Carlo
simulations are also performed supporting the modeling of intracellular processes
using the dynamical system. We present the work into eight chapters that include the
introductory (Chapter 1), six main chapters (from Chapter 2 to 7), and a conclusive
chapter (Chapter 8). The summary of the contents of each main chapter is provided

below.

Chapter 1: Introduction
This chapter briefs various important intracellular transport processes that require
developing appropriate mathematical and computational models to analyze the flow
of biological particles in the context of biotechnology and synthetic biology. Then
we discuss an important deterministic model called the ribosome flow model (RFM).
We provide a comprehensive insight into the dynamical properties of the RFM
which include persistence, contractivity, cooperativity, stability, and entrainment.
Next, we show that the RFM correlates with TASEP, supporting the modeling
of intracellular processes such as translation and transcription using the RFM.

Further, various generalizations of the RFM are reviewed that encapsulate several
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other realistic features of the biological processes and further serve as the basis for

developing more sophisticated and more realistic models.

Chapter 2: A theoretical framework to analyze the flow of particles in
a dynamical system with stochastic transition rates and site capacities
In this chapter, we first study several dynamical properties of the RFMD which
models the unidirectional movement of particles controlled by transition rates along
a lattice having different site sizes. There are various types of stochasticity present
in the systems due to several reasons such as experimental noise, uncertainty,
etc. Therefore, we speculate the RFMD model in the stochastic environment
to understand it in a better way. This work models the parameters as random
variables with known distributions and investigates the steady-state flow rate under
this notion by using tools from the random matrix theory. Some closed-form
theoretical results are derived for the steady-state flow rate under some restrictive
assumptions such as random variables being independent and identically distributed.
Furthermore, for arbitrary but bounded stochastic transition rates, stochastic site

capacities, or both, we establish bounds for the steady-state flow rate.

Chapter 3: Modeling transport of extended interacting objects with
drop-off phenomenon
This chapter considers a deterministic model of cellular transport on a
one-dimensional chain. The main novelty of the model is the inclusion of interactions
between the extended objects. The study focuses on characterizing the steady
state of the system under different circumstances, putting special emphasis on the
steady outflow. The methods rely on the theory of dynamical systems to predict
properties of the steady state and its ratification through the numerical solution of
the equations on simple examples. The main result is an existence and uniqueness
proof for the steady state. This work also shows examples of non-trivial behaviors
such as detachment rates may help in increasing the steady-state flow by alleviating
traffic jams that can exist due to several reasons like bottleneck rate or interactive
forces between the particles. We also analyze the special case of our model, when
there are no forces exerted by neighboring particles, and study the sensitivity of its

steady-state to variations in the parameters.

Chapter 4: Modeling mRNA translation with ribosome abortions
The contents of this chapter are motivated by the recent experimental studies
on collision-stimulated abortive termination of the ribosomes. We propose a
deterministic mathematical model for the process of mRNA translation described
by the flow of ribosomes having extended length moving along a one-dimensional
track i.e., mRNA, including the possibility of detachment of the particles due to

several reasons like ribosome-ribosome collisions. We prove that the model admits a
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unique steady-state profile. Furthermore, we study the effect of parameters on the
steady state through a theoretical framework in some cases. We also demonstrate
that in some cases, the predictions of the proposed model are consistent with the
previously proposed computational-based kinetic models. This work is important in

the context of studying dynamical processes involving abortions due to collisions.

Chapter 5: Large-scale mRNA translation and the intricate effects of
competition for the finite pool of ribosomes
In this chapter, we present a network model called RFM with Langmuir kinetics
network (RFMLKN) that encapsulates important biological phenomena such as
competition of a finite number of ribosomes leading to an indirect coupling
between the mRNA molecules and also the possibility of attachment /detachment of
ribosomes from the mRNA. In this work, we prove that the network always converges
to a steady state and entrains periodic excitations in any of its rates. Next, we study
its sensitivity to variations in parameters. Among our results, we study the effect of
change in a hopping rate in an mRNA molecule on the network. This yields a local
effect: an increase or decrease in the translation rate of this mRNA, and also the
global effect: the translation rate of the other mRNA molecules either all increase or
decrease. Next, we analyze that an increase in detachment [attachment| rate in one
of the RFMLKSs increases |decreases| the steady-state pool density and consequently

increases [decreases| the density in each site in all the other REMLKSs.

Chapter 6: Large-scale closed and generalized networks of ribosome
flow model with different site sizes
This chapter describes and analyzes in detail two mathematical models for the flow
of “particles” along a set of “trails” e.g., ribosomes along a set of mRNA molecules.
The models are deterministic and use ordinary differential equations to describe the
occupancy levels at each site. The first large-scale network model that is introduced
and analyzed is REFMDNP - RFMDs network with a pool. This is a closed system
that can model the simultaneous movement of particles along tracks having sites of
different capacities in a resource-limited environment. Thus, it allows for studying
the important topic of competition for shared resources like ribosomes. Next, we
introduce a generalized network of RFMDs called RFMDN. This models a network
with feedforward and feedback connections between the RFMDs. For both models,
we prove various analytical properties related to stability, entrainment, convexity,
and more. Also, both models have been analyzed using the tools from the theory
of cooperative systems. We also present plenty of useful synthetic examples to

comprehend the results.

Chapter 7: A mathematical framework for analyzing particle flow in

a network with multiple pools
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This chapter studies a network of deterministic mathematical model ribosome flow
models that are interconnected via multiple pools, where RFM provides a useful
framework to model the flow of particles along a one-dimensional chain of sites. It
captures the scenario where the particles in the vicinity of the lanes compete for
entry into them. Firstly, we study a minimal model ribosome flow model network
with two pools (REMNTP) and then illustrate the methodology to study a network
with multiple pools. Using the powerful theory of a cooperative dynamical system
with a first integral, we prove that the network always converges to a unique steady
state in every level set. Sensitivity analysis of the parameter’s variation is also
performed to understand overall the network behavior. This work provides results
that will be useful in the context of analyzing networks of dynamical processes in
which the entry rates of particles to a compartmental system are affected only by

the nearby local density.

Chapter 8: Conclusion and future scopes
The concluding chapter contains the summary of the results discussed in the
aforementioned main chapters of the thesis. We also consider some future directions

that might aid in understanding the transport processes more deeply and thoroughly.
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Chapter 2

A theoretical framework to analyze
the flow of particles in a dynamical
system with stochastic transition

rates and site capacities

In this chapter!, we study the stochasticity in an RFMD that models the
unidirectional movement of particles controlled by transition rates along a lattice
having different site sizes. The parameters are considered as random variables with
known distributions and some closed-form theoretical results are derived for the
steady-state flow rate under some restrictive assumptions such as random variables
being independent and identically distributed. Furthermore, the bounds for the
steady-state flow rate are established for arbitrary but bounded stochastic transition

rates, stochastic site capacities, or both.

2.1 Introduction

In reality, there are various types of stochasticity present in transport systems due
to several reasons such as intrinsic factors, experimental noise, uncertainty, etc. For
example, in many cellular transport processes, chemical reactions are stochastic due
to variability in the concentrations of the input factors and can produce probabilistic
outcomes [82]. Therefore, it is necessary to speculate on these transport processes
in the stochastic environment to understand them in a better way. A key factor to
analyze is the flow rate and hence, it is of considerable interest to understand how
this rate is affected under stochasticity in these processes. Generally, the stochastic
effects are modeled by considering the parameters drawn from the probability

distributions following certain physical arguments.

The RFMD is an important dynamical model for analyzing the movement of

!The content of this chapter is published as: “Aditi Jain, Arun Kumar, and Arvind Kumar
Gupta. A theoretical framework to analyse the flow of particles in a dynamical system with
stochastic transition rates and site capacities. Royal Society Open Science, 9(10): 220698, 2022.”



particles along a one-dimensional track and encapsulates an important dynamical
feature of different site sizes [70| (for details refer to Chapter 1). Therefore, it
is crucial to understand this model with variable rates due to various levels of
stochasticity. In this chapter, we characterize the notion of randomness in the REMD
in the sense that the parameters are random variables with known distributions and
analyze the steady-state flow rate in the RFMD through a theoretical approach
under this assumption. In particular, this also models the transport phenomena
having stochastic variations in the transition rates and fixed site sizes. Our main
results also include some closed-form results under restrictions such as rates are
independent and identically distributed (i.i.d.) random variables. The analysis
can be applied to study the flow of particles in numerous transport systems in the

stochastic environment.

The content of the chapter is organized as follows. The next section recalls the
dynamical properties of the RFMD that are relevant in our context. Section 2.3
describes our main theoretical results that are derived for the steady-state flow rate.
In Section 2.4, we summarize the findings and finally present the proofs of all the

theoretical results in Section 2.5.

2.2 Dynamical properties of the RFMD

Consider an RFMD with dimension n, having transition rates \; € R, for i =

0,1,...,n, site sizes ¢; € (0,1] for i = 1,2,...,n, and gp41 = 1.

More succinctly, the dynamical equations (1.43) describing the RFMD can be

written as:
T; = >\z‘—1l’i—1(%’ - xz) - )\iIi(QiH - l‘z‘+1)a t=1,...,n, (2-1)

where zo(t) =1 and x,44(t) = 0.

Let z(t,a) denote the solution of the RFMD at time ¢ for the initial condition
z(0) = a. Recall that the relevant state space is: C:={z € R": z;€[0,¢], =
1,2,...,n}. It has been proved that there exists a unique e € int(C') such that
for any initial condition in C', the solution belongs to int(C') for all ¢ > 0 and
lim; o (t,a) = e |70].
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At the steady-state, for x = e, we have

Ao(% - 61) = )\161((]2 - 62)
= A2e2(q3 — e3)

= An—len—l(qn - en)

To put it another way, at the steady state, the flow into and out of each site
is equal. Let R := \,e, denote the steady-state flow or output rate. It is clear
that obtaining the solution of nonlinear equations in (2.1) is not straightforward in
general. However, it has been recently proved in Ref. [70] that the steady-state flow
rate can be obtained from the spectral properties of a suitable tridiagonal matrix.
Define A, : R, — R(+2x(042) by

0 A2 0
A81/2 (1 _ ql)r )\;1/2
0 A;1/2 (1—qo)r

0 (1 —qn)r An'/?
0 An 0

The above matrix A,(r) has real eigenvalues as it is symmetric. Further, each
element of A,(r) is non-negative and A,(r) is irreducible implying that it has a
simple maximal positive eigenvalue for each r [83]. It was shown in Ref. [70] that

there exists a unique value 7* € (0, 00) such that
o(A,(r*)) =r" (2.2)

and the steady-state flow rate satisfies

1
G 29
The spectral representation above shows that the steady-state flow rate in the REFEMD
depends on the transition rates and site capacities. This spectral representation has
various useful theoretical implications. It has been used to obtain results on the
sensitivity analysis and quasi-concavity of the steady-state flow rate. It also allows
determining the upper and lower bounds of R when the rates are random variables

with some known distributions using tools from probability theory.
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The main results on the steady-state flow rate in the RFMD given random

transition rates or random site capacities are presented in the next section.

2.3 Main results

Let (€2, F,P) be a probability space, and all random variables in the next subsections

are defined on this common probability space. We call random variable X to be

almost sure bounded if there exists 0 < ¢ < oo such that P[|X| < ¢] = 1. Let

Mx ::ig(f) {P[|X| < ] = 1} and myx =sup {Plc < |X]|] = 1}. Let Rss = {z €
c> c>0

R: x> § > 0}. The steady-state flow rate in the n-site REMD is denoted by R,,.

We analyze the value of R, given the random transition rates or the site
capacities. In Subsection 2.3.1, we provide results on the value of R, by
assuming that the transition rates are random variables and the site capacities are
deterministic. Subsection 2.3.2 deals with the case when the site capacities are
random variables and the transition rates are deterministic. The last subsection

analyzes R, given the variability in all the rates.

2.3.1 The RFMD with stochastic transition rates

In this subsection, we consider randomness only in the transition rates i.e., we
assume that the size of all the compartments is fixed and tackle stochasticity or
uncertainties in the transition rates by assuming them as random variables with
some known distributions. This situation may model, for example, variations in the
speed of the vehicles due to different human behaviors along a multi-lane road where

there is a change in the number of lanes along the road.

The random variable Z := X~'/2 is almost sure bounded for X supported on
R>s5. We further examine the steady-state flow rate by investigating two cases:
homogeneous and non-homogeneous site capacities. In the first case, we assume
that all the site capacities are equal. This assumption is certainly restrictive and is

required in order to derive some closed-form theoretical outcomes.
Case 1: The homogeneous compartment sizes (¢; = q)

Firstly, we consider an RFMD with all the ¢;’s equal and denote their common

value as q. The following result assumes that the rates are i.i.d. random variables.

Theorem 2.3.1. Assume that rates \; in the REMD with dimension n are
independent copies of a random variable X having support on Rss. Then R, LN
P(2My-12)"% as n — oo i.e., R, approaches the wvalue q*(2My—1/2)"% with

probability one, as n — 0.

36



The above result states that as the dimension of the RFMD increases, the
steady-state flow rate converges with unit probability to a fixed value depending
upon the constant site size ¢ and on the minimal possible value (with probability
one) that the random variable X attains. Clearly, for ¢ = 1, we retrieve the case of
variability in the rates in the RFM [64].

Example 2.3.1. Suppose that X follows a half-normal distribution with mean
having a value of 2 and standard deviation having a value of 0.1. Note that My 12 =
1/ V2. Let ¢; = 0.5 for all 7. In this case as n goes to infinity, R, — 0.125 by Theorem
2.3.1. A histogram of the results for n € {50,500, 1000} is shown in Fig. 2.1.
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Figure 2.1: Histograms showing 5000 distinct values each for RFMD with dimension
50, 500 and 1000 colored in blue, red and green, respectively for the steady-state flow
rate in the RFMD with the parameters considered in Example 2.3.1. Our theoretical
result predicts that as n goes to infinity, the steady-state flow rate converges to 0.125
with probability one.

We now investigate the cases where the restrictive assumption of rates being
iid. random variables is a little bit relaxed. Our first case considers that the
random variables X; could be non-identical, but all independent and having the same
support. In this case also, the analysis of the proof of Theorem 2.3.1 proves that
the steady-state flow rate asymptotically approaches the same value as in Theorem
2.3.1. The next example exhibits this.

Example 2.3.2. Let n + 1 independent random variables Xo, Xi,..., Xz_4
be distributed using the half-normal distribution with mean having value 1 and
standard deviation having value 0.1 and Xz, Xu4,..., X, distributed uniformly
on [1,2]. Note that Mle/Z = 1 for all i. Let ¢; = 0.3 for all i. The theory
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predicts that as n goes to infinity, R, — 0.0225. A histogram of the results for
n € {50,500, 1000} is depicted in Fig. 2.2.
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Figure 2.2: Histograms showing 5000 distinct values each for RFMD with dimension
50, 500 and 1000 colored in blue, red and green, respectively for the steady-state flow
rate in the RFMD with the parameters considered in Example 2.3.2. The theory
predicts that as n goes to infinity, the steady-state flow rate converges to 0.0225
with probability one.

In the second case, we allow a growing (but still tiny) number of random variables
having support different from the other random variables. We use the notation S™
to denote the set of permutations on {1,2,...,n}. Consider a permutation = € S™,
andlet YT £ 10Y = (Yra), Ya@)s - - -5 Ye))- Let Y™ denote the ith element in Y.

The next result is a generalization of the theorem stated for ¢ = 1 in Ref. [64].

Theorem 2.3.2. Let d = d(n) > 0 be an integer which has the property
lim,, 00 @ = 0. Let {X;}*=¢ is a collection of (n — d + 1) independent random

variables having support on Rss, and satisfies

M, 1p=M_,1/pp=--= MX_1/2. (2.4)
1 d

XO X n—

Let {X;}n_4.q is a collection of d random variables having support on the positive

semi-axis and satisfies
My ap <62 j=n—d+1,...,n. (2.5)
J

Denote Y = (Xo, X1, ..., X,). Fiz a permutation ® € S"*'. Let each rate )\; in the
REMD with dimension n is a copy of the random variable Y;", for 0 < i < n and
\;’s are independent. Then R, = q2(2MX_1/2)_2 as n — oo.

0
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The above result shows that the steady-state flow rate asymptotically approaches
the same value as in Theorem 2.3.1. We shall now describe the results on the

steady-state flow rate given the non-homogeneous site capacities.
Case 2: The non-homogeneous compartment sizes

Secondly, we consider the case when some (or all) ¢;’s are non-identical. Let ¢,
and g7, denote the minimum and maximum value of {¢; : i = 1,...,n}, respectively.
For given ¢ > 0, define a(e) := P{X /2 > My 12 — €}. The next result analyzes
the bounds of R,, for the finite dimension n of the REMD.

Theorem 2.3.3. Assume that rates \; in the RFMD are independent copies of
a random variable X having support on Rss. Consider two sequences of positive
integers (n;) with nj < n; for j < i and (s;) with s; < s; for j < i and satisfying
s; <n;—1 for alli. Also, consider a decreasing sequence of positive scalars €;, with

e, = 0. Then R,, in the RFMD with dimension n;, for any 1, satisfies
(Qe)2<2MX—1/2>_2 S an S (qL)Q(QMX—l/z)_2(1 + 0(61 + 8;2)), (26)

with probability atleast

i — 2 .
1 — exp (— VL J(a(ei))s">. (2.7)
Si

The following general result examines the case where we have bounded but
arbitrary X;’s. The set of all possible s consecutive integers from the set {1,2,...,n—
1} is denoted by Jm'.

Theorem 2.3.4. Assume that each rate \; in the REMD with dimension n is a copy

of a random variable X; having support on Rss,, for 0 < ¢ <n. Then R, satisfies

—2
2 ~1/2, v1/2\2 - 2 ( 7T ) in X 1/?
(q) (112%};)(%1 +X; 7)< Ry < (a1) (21<r£1<&2(1cos P Jsrélzilrirelljile ;
(2.8)

with probability one.

The above result shows that the steady-state flow rate may not approach a
deterministic value in this scenario, but rather it is constrained by two random
values above and below. Given several possible distributions of random transition
rates, this result gives a notion of a range of output rates. The steady-state flow
rate is examined in the next subsection, given deterministic transition rates and

variability in site capacities.
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2.3.2 The RFMD with stochastic compartment sizes

In this subsection, we consider randomness only in the site sizes i.e., we assume that
the transition rates are fixed and tackle fluctuations in the size of compartments by
assuming them as random variables with some known distributions. This may model
processes like the packet flow in communication networks. In the context of linear
communication networks, the data packets are the moving particles and buffers are
the sites [45]. Due to many reasons such as run-down communication infrastructure
or interference, there could be fluctuations in the capacity of the buffers holding the
data packets [84]. The approach used here can be generalized to analyze the flow of

packets in such networks.

We further analyze the steady-state flow rate by considering the cases of
homogeneous and non-homogeneous transition rates. We assume that all the
transition rates are equal in the first case. Of course, this assumption is limiting,
yet it is required to derive some closed-form theoretical results. However, it has
some empirical support, for example, the rate of data packet transmission in a

communication network can be the same under similar conditions.

Case 1: The homogeneous transition rates (A; = \)

Firstly, we consider the case when all the )\;’s are equal and denote their common
value by A. The next result assumes that the site capacities are i.i.d. random

variables.

Theorem 2.3.5. Assume that site capacities q; in the REMD with dimension n are
independent copies of a random variable Q) having support on [3,], where 0 < <
v < 1. Then R, 5 (mg)?\/4 as n — co.

The above result states that the steady-state flow rate asymptotically approaches
a constant value with probability one that depends on the constant transition rate
A and the minimal possible value (with probability one) of the random variable @

as the RFMD'’s dimension grows.

Example 2.3.3. Assume that ) has a uniform distribution in the range [0.8, 1].
Take note of mg = 0.8. For all ¢, let \; = 1. In this case, Theorem 2.3.5 implies
that as n approaches infinity, R, - 0.16. A histogram of the results for n €
{50,500, 1000} is shown in Fig. 2.3.

Likewise, in the first subsection, we now examine the cases, where we allow some
relaxations in the assumption that the site capacities are i.i.d. random variables.
Our first case considers the random variables (); that might be non-identical, but all

independent and they all have the same minimum bound. The following example
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Figure 2.3: Histograms showing 5000 distinct values each for RFMD with dimension
50, 500 and 1000 colored in blue, red and green, respectively for the steady-state flow
rate in the RFMD with the parameters considered in Example 2.3.3. Our theoretical
result shows that as n goes to infinity, the steady-state flow rate converges to 0.16
with probability one.

shows that if each site capacity ¢; is taken from the @); distribution, then again the

steady-state flow rate approaches the same value as given in Theorem 2.3.5.

Example 2.3.4. Let n independent random variables Q1,..., (= distributed
uniformly on [0.7,0.9] and Q= 4,..., @, distributed uniformly on [0.7,0.8]. Note
that mg, = 0.7 for all 7. Let \; = 1 for all <. Thus, our theory predicts that as n
approaches infinity, R, = 0.125. A histogram of the results for n € {50,500, 1000}
is depicted in Fig. 2.4.

We consider an increasing (but small in comparison to n) number of random
variables modeling site sizes to have different support than the rest of the other

random variables in the next result.

n)

Theorem 2.3.6. Consider an integer d = d(n) > 0 with the property lim,, % =
0. Let {Q;}=" is a collection of (n—d) independent random variables having support
on [B,7], where 0 < 5 <~ <1 and satisfies

mQ, =mqQ, = +-=mMqQ,_4- (2'9)

Let {Qi}7_ 4.1 is a collection of d random variables having support on [, ;], where

O<pi<m <1, fori=n—d+1,...,n and satisfies
mqo, > B3, j=n—d+1,...,n (2.10)
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Figure 2.4: Histograms showing 2500 distinct values each for RFMD with dimension
50, 500 and 1000 colored in blue, red and green, respectively for the steady-state flow
rate in the RFMD with the parameters considered in Example 2.3.4. The theory
forecasts that as n goes to infinity, the steady-state flow rate converges to 0.125 with
probability one.

Denote Y = (Q1,Q2,...,Qn). Consider a permutation m € S™. Let each site
capacity q; in the REMD with dimension n is a copy of the random variable Y™, for
1 <i<n and ¢’s are independent. Then R, %> (mq,)?\/4 as n — oo.

The above result shows that the steady-state flow rate approaches the same
value as n goes to infinity as in Theorem 2.3.5. Next, we shall discuss the case of

non-homogeneous transition rates.

Case 2: The non-homogeneous transition rates

Secondly, we consider the case when some (or all) \;’s are non-identical. Let A\, and

Az denote the minimum and maximum value of {\; V2=, 1,...,n}, respectively.
For n > 0, define b(n) = P{Q < mg +n}. The following result provides the bounds

of R,, for the finite dimension n of the REMD.

Theorem 2.3.7. Let us assume that site capacities q; in the REMD are independent
copies of a random variable Q) having support on [3,7], where 0 < f < v < 1. Choose
two positive integer sequences (n;) with n; < n; for j < i and (s;) with s; < s; for
7 <1 and satisfying s; < n; for all i, and a decreasing sequence of positive scalars

ni, with n; = 0. Then R, in the REMD with dimension n;, for any i, satisfies

(mg)?(2AL) % < Ry, < (mg)*(2X\,) 2 <1 + WZ—; + 72:@) (1+0(s;7?)), (2.11)
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with probability atleast

1—exp (<" )y, (21

Notably, the convergence rate (2.11) to the value given for homogeneous
transition rate in Theorem 2.3.5 as n increases is slower than the rate of
convergence (2.6) to the value given for homogeneous site size in Theorem 2.3.1.
The following result deals with the situation, where @);’s are arbitrary yet bounded.

They don’t have to be independent or identical.

Theorem 2.3.8. Suppose that every site capacity q; in the REMD with dimension n
is a copy of a random variable Q; having support on [B;,7;], where 0 < 3; < v; <1,
for1 <1 <n. Then R, satisfies

2
. ) -2
(i 0) @a <, 21
and
2\ W) 1 Q) 1 < 1 (2.14
s (oo () + o ms Qi s ) < e @4

The above theorem shows that the steady-state flow rate is explicitly bounded
below by a random quantity and the other bound follows an implicit relationship. In
the above subsections, we derive the theoretical results where we allow assumptions
on the transition rates as random variables and the site capacities are deterministic,
and vice-versa. However, in the following subsection, we provide the bounds for the
steady-state flow rate in the most general scenario, when the capacities of the sites

and the values of the transition rates are random.

2.3.3 The Stochastic REMD

We state our last result where we assume that all the parameters are arbitrary
random variables but bounded and they need not be independent or identical. For
Js € I let Hy is the set {J, U (¢(Js) + 1)}, where £(J) denotes the last entry of
the set J,.

Theorem 2.3.9. Assume that each rate A\; in the RFMD with dimension n is a
copy of a random variable X; having support on Rss,, for 0 < i < n. Suppose that
each site capacity q; in the RFMD is a copy of a random variable QQ; having support
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on [Bi,vi], where 0 < B; < v; <1, for 1 <i <n. Then R, satisfies

2 —2
(min Qi> <maXXi__11/2+Xi_l/2) <R, (2.15)
1<i<n 1<i<n
and
2 (”) in X, Y2+ (1 Q) ) < 1
1€sgn et \© o Ns 2/ i it R)72 ) = (R 2

(2.16)

The above result states that the steady-state flow rate is bounded by two random
quantities: the lower bound is explicit and the other bound follows an implicit
relationship. The theoretical result stated here is the most general result that holds
for variability or fluctuations both in the transition rates and the site capacities. We

state an example to demonstrate the above theorem.

Example 2.3.5. Consider an RFMD with dimension n = 3. Let the transition
rates A distributed uniformly on [1, 2] and the site sizes ¢ distributed uniformly on
[0.5,0.7]. We have by calculation, 0.0625 < R,, < 0.49. Fig. 2.5 depicts a histogram

for n = 3.
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Figure 2.5: Histogram of 10,000 different values for RFMD with dimension 3 for
the steady-state flow rate in the RFMD with the parameters considered in Example
2.3.5. The theory predicts that the steady-state flow rate lies between 0.0625 and
0.49.

Note: Even though both the transition rates and the site capacities themselves

are i.i.d. random variables, the steady-state flow rate does not converge to a
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deterministic value in this situation, contrary to our earlier theoretical conclusions.
This can be explained as follows. Suppose that each rate \; is generated using the
distribution of a random variable X that takes values in the interval [a, b], where
a > 0. Consider that every site capacity g¢; is selected using the distribution of a
random variable @) taking values in the interval [c, d], where 0 < ¢ < d < 1. In this

respect, we have

L < L < L (2.17)
Vb T VX T Va '
and
c<Q<d. (2.18)
From Eq. (2.15), we have
a
— < R,. (2.19)
4
From Eq. (2.16), we have
™ 1 1 1
2cos| ——=)—4=+(1—-d < 2.20
(2w s 220
d* b
— R, < — (2.21)
4 (cos(m))2
As n — oo, we can choose s large enough such that
d* b
R, < —. (2.22)
4
Egs. (2.19) and (2.22) implies
2a d* b
— < < —. 2.2
L<r <t (2:23)

Thus, the steady-state flow rate is bounded above and below by two different

deterministic values as n — oco.

2.4 Discussion

Analyzing the flow of particles along the tracks is of paramount importance to
understand the dynamics of transport processes including the flow of biological
machines like motor proteins along filaments, the evacuation dynamics, etc.
Various models both deterministic and stochastic have been proposed to model
the movement of particles along the lattice. The RFM is a recent area of research
to rigorously analyze such processes. This is a deterministic, synchronous, and

continuous-time mathematical model that is an approximation of TASEP.
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The RFMD is a generalized version of the RFM that models an important feature
of sites having different sizes that were not incorporated in the RFM. The RFMD
analyzes the motion of particles in a preferred direction along a lattice through a
system of nonlinear ordinary differential equations. The dynamics always converge
to a steady-state density thus implying a constant flow rate eventually. Certain
types of randomness or uncertainties are always present in many nonlinear systems.
An important question in this context is how the steady-state flow rate in the REMD
is affected by these fluctuations.

In this chapter, we analyze the stochasticity in REMD through the consideration
of randomness in all the parameters by assuming them as random variables. Our
analysis includes some closed-form theoretical results under restrictive assumptions
such as rates are i.i.d. random variables. We show that, given a constant
homogeneous site size, the steady-state flow rate ultimately depends on the site
size and the minimal value of the random variables modeling the transition rates
as the number of sites increases. This scenario also holds where the assumption
on the random variables as i.i.d. is relaxed a bit. This may explain that the
steady-state flow rate can be maintained inspite of some variations in the transition
rates. Furthermore, we derive bounds for the steady-state flow rate in the case of a
finite dimension of the RFMD having rates as i.i.d. variables and also in the case

where transition rates are drawn from arbitrary but bounded random variables.

Next, we analyze the steady-state flow rate in the case of deterministic transition
rates and stochastic site capacities. Similarly, we prove that given a fixed
homogeneous transition rate, as the number of sites increases, the steady-state
flow rate depends on the transition rate and the minimum value that the random
variable modeling the site sizes attains. Our results also provide bounds on the
steady-state flow rate given the general case of arbitrary site capacities. In the
last and most general result, we derive bounds on the steady-state flow rate given

different distributions of the transition rates or the site sizes.

In conclusion, our work provides some asymptotic results and bounds on the
output of the RFMD and our observations are not dependent on the specific
statistical distribution. For further research, one can develop a different approach to
derive results for the convergence of the steady-state flow rate to the limiting value
in the case of stochasticity in all the parameters in the REMD. Moreover, one can
analyze the steady-state flow rate in the RFMD by assuming transition rates and
site capacities as dependent random variables. We believe that the results described
here will be useful for analyzing systems modeled through the RFMD with rates
subject to uncertainties or fluctuations. For example, to analyze the performance of

wireless line networks or multi-receiver diversity with random-varying connectivity.

46



2.5 Appendix: Proofs

Firstly, we recall a result stated in Ref. [64] that will be used later on in proving
Theorem 2.3.1.

Proposition 2.1. Suppose that {U;}!, are i.i.d. random variables such that they
are almost sure bounded. Let ¢ > 0. Consider an integer 1 < s < n and let S be the
event that there exists an index 1 < k < n—s+1such that Uy, ..., Ugyrs—1 > My, —e.

Then the probability of S converges to one as n — oc.

Proof: Let f = My, —e. For k € {1,...,n— s+ 1}, let S(¢) denote the event:
Ug, ey Ug+3_1 Z f Then

P(S) > P(S(1)US(s+1)US@2s+1)U---US(hs + 1)),

where h is the largest integer such that (h + 1)s < n. We have the i.i.d. U;’s and

thus we get
h+1

P(S) 21— (1 - (P(Uy 2 [))")
Since, the probability P(U; > f) is positive, when n — oo, we have P(S) — 1.

Proof of Theorem 2.3.1: For ease of notation, let Z; = /\;1/2 and each random
variable Z; is a copy of X~Y/2. Then A, : R, — RM™+2x(+2) can be written as

0 Zo 0
ZO (1 — q>7” Zl
0 A (1—q)r

0 (1—q)r 2,
0 Zn 0

The maximum eigenvalue of any symmetric matrix A having non-negative elements

is bounded above by the maximum of the row sums of A [83], i.e.,

Amaz(A) < max Zaw (2.24)

1<i<n
Given A, (r) is a symmetric matrix with non-negative elements and hence,

Amaz(An (1)) < max (Z; + Ziyq1) + (1 —q)r. (2.25)

1<i<n—1
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Also, we have Z; < My, for all ¢, which implies
Amaz(An (1)) < 2Mz + (1 — q)r (2.26)

with probability one. By Egs. (2.2) and (2.3), we get

2

q
< . 2.2
(2My,)? — fn (2.27)

Let G denote the (s + 1) x (s + 1) symmetric tridiagonal matrix

0

It is known that the maximal eigenvalue of the above matrix is Aju.(Gs) =
2cos(;15) [85]. Let f == My, —e. By Proposition 2.1, we have an index k such that
Ziy ooy Zirs—1 = f. We shall consider £ = 1 and the other cases can be handled
similarly. Let B, (r) be the matrix obtained by replacing the (s+1) x (s+1) principal
minor corresponding to the indices 2,3,...,s+ 2 of A,(r) by fGs+ (1 — q)rlsi1.
Hence B, (r) is given by

0 Zy 0 0

Zy (1—q)r f 0 .

o 5 (O=gr f 0
0 f A—=qr Zs 0
0 0 Zsyn (A—=9q)r 0

0 L 0

Then A, (r) > B,(r) (the inequality is componentwise) and hence A4 (A (7)) >
Amaz(Bn(r)).  Utilizing Cauchy’s interlacing theorem, we have that the largest
eigenvalue of B, (r) is larger or equal to the largest eigenvalue of any of its principal

minors. Thus,

Amaz(B(1)) 2 fAmaa(Gs) + (1 = q)r (2.28)
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— Aar(An(r)) > 2f cos <5 I 2> +(1-gr (2.29)

By Eq. (2.2), we get

r* > 2f cos (s+2> + (1 —qg)r". (2.30)
By Eq. (2.3), we get
2
R, < a . (2.31)
(2f cos (81—2))

Since, this holds for any € > 0 and any integer s, and by Eq. (2.27), the proof of

the theorem is completed.

Proof of Theorem 2.3.2: By the pigeonhole principle, there exist a subsequence of
Y™ of length atleast %, which consists of consecutive X;’s. In the proof of Proposition
2.1, the range of parameter i becomes (h + 1)s < | %] and we have % — oo which
implies h — oo as well. The lower bound also holds due to the condition in Eq. (2.5).
Hence, by applying the arguments used in the proof of the Theorem 2.3.1, we get
the result.

Proof of Theorem 2.53.3: Let ¢ > 0. Consider an integer 1 < s < n — 1. Let
a(e) =P{Z; > My — €}. The arguments in the proof of Theorem 2.3.1 imply that

2(My, —
rt > (Mz, = ¢) cos [ — (2.32)
qL 542

with probability P(S) > 1 — (1 — (a(e))*)" " > 1 — exp (— L"*J (a(e))s) . By
Eq. (2.32), we get

o, < (a0 (2002, — e oos ))

Sl—|—2

— (weaz) (14 5o v ofe)) (14 g +ols)

= (qr)’(2Mz,) 2 (1+ O+ 5,2)) -

The lower bound can be attained as in Theorem 2.3.1 and hence, this completes the

proof of the theorem.

Proof of Theorem 2.3.4: From Eq. (2.24), we have

Amaz(An(r)) < max (X, 2+ X7 + (1= q)r- (2.33)

— 1<i<n
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By Eq. (2.3), we have
max (Xi:ll/2 + Xi_l/Q)

1<i<n

r* < 2.34
N q (2:34)
(q0)
( max (Xi_—11/2 + Xi—l/Q))Q ( )
1<i<n

For 1 < s <n-—1,let J, € J" ' Let B,(r) be the matrix obtained by
replacing (s + 1) x (s + 1) principal minor corresponding to the indices J; of A, (r)
by Gsmin Xi_l/Q. Thus,

i€Js

Amaz(An (1)) > Apaz(Gs min X;l/2) + (1 —qp)r

1€Js

> 2cos (s j_ 2) minXl-_l/2 + (1 —qp)r.

1€Js

Since this holds for any choice of 1 < s <n—1and J; € ._75”_1, therefore we get the
upper bound given in Eq. (2.8).

Proof of Theorem 2.3.5: Let myx =sup {P[c < |X]|] = 1}. We shall state a
c>0
Proposition that has proof similar to the proof of Proposition 2.1.
Proposition 2.2. Suppose that {V;}?_; are i.i.d. random variables and are almost
sure bounded. Let n > 0. Consider an integer 1 < s < n and let S be the event
that there exists an index 1 < k < n — s+ 1 such that Vi,..., Viirs1 < my, + 1.

Then the probability of S converges to one as n — oc.

Now, using Proposition 2.2 and the arguments in the proof of Theorem 2.3.1

completes its proof.

Proof of Theorem 2.3.6: Utilizing the arguments given in Theorem 2.3.2 and in
the proof of the Theorem 2.3.5, completes the proof.

Proof of Theorem 2.3.7: Let n > 0. Consider an integer 1 < s < n. Let
b(n) =P{Q < mg+n}. Using the arguments as in the proof of the Theorem 2.3.5,

2
r* > 2 cos [ — : (2.36)
(mg +n) 5+ 2

we have

with probability P(S) > 1 — (1 — (b(n))s)L%J >1—exp (— EJ (b(n))s>.
By Eq. (2.36), we get the upper bound. Similarly, the lower bound can be

attained as in Theorem 2.3.1, and hence, the proof of the theorem can be concluded.

Proof of Theorems 2.3.8 and 2.3.9: The proofs are based on the same approach
used in Theorem 2.3.4 and thus omitted.
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Chapter 3

Modeling transport of extended
interacting objects with drop-oft

phenomenon

The chapter! provides a deterministic framework for modeling transport phenomena
involving interacting particles having an extended length. The model also
incorporates the realistic feature that particles may detach along the track. We study
its asymptotic behavior and analyze the effect of the nearest-neighbor interactions

on its density profile.

3.1 Introduction

There are many important biological transport phenomena where the driving force
for the movement of particles depends upon the constant source of energy [86]. One
of the most known examples of such a system is intracellular transport carried out
by motor proteins. Experimental investigations show that in many complex cellular
processes such as mRNA translation by ribosomes or intracellular transport carried
by motor proteins, the particles are larger than their step sizes and they usually
function in large groups and interact with one another by binding and repelling
actions based on the state of its neighboring particles [31]. Also, it has been seen
that in many of these transport processes, the biological particles may get detached
along the tracks. For example, kinesin-family motor proteins get detached from
the microtubule after every power stroke or when their path is blocked [87, 88|.
Defects in kinesin-linked transport may disrupt the functioning of nerve cells and
can cause many serious diseases [14|. The neuron-wide system requires intracellular
transport of cargo throughout complex neuronal morphologies and its transport
malfunction is one of the indications of some neuronal diseases like Alzheimer’s |78].

Therefore, deriving mathematical models of these dynamical biological phenomena

!The content of this chapter is published as: “Aditi Jain and Arvind Kumar Gupta. Modeling
transport of extended interacting objects with drop-off phenomenon. Plos one 17(5): 0267858,
2022.”



is important and crucial for understanding the collective behavior of the movement
of particles and unraveling its biophysical aspects in the context of synthetic biology

and biomedical applications.

In this chapter, we introduce a model called the excluded flow of extended
interacting objects with drop-off effect (EFEIOD) to include the fact biological
“particles” cover several sites and are susceptible to detach at various sites along the
lattice. Using the theory of contractive dynamical systems, we prove that EFEIOD
always converges to a steady state. This steady state depends on the length of the
lattice n, the particle size ¢, transition rates \;’s, detachment rates «;’s, and the
interaction parameters ¢ and r but not on the initial conditions. We also prove
that it entrains to periodic excitations in the transition/detachment rates and the
interaction parameters. This is important for the proper functioning of the biological
processes that are excited by the periodic events. Analysis and simulations highlight
the role of the effect of interactions on the steady-state flow. For example, in the case
of strong attractions from the neighboring particle at site ¢+ — ¢, the flow of particles
from site 7 to i+ 1 gets reduced, therefore an increase in detachment rate of particles
at site ¢+ — £ leads to an easy steady-state flow. In the absence of interactions, we
analyzed mRNA translation with ribosome drop-off and called it REMEOD. We
also show using simulations that the REMEOD correlates well with the TASEP

with extended objects including the drop-off phenomenon.

The EFEIOD, presented here, is more general than the EFRBM as it includes
biologically observed features such as particles with extended length and phenomena
of dissociation of particles along the tracks. For details about EFRBM, the reader

can refer to Chapter 1.

This chapter is organized as follows. Section 3.2 describes the mathematical
model. The next section presents our main theoretical results and the effects of
the nearest-neighbor interactions on the steady-state behavior. In Section 3.4, we
describe the application of the EFEIOD to model mRNA translation with ribosome
drop-off and understand how a change in one of the parameters affects protein
production. Section 3.5 concludes and summarizes the chapter. Furthermore, to

increase readability we have placed all the proofs in the Appendix.

3.2 Model

The EFEIOD is a nonlinear, continuous time, compartmental model for the
unidirectional flow of biological “particles” of size ¢ directed from left to right on

a one-dimensional chain of n consecutive compartments or sites along the track.

The EFEIOD contains the following sets of 2n + 3 non-negative parameters:
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1. \; >0,7=0,1,...,n controls the transition rate from site i to i + 1.

2. > 0, i« = 1,...,n controls the detachment rate from site ¢ to the

environment.

3. r > 0, is the attachment/detachment force between any two existing

consecutive particles.

4. ¢ > 0, is the attachment/detachment force between any two new consecutive

particles.

Each parameter \; and «; has units of 1/time. A parameter ¢ controls the
repelling or binding forces between two new neighbors and a parameter r between
two existing neighbors. In many studies, creating and breaking of bonds between
the nearest neighbors has been viewed as opposite chemical reactions [89]. So, it is

E

assumed that 1 = exp(m), where E denotes the interaction energy, by applying

the detailed balance arguments.

The position of the particle along the lattice is denoted by the site covered by the
leftmost end of it and this part is referred to as the reader. Thus, ‘the reader is at site
¢ means that the particle is located at site ¢ and covers the sites ¢,i+1,...,i+¢—1.
Let x;(t) € [0,1] denote the normalized reader density of the biological particle at
site ¢ at time ¢, and let y;(¢) € [0, 1] denote its normalized coverage density at site i

at time ¢, i.e.,

yi(t) = Y mt), i=12...n (3.1)

j=max{l,i—(+1}

The term ‘normalized’ here means that each z;(t) and each y;(t) takes value in
the interval [0,1] for all ¢ > 0. The value zero |one| corresponds to completely
empty [full]. The schematic explanation of a particle with size ¢ on the lattice is

shown in Fig. 3.1.

Eq. (3.1) implies that the total particle coverage at any site i is the summation
of the reader densities of ¢ consecutive sites left to site i. The state variables x;(t)
and y;(t) can be interpreted as the probability that site ¢ is occupied and covered,
respectively at time ¢. Hence, z; and y; are dimensionless. Fig. 3.2 depicts the

possible transition scenarios from site ¢ to site ¢ + 1.

To state the dynamical equations describing the EFEIOD, we introduce more
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Figure 3.1: A schematic view of a single particle of size ¢ at site ¢ covering sites
i,i+1,...,i4+¢— 1 on the lattice of dimension n. The state variable x;(t) describes
the reader density of particle at site ¢ at time ¢. R(t) denotes the output rate at
time ¢.

notation for simplicity. Let

zi(t) i=1,2,...,n,

zi(t) == (32)
0 otherwise,
and
() i=1,2,...,n,
w;(t) = ui(t) (3.3)
0 otherwise.

The dynamics of the EFEIOD is described by n nonlinear first-order ordinary

differential equations:

;= fic1(x) — filzr) —gi(x), i=1,2,...,n, (3.4)

where

fo(z) == Xo(1 —we)(1 + (¢ — 1)ze41), (3.5)
filx) = Nzi(1—wipe)(T+ (¢ — Dziger) L+ (r = 1)zime), i=1,2,...,n, (3.6)

and
gi(x) =i (1+ (r— Dzgo)(L+ (r — 1)zime), i=1,2,...,n. (3.7)

Eq. (3.4) implies that the change in the reader density at site ¢ is the inflow
fi—1(z) from site i — 1 to site ¢ minus the outflow f;(z) to site ¢ + 1 minus the

outflow g;(x) to the cell environment.

Eq. (3.6) can be explained as follows. The term x; represents that the reader flow
from site ¢ to site i+ 1 increases with the reader density at site . The term (1 —w;4¢)
represents a “soft” version of the simple exclusion principle which implies that the

flow increases with the ‘vacancy’ level at site i 4+ ¢ i.e., as the density in any of the ¢
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Figure 3.2: The particle covers ¢ sites and the dark red label denotes the reader
location. Schematic explanation of the transition flow from site ¢ to site i + 1 in the
EFEIOD: Upper-left: When there are no readers at sites i — ¢, 1 + ¢ and ¢ + £ + 1,
the transition rate is A\; and detachment rate is a;. Upper-right: When there is a
reader at site i + ¢ + 1 and site ¢ — ¢ does not have, the transition rate is \;q and
detachment rate is «;. Middle-left: When there is reader at site ¢ — ¢ and no readers
at sites ¢ + ¢ and 7 + ¢ + 1, the transition rate is \;r and detachment rate is «;r.
Middle-right: When there are readers at sites ¢ — ¢ and ¢ + ¢, detachment rate is
a;r?. Lower-part: When there are readers at sites i — ¢ and i + ¢ + 1, the transition
rate is \;qr, and detachment rate is a;r.

consecutive sites increases the reader flow from site ¢ to site i+ 1 gradually decreases.
The term (1 + (¢ — 1)z;4¢41) represents that the reader flow from site i to site i + 1
also depends upon the reader density at site ¢ + ¢ + 1 and increases [decreases| if
g > 1 [¢g < 1]. The particle at site i + ¢ + 1 will attract ¢ > 1] or repel [¢ < 1]
the particle that move from site ¢ to i + 1 . Similarly, the term (1 + (r — 1)z;_)
represents that the flow into site ¢ + 1 also depends upon the reader density at site
i— 4.

The term g;(z) in Eq. (3.7) represents the detachment of particles from the site
i to the cell environment. If r > 1 [r < 1|, then the particles at sites i — ¢ and i + ¢

repel |attract| the particle at site ¢ and increases |decreases| its detachment from
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site 1.

The output rate from site n at any time ¢ is given by:

R(t) = (M + )z ()1 + (r — Dan_y). (3.8)

Note that in the particular case, r =1, ¢ = 1, £ = 1, and «; = 0, the model
gets reduced to the RFM [38]. Clearly, in the case when the length of the biological
particle is equal to the lattice length, i.e., £ = n, there is no role of interaction
forces in the system. The splitting of interaction energy E between the creation and
breaking processes is not unique. Like in [89], we also assume that E is equally split

between the rates r and ¢, where

E —-F
q = exp (QKBT) , T =exp (QKBT) (3.9)

Note that Eq. (3.9) implies = 1/¢ and has a simple physical meaning. If £ > 0,
then there are attractive interactions in the system, i.e., the particle moves faster
creating a new pair [¢ > 1] and the process of breaking out of the pair is slowed
down [r < 1. Similarly, £ < 0 implies that there are repulsive interactions in the
system. The case F = 0 corresponds to the fact that there are no interactions in

the system and then we have ¢ = r = 1.

The next section analyzes the EFEIOD using tools from systems and control

theory and in particular contraction theory.

3.3 Main results
Note that the state variable z; at any time ¢ represents a reader density in the range
[0,1]. The next example shows that C™ is not an invariant set of the EFEIOD.

Example 3.3.1. Consider a EFEIOD with dimension n = 6, particle size { = 2,
rates \g = 0.01, \;, =1, oy = 0.1, fori = 1,2,...,n, r = 2, and ¢ = 1/2. Consider
an initial condition z(0) = [1 0.9 0.5 1 1 1J. It has been observed that at
some time t we have z(¢) = [1.0033 0.8907 0.4993 1.0744 0.6954 0.9084] (all

numbers are four digit accurate).

Now, we define a state space which is an invariant set of dynamics. We assume

that any initial condition belongs to the state space:
UV:={zreR":2e€C" and y e C"}.
Note that the set W is a compact and convex set. Let x(t,a) denote the solution of
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Eq. (3.4) at time ¢ > 0 for the initial condition a € W.

3.3.1 Invariance and persistence

The following result shows that W is an invariant set for the dynamics of the
EFEIOD.

Proposition 3.3.1. Ifa € ¥ then the solution of EFEIOD satisfies x(t,a) € U, for
allt > 0. For any a € 0V, x(t,a) € int(V) fort > 0.

This implies that the trajectories that emanate from the boundary of W
‘immediately’ enter the interior of ¥. The next proposition is useful because it shows
that the solutions of the EFEIOD get ‘immediately’ uniformly separated from the
boundary of W.

Proposition 3.3.2. For any 7 > 0, there exists a compact and convex set V., that

is strictly contained in VU such that for any a € V, x(t,a) € V., for allt > 7.

This means, in particular, for any 7 > 0 there exists d = d(7) € (0, 3) such that,
d <zt a),y(t,a) <1—d, forallt >, for all i and all a € V.

This property is useful in analyzing the asymptotic properties of the system

dynamics.

3.3.2 Contraction

Differential analysis provides a very useful way to study the behavior of certain
nonlinear dynamical systems. In particular, contraction theory is based on
analyzing the time evolution of the distance between the trajectories that emanate
from different initial conditions and have its applications to synchronization and
reaction-diffusion partial differential equations [53, 55|. However, for our proposed
model, we needed a generalized version of contraction theory that has been defined
in Chapter 1.

Let |.]; : R® — R, denote the L; norm, i.e., for z € R", |z|; = |x1| + |2 + -+ - +

Proposition 3.3.3. The EFEIOD is SOST with respect to the Ly norm, i.e., for
each € > 0 and each 7 > 0 there exists ¢ = c¢(1,€) > 0 such that

lz(t+7,a)—x(t+7,0)]1 < (14+¢€) exp(—ct)|la—0b|1, forall t>0 and all a,be V.
(3.10)

This means that the EFEIOD is contractive after an arbitrarily small time

transient 7 and with an arbitrarily small overshoot (1 + €). This implies that any
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two initial feasible densities in the EFEIOD evolving in time become ‘more similar’

to each other at an exponential rate.

3.3.3 Global asymptotic stability

Since the convex and compact set ¥ is an invariant set of the dynamics, it contains
atleast one steady-state e [57]. By Proposition 3.3.1, we have e € int(¥). Using
Eq. (3.10) with b = e, yields the following result.

Theorem 3.3.1. Assume that q,v > 0. The EFFEIOD admits a globally
asymptotically stable steady-state density e € int(V), i.e., imy o, x(t,a) = e, for
alla € V.

This means that, regardless of the initial density, all trajectories emanating from
different initial conditions converge to the unique steady-state density that depends
on the system parameters: transition rates \;’s, detachment rates «;’s, interactions
determined by ¢ and r, particle size ¢, and length of the chain n. The next example

demonstrates that the assumption ¢, r > 0 is necessary.

Example 3.3.2. Consider the EFEIOD with dimension n = 3 and particle size
(=1.

For ¢ = r = 0, we have:
Ztl = )\0(1 — I1>(1 — JZQ) — )\11‘1(1 — 1’2)(1 — ZE3) — 041:101(1 — l‘g),

To = M1 (1 — 22) (1 — 23) — Xowa(1 — 1) (1 — 23) — anwa(l — 21)(1 — x3), (3.11)

[tg = )\21‘2(1 — [El)(l — 1’3) — /\3[E3(1 — 332) — @3273(1 — ZEQ).

Also, for ¢ =1 and r = 0, we have:

I'l = )\0(1 — .Tl) — )\11’1(1 — IQ) - OélI'l(l - .732),
1‘,’2 = )\1[171(1 — 1'2) — )\2$2(1 — l’1>(1 — .1'3) — CKQ.TQ(l — [El)(l — l’g), (312)

l"g = )\2[[’2(1 — 1'1)(]_ — Ig) — )\31’3(1 — .I‘Q) — a3x3(1 — ZEQ).

Egs. (3.11) and (3.12) admits a continuum of steady-states, here [I 1 o]’ is a
steady-state for all v. Therefore, the assumption that ¢, > 0 cannot be dropped.

The next example demonstrates the global asymptotic property, i.e., trajectories
starting from different initial conditions in ¥ asymptotically converge to a unique

density profile along the lattice.

Example 3.3.3. Consider the EFEIOD with dimension n = 3, particle size ¢ = 2,
rates \; = 1, oy = 0.01, ¢ = 1, and r = 1. Fig. 3.3 depicts trajectories for
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three different initial conditions [1 0 0], [0 1 0], and [0 0 1) in V. It
can be seen that the three solutions converge to the same steady state point
e =1[0.4959 0.2483 0.2459]'.

0.8 -

0.6 «

Ty

0.4 .

0.2 .

\
\

Figure 3.3: Trajectories of EFEIOD for three initial conditions given in Example
3.3.3 as a function of time. The steady-state point is marked by an ellipse.

The next subsection analyzes how the various parameters in the proposed model

affect the steady-state output rate.

3.3.4 Analysis of the steady-state

At steady state for x = e, the left-hand side of all the equations in (3.4) is zero, so

fizi(e) = file) + gile), i=1,2,...,n. (3.13)

It follows from Eq. (3.13) that if we multiply parameters \’s and «;’s
by a scalar constant ¢ > 0 then e will not change, ie., e(cp) = e(p) where
P = [Ny A1, Anya, e, .. ). Also, R(cp) = c¢R(p), i.e., the output rate is
homogeneous of order one w.r.t. the parameters \;’s and «;’s. By Eq. (3.13), we
have:

n—1
R = fu(e) +gale) = file) = > gule), i=0,1,...,n—1. (3.14)

k=i+1

However, solving Eq. (3.14) in general, is non-trivial.
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The next result shows that the derivatives of the steady state point coordinates
with respect to the rates exist and are well-defined. Let the mapping from the
parameters to the unique steady state point be denoted by 7, i.e., n;(y) = ¢;, for all
i=1,2...,nandy=1[N N - Ay a1 ay - o, r q].

Proposition 3.3.4. The derivative (0/0v;)n;(7y) exists for all i, j.

The above result allows us to calculate the derivatives of the steady-state density
if some of the parameters in the system are changed. This is useful to study the

sensitivity of the steady-state w.r.t. small changes in the rates.

3.3.5 Effect of interactions

We demonstrate with several simulations the non-trivial effect of interactions on the
steady state of the EFEIOD.

The example below demonstrates that in the presence of strong attractive
interactions, the detachment of particles could be useful for increasing the flow

of particles along the lattice.

Example 3.3.4. Consider the EFEIOD with dimension n = 9, particle size ¢ = 3,
rates \g = 1, \; = 1, and a; = . Fig. 3.4 depicts that increasing the detachment

rate increases the steady-state output for the higher values of q.

50 150 250 350 450 550 650 750 850 950 1050
q

Figure 3.4: The steady-state output rate R as a function of ¢ for a EFEIOD with
n=9,¢0=3 N=1 A\ =1, and a; = «, for all i.

The above example suggests that for larger values of attractive interactions, there

could be a regulatory mechanism to increase the flow of particles in the system by
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allowing the particles to detach from the sites. The next example shows the positive

role of increasing the detachment rate in the presence of a bottleneck rate at a site.

Example 3.3.5. Consider the EFEIOD with dimension n = 9, particle size ¢ = 2,
rates \g = 1, \; = 1, for all ¢ except A5 = 0.01, and a; = 0. Note that A5 is the
bottleneck rate. We vary the parameter as, i.e., detachment rate of particles at site
3. It can be seen in Fig. 3.5 that for ¢ > 1, i.e., r < 1, increasing a3 increases the
steady-state output rate. However, for ¢ = 1, i.e., r = 1, increasing a3 decreases the

steady-state output rate.

0.09 %1071
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Cg=2
........... q=3
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Figure 3.5: The steady-state output rate R as a function of a3 for a EFEIOD with
n=9,0=2 \=1,\ =1, for all i except A5 = 0.01, o; =0, and r = 1/q.

This can be explained as follows: for r < 1, a particle at site 5 will tend not
to hop forward as there is strong attraction from a particle at site 3. Therefore,
allowing particles to detach from site 3, leads to an easy flow of particles from site 5
and this increases the flow. This is important to study as the interactions from the
neighboring particles at the bottleneck rate further deteriorate the flow of particles
along the lattice. In the case of no interactions i.e., ¢ = 1 [r = 1], it can be seen that
increasing the detachment rate leads to a decrease in the steady-state flow which is

always true as we theoretically analyze this special case in the next section.

The example above demonstrates that in the case of interactions, locally
controlled detachment can avoid bottlenecks and can lead to faster movement of
particles, hence increasing the flow and alleviating the “traffic jams” [90]. One may
perhaps think that increasing the particle size leads to a decrease in the steady-state
output rate, but steady-state densities follow complicated behavior in the presence

of interactions. It has been shown that when ¢ = r = 1 and «a;’s= 0, the steady-state
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output rate for ¢ > 1 is always less than the steady-state output rate for the
RFM [69]. But in the presence of interactions, increasing length does not always

decrease the output rate as shown in the example below.

Example 3.3.6. Consider the EFEIOD with dimension n = 9, rates A\g = 1, \; = 1,
and a; = 0, for all 7. We vary the particle size ¢. It can be seen in Fig. 3.6 that for
q = 13: when ¢ = 1, we have R = 0.0808, when ¢ = 2, we have R = 0.1442, and
when ¢ = 3, we have R = 0.1249.
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Figure 3.6: The steady-state output rate R as a function of ¢ € {1,2,3} for a
EFEIOD withn =9, \g =1, \; =1, a; =0, for all 4, and r = 1/q.

Furthermore, in the thermodynamical limit, i.e., as number of sites goes to oo,
the homogeneous case of TASEPEO with strong repulsions and particle size ¢, and
with entry and exit rates equal to one is in the maximal current phase, where the
steady-state mean reader density is 1/(¢ + 1+ /¢ + 1) and the steady-state output
rate is 1/((1 + v/¢ + 1)?)[91]. This implies that as ¢ goes to oo, the steady-state
output and mean reader density go to zero. The next example shows that this is

consistent with the results of our model. We define the steady-state mean reader
density by p = (1/n) Y"1, €.

Example 3.3.7. Consider EFEIOD with dimension n = 100, rates \g = 1, \; = 1,
for all 7, a; = 0, ¢ = 0.01, » = 100, and particle size ¢. Fig. 3.7a depicts that output
rate R decrease with £. Also, the steady-state mean reader density p decreases with

¢ as seen in Fig. 3.7b.

The next example shows that in the presence of interactions, an increase in an

initiation rate does not always lead to an increase in the output rate. However, in
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Figure 3.7: a) The steady-state output rate R as a function of ¢ € {1,2,...,45} for
a EFEIOD with n = 100, Ay = 1, \; = 1, oy = 0, for all ¢, ¢ = 0.01, and r = 1/q.
b) The steady-state mean reader density p as a function of ¢ € {1,2,...,45} for a
EFEIOD with n =100, A\y =1, \; = 1, a; = 0, for all i, ¢ = 0.01, and r = 1/q.

the case of no interactions, i.e., ¢ = 1 [r = 1], an increase in an initiation rate due
to feedback or due to an increase in the number of ‘free’ biological particles leads to
an increase in the steady-state output rate as we theoretically analyze this special

case in the next section.

Example 3.3.8. Consider the EFEIOD with dimension n = 6, ¢ = 2, rates \; = 1,
for all ¢ except Ay = 0.1, and a; = 0. We vary the initiation rate A\g. It can be
seen in Fig. 3.8a that the steady-state output rate decreases with an increase in .

Fig. 3.8b depicts that the steady-state output rate increases with an increase in .

Now, we analyze the effect of increasing the length of a particle in the case

q — 0.

Example 3.3.9. Consider the EFEIOD with dimension n = 3, A\g = 1, A\; = 1,
a; = a, for all 7. Fig. 3.9a depicts that when ¢ — oo, the steady-state output rate
decreases to zero. Fig. 3.9b depicts that when ¢ — oo, the steady-state output rate

saturates to a non-zero constant value depending on the value of «, i.e., R = 0.1910
for a =0, R =0.1720 for a = 0.5, and R = 0.1267 for a = 1.

A high value of ¢ corresponds to a strong attachment between existing
neighbors (small r) and a high tendency for creating new neighbors (large gq),
resulting in traffic jams and leading to a sharp decrease in the output rate. Therefore,
the length of the particle has an interesting role to play in order to maintain a

non-zero constant steady-state output rate in the case of weak repulsions.
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Figure 3.8: a) The steady-state output rate R as a function of )y for a EFEIOD
withn =6, 0 =2, \g =1, \;, = 1, except \y = 0.1, o; = 0, for all ¢, ¢ = 7, and
r =1/7. b) The steady-state output rate R as a function of Ay for a EFEIOD with
n=6¢(=2 N=1, A\ =1, except \y =0.1, a; =0, for all i, ¢ =1, and r = 1.
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Figure 3.9: a) The steady-state output rate R as a function of £ for a EFEIOD with
n=3 =1, =1, A\ =1, a = «, for all i, and r = 1/q. b) The steady-state
output rate R as a function of E for a EFEIOD withn =3,=2 \g=1, \; =1,
a; = «, for all i, and r = 1/q.

3.3.6 Entrainment

Many biological processes are periodic [92], for example, in translation-elongation
mechanism; tRNA molecules (93], ATP levels [94], ribosome drop-off rate [95],
translation initiation and elongation factors [96], oscillations in mRNA levels [97],
and more may vary in a periodic manner and this results into the periodicity of
the rates in the system. For the proper functioning of our body, certain biological
systems must be in sync with the periodic changes induced due to the continuously

changing environment [98, 99]. Entrainment also plays an important part in
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designing extracellular biomedical systems [100]. An important question is: will
the state variables of EFEIOD preserve the property of entrainment w.r.t. the

parameters \;’s, «;’s, ¢, and r7?

Assume that the \;’s, «;’s, ¢ and r are non-negative, uniformly bounded

time-varying continuous functions satisfying:

e There exists a (minimal) 7' > 0 such that every \;’s, a;’s, ¢, and r is a

T-periodic function.

e There exists 0 < d; < 0y such that \;(t) € [01,ds], for alli =0,1,...,n and all
t>0.

This model has been referred to as periodic EFEIOD (PEFEIOD). The next result
follows from the fact that EFEIOD is SOST on ¥ and the known results on

entrainment [54].

Theorem 3.3.2. The PEFEIOD admits a unique function ¢ : R — int(¥), that
is T-periodic and for any initial condition a € V, the trajectory x(t,a) converges

asymptotically to ¢.

The above theorem implies that the state variables entrain to the periodic

excitations in the parameters. The next example illustrates the behavior of

PEFEIOD.

Example 3.3.10. Consider a PEFEIOD with dimension n = 3, ribosome size { = 2,
X = 1, A = 1, except for \o(t) = 0.5 + 0.25 sin(nt/2), oy = 0.01 , r = 5, and
g = 1/5. Note, that there is a single time-varying periodic rate in the network and
all these rates are periodic with a common minimal period 7' = 4. We have taken
two different initial conditions [0 0 0] and [0.2 0.2 0.2] in V. It can be seen
from Fig. 3.10 that all the trajectories converge to the periodic solution with period
T = 4.

In general, describing the effect of parameters on the system dynamics by a
theoretical framework is cumbersome, as analyzing the set of nonlinear equations
that define the steady state is not trivial. However, for a special case ¢ = r = 1, the
steady-state output rate sensitivity to variations in the parameters of the system can
be answered rigorously. Moreover, the proposed general model was representative
of the biology of molecular motors whereas this special case is important in the
context of studying the ribosome flow and provides a tool for developing a better
understanding and analyzing the factors that can affect this dynamical process of

translation.
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Figure 3.10: Trajectories of PEFEIOD in Example 3.3.10 as a function of time (¢).
Here, x;(t) and y;(t) are the trajectories of PEFEIOD corresponding to initial
conditions [0 0 0] and [0.2 0.2 0.2], respectively.

3.4 Ribosome flow model with extended objects and
ribosome drop-off

The synthesis of protein as directed by the mRNA template consisting of codons is
carried out by ribosome and the process is referred to as translation [2]. The process
broadly takes place in three steps: initiation where ribosomal complex assembles at
the start codon of an mRNA chain; elongation where it moves along the mRNA in a
forward series of steps forming a polypeptide chain of amino acids, and termination
where it releases the chain that folds into functional protein and unbinds from the
mRNA. Translation is a fundamental cellular process that occurs in all living beings
at all times [1| and is known to consume most of the cell’s energy [101]|. Therefore,

it is crucial to understand its dynamical aspects through mathematical modeling.

It is known from previous studies that the footprint of the ribosome on the
mRNA is 10 to 20 codons [102, 103, 104]. Many ribosomes can simultaneously
move on the same mRNA template, blocking the movement of other ribosomes
behind it [105], resulting in traffic-like movement on the template, and these “traffic
jams” are more severe in genes that are lowly expressed [106]. The ribosomes
that initiate translation of mRNA sequence may not successfully complete it and
hence fail to produce a full-length protein product [107, 108]. Hence, there are
translational errors that can disrupt cellular fitness and can cause diseases [109].
Such errors can have multiple causes like ribosomal traffic jams, reading frameshifts

[110], non-availability of tRNAs [111], misreading of codon, premature stop codons
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[112, 113, 114], etc. These errors often result in ribosome dissociating from the
mRNA before reaching the stop codon called ribosome drop-off event, resulting
in incomplete or incorrect peptides that are mostly non-functional, and possibly
toxic to the cell. The translational error due to premature translation termination
seems to represent more than two-thirds of the overall errors and thus have a strong
impact on protein formation [115, 81]. Therefore, modeling mRNA translation with
ribosome drop-off is important in analyzing the effect on the translation phenomena

as it leads to a reduction in the rate of protein production.

To gain insights into these dynamical aspects of translation, we consider a special
case of our model when ¢ = r = 1 and we refer to this case as the ribosome flow
model of extended objects with drop-off effect (RFMEOD). In this model, mRNA
is treated as a one-dimensional lattice of length n, where n denotes the number of
sites (codons) and every ribosome covers ¢ sites, where 1 < ¢ < n. The sites 1 and n
represent the start and stop codons, respectively. The position of the ribosome along
the mRNA is denoted by the site covered by the leftmost end of it. At any time ¢,
if the leftmost edge of the ribosome is at site 7, it means the reader is located at site
¢ and the ribosome is translating site ¢ and sites 7,...,7 + ¢ — 1 are covered by this
ribosome. Ribosomes move unidirectionally from left to right by only one site on the

template and no two ribosomes can occupy or cover the same site simultaneously.

The dynamics of REMEOD is given by:

1= Xo(1 — o) — Mx1(1 — yey1) — a1y,

Ty = )\1$1(1 - ye+1) - )\2$2(1 - ye+2) — Qa9,

ftn—f—&-l - )\n—an—€<1 - yn) - )\n—€+lxn—€+1 = On—t41Tn—p41, (315)

Tr—t42 = Mp—t1Tn—t41 — A—42Tn—4+2 — Ol 42Tn_(42,

Tpn = )\nflxnfl - )\nl'n — QpTp.

The term \;_yz;_1(1 — y;1¢_1) represents the reader flow from site ¢ — 1 to site
1. The flow increases with density level of readers at site ¢ — 1 and decreases with
coverage density y;10 1 = x; + xiz1 + -+ + x0-1. The term a;x; represents the
detachment of particles from the site ¢ to the cell environment. Also, the equations
describing the last n — ¢ 4+ 2 equations are linear, as a ribosome reading the last
¢ codon is the last particle and hence it moves without any hindrance towards the
last(stop) codon.

The output rate from site n at any time ¢, which is the protein production rate is
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given by:
R(t) = (An + an)zn(t). (3.16)

3.4.1 Analysis of the steady-state

Eq. (3.15) can be written as:

where fo(@) == Xo(1 = o),
fz(@ = \izi(1 yi+£)7 1 =1, ;n—1,
gi(;) == oy

Also, y; =0, for all i > n+ 1. At steady state, the left-hand side of Eq. (3.17) is

Z€ro, SO

fii(e) = file) + gi(es), 1=1,2,... n. (3.19)

Let R = (\, + a,)e, denote the steady-state output rate. From Eq. (3.19), we

get
n—1
R = fu(e) + gnlen) = file) = > giler), i=0,1,...n— 1. (3.20)
k=i+1
This yields the following set of n+1 equations in the n+1 unknowns: ey, ..., e,, R:
LR
n - An’
R+Y"!
e; = Zk_”lgk(ek), i=n-—1,...,1, and
Aill = Yite)
)\ _ R_ n—1
Yo 1= 0 )\Zk:l gk(ek) (321)
0

Solving Eq. (3.21) is in general non-trivial. Nevertheless, it can be solved in
closed form in some special cases. Note that when «; = 0, for all i, RFMEOD gets
reduced to RFMEO [69].

Example 3.4.1. Consider an RFMEOD with dimension n and with particle size

¢ = n. Consider homogeneous rates; \; = A, for i = 0,1,...,n and «o; = «, for
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1=1,2,...,n. We have

R= A . (3.22)

Lt 3 + (5 5 ()6

and

i (”Tl) (5)

- P R [ (3.23)
Sl EL TS () E))
In case of totally homogeneous rates A = «, we have
2 A VA
R = m, and €; = m (324)

Eq. (3.20) can be used to prove various theoretical results. The next result shows
that increasing any of the «;’s, © # n decreases R. In other words, increasing any of

the internal detachment rate decreases the steady-state protein production rate.

Proposition 3.4.1. Consider an RFMEOD with dimension n and particle size (.
Then (0/0c;)R < 0, for alli =1,2,...,n — 1.

The next result shows that increasing any of the \;’s increases R. In particular,
increasing the initiation rate always leads to an increase in the protein synthesis rate.
This result is consistent with a proposed canonical model of eukaryotic translation

exhibiting a relation between initiation rate and protein expression [116].
Proposition 3.4.2. Consider an RFMFEOD with dimension n and particle size (.
Then (0/ON,)R > 0, fori1=0,1,2,.

Consider the case where all \; = A and «; = a. In this case, we can say more

about steady-state densities.

Proposition 3.4.3. Consider an RFMEOD with dimension n, particle size £, \; =
A, and a; = « (#0). Then

A n—i
ei:< —;\—a> en, for i=n—0+1,...,n, (3.25)
€1 > €9 > > € g4 > €y pio > > Ep, (3.26)
and
Yo > Yos1 >+ > Yne (3.27)

This implies that the steady-state reader densities decrease between sites 1 and n
and last ¢ sites reader density is given by Eq. (3.25). The next example demonstrates
this.
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Example 3.4.2. The steady-state reader densities of the RFEMEOD with dimension
n = 16, for three particle sizes ¢/ = 2,4,8 and Ao = 1, \; = 1, and «; = 0.1,
are depicted in Fig. 3.11. It may be observed that steady-state reader densities

monotonically decrease along the mRNA.
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Figure 3.11: The steady-state reader densities as a function of ¢ for a RFMEOD
withn =16, \y =1, \; =1, and o; = 0.1, for i = 1,2, ..., 16, for different values of
l.

It has been seen that for fixed rates, the steady-state protein production rate in
the REMEO with ¢ > 1 is always less than the steady-state protein production rate
with £ = 1 [69]. We also observed and investigated through simulations that this
seems to hold even in the case of the presence of a drop-off phenomenon.
Example 3.4.3. Consider a RFMEOD with n = 300 sites, ribosome size ¢ and
rates \g = 0.8, \; = 1, ; = 0.01, for all 2. It can be seen that in Fig. 3.12, R

monotonically decreases with /.

3.4.2 RFMEOD with positive feedback

In eukaryotes, mRNA molecules sometimes form circular structures that promote
recycling of the ribosomal subunits [117, 118, 74]. Therefore, it is biologically
evident to include the fact that the translation initiation rate is affected by the
premature and complete translation termination rate. This model can be used to
fine-tune the rate of protein production by ribosome recycling in the case of changing
ribosomal availability due to environmental stress [119]. We analyze the behavior of
the RFMEQOD as a control system after closing the loop from the output of ribosomes

to the input with positive linear feedback.
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Figure 3.12: The steady-state output rate R as a function of ¢ € {1,2,...,40} for a
RFMEOD with n = 300, \p = 0.8, \; = 1, and «; = 0.01, for all 4.

Consider the RFEMEOD with feedback:

Ztl = (k)l + k‘Q()\n.Tn + Z Oéz.Tz))(l — yg) — /\1.T1(1 — yg_H) — 177,

=1
By = Ma1(1 — yep1) — Aol — yey2) — o,
. (3.28)
Tp—t+1 = )\n,gﬂin,g(l - yn) - )\n72+1xnf€+1 — Qp—p4+1Tn—l+1,

i‘n—ﬁ-i-? = )\n—ﬁ+1$n—€+l — )\n—€+2$n—€+2 — Op—42Tn—442,

Ty = /\n—lxn—l - )\nxn — QpTyp,

where k1 > 0 and ky > 0.

Here, the parameter k; represents the diffusion of ribosomes to the start codon
of a mRNA molecule that is not related to the recycling of ribosomes. The term
ko (Ann,+ Z?:l a;x;) represents the feedback due to recycling of ribosomes that have
finished (partially or completely) the process of translating the mRNA as depicted
in Fig. 3.13.

This is a generalization of the original RFMEOD as it includes both a term
related to initiation rate with and without recycling of ribosomes. The next theorem
proves that trajectories from any initial condition in ¥ will always converge to a

unique steady state point in W.
Theorem 3.4.1. The set ¥ includes a unique steady-state density e of the
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®_k1_> RFMEOD I

Figure 3.13: The EFEIOD with feedback where parameters k; and ky represent
the constant source and recycling rate of ribosomes, respectively. The term y =
ATy + E?:l o;x; denotes the output of ribosomes from the system.

closed-loop system (38.28). This point is globally asymptotically stable in ¥, i.e.,

limy . x(t,a) = e for any initial condition a € V.

Example 3.4.4. Consider the closed loop system (3.28) with dimension n = 3,
(=2 XN=1,a =0.01, ky, =1 and ky, = 100. Fig. 3.14 depicts trajectories for
three different initial conditions [I 0 0}, [0 1 0],and [0 0 1] in V.

Figure 3.14: Trajectories of RFMEQOD for three initial conditions given in Example
3.4.4 as a function of time. The steady-state point is marked by a ellipse.

The next result provides information on the change of e w.r.t. the control

parameters ki and ko.

Proposition 3.4.4. Suppose that the \;’s and «;’s are fized. Let e and € correspond
to the control parameters (ki, ky) and (ki, ko), respectively. If ki = ki, then e, < &,
if and only if ko < ko. If ko = ko, then e, < &, if and only if k1 < k1.
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From a biophysical point of view, the above result inferred the intuitive result
that increasing any of the control parameters leads to an increase in the protein
production rate. This result may be useful in the context of biotechnology in order

to improve the levels of proteins in the host.

3.4.3 Validation through Monte Carlo simulations

Since the RFMEOD is a mean-field approximation of TASEP with extended objects
and includes an additional detachment rate at every site of the lattice, we ran
MATLAB simulations of this process. A simulation begins with an empty chain of
dimension n and continues for 10% time steps i.e., total simulation time. Each site
can accommodate atmost one particle and a particle can only hop unidirectionally
to a consecutive site if it is empty. The leftmost site that the particle is covering is
referred to as the reader. Every site ¢, for © = 1,2,...,n in the chain is associated
with hopping rates \;’s and detachment rates «;’s where the next hopping event time
tr + € or the next detachment event time t; + 0y is generated randomly. For site 7,
¢, and §, are random variables drawn from the exponential distribution with mean
rate \; and «;, respectively. If hopping time is equal to the simulation time, then
the reader at site ¢ hops to site ¢ + 1, provided site i 4+ ¢ is empty. Similarly, if the
detachment event time is equal to the simulation time then the reader dissociates
from site . The occupancy at each site is averaged throughout the simulations
with the first 10° time steps discarded from the calculations to obtain the average

steady-state reader density of each site.

In the example below, we show that simulations support the modeling of

dynamical aspects of translation using REMEOD.

Example 3.4.5. Consider the RFMEOD with dimension n = 15, particle size
(=3, rates \y =0.1, \; =1, fort=1,2,...,n—1, A\, = 0.8, and a; = 0 except for
ag = 0.01. Fig. 3.15 depicts steady-state reader density e and p for REMEOD and
TASEP-detachment, respectively.

3.5 Discussion

In many biological processes like translation, cellular transport, gene transcription,
and many more, ‘particles’ move along one-dimensional “tracks”. We studied a
deterministic model called EFEIOD for the flow of particles along an ordered lattice
of sites that encapsulates important cellular properties like detachment of particles
from any site, nearest-neighbor interactions, and the fact that most particles cover
more than one site along the lattice. We analyzed this model using tools from

systems and control theory, in particular contraction theory.
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Figure 3.15: Steady-state reader density as a function of site number ¢ given in
Example 3.4.5.

We proved that the EFEIOD converges to a unique steady-state density for
any set of feasible parameters. In other words, EFEIOD is robust to the initial
conditions. Moreover, we prove that if one or more of the parameters are
time-varying periodic functions with a common period T, then the steady-state
densities also converge to a periodic solution with period T'. We demonstrate through
simulations of the EFEIOD several useful observations. For example, increasing the
particle size may sometimes lead to an increase in the output rate in the presence of
weak repulsions. Surprisingly, we also show that increasing the detachment rate does
not always decrease the output rate as elucidated in Ref. [90]. It is also important to
note that several known models like RFM with positive feedback [61], RFMEO [69],
and the model used in [75] for mRNA translation are special cases of the proposed

model.

We also rigorously analyzed a special case of the EFEIOD, when ¢ = r =1 and
called it RFMEOD to analyze the effects of ribosome drop-off on the translation
process. The ribosome drop-off is important to study as it could significantly
deteriorate the fitness of the host. We proved that increasing any one of the
transition (detachment) rates of the REMEOD always increases (decreases) the
steady-state protein production and that in the homogeneous case, i.e., when all
the transition rates are equal and all the detachment rates are equal, the reader
density monotonically decreases along the lattice. We also modeled the observed
phenomenon that many eukaryotic ribosomes may translate mRNA in multiples by
including positive linear feedback in the RFMEOD.
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The results reported can shed light on many biophysical properties of intracellular
transport and may prove useful for applications in synthetic biology. One may
consider integrating another realistic feature of cellular transport such as the
attachment of biological particles at different sites along the tracks in our model.
Another research topic is studying the networks of EFEIOD and considering various
phenomena like competition of resources in the network. We believe that the
EFEIOD can be generalized to model and analyze more natural and artificial
processes. Examples include coordination of large groups of organisms, traffic

control, and more.

3.6 Appendix: Proofs

Proof of Proposition 3.3.1 and 3.3.2: The fact that W is an invariant set of
the dynamics and has a repelling boundary follows from the equations from the

EFEIOD. Let
ni(t) = N1+ (¢ — Dziger1) L+ (r—1)zie), i=0,1,....n (3.29)
and
8i(t) == a;(1+ (r — Dzigpe) (L4 (r — 1)zi), (3.30)

with the z;’s defined in Eq. (3.2). Therefore, EFEIOD can be written as:
1 =no(t) (1 —wp) —mi(t) z1(t) (1 —wesr) — 61 21 and (3.31)

@i = Ni—1(t) w1 () (I=wipe1) —ni(t) 24(t) (1—wipe) =iz i =2,3,...,n, (3.32)
with the w;’s defined in Eq. (3.3).

Note that for r,q > 0, all the time-varying transition rates 7;(t) are uniformly
separated from zero and uniformly bounded and all the time-varying detachment
rates are non-negative and uniformly bounded. Now, the proof of proposition follows
from the results in Refs. [69] and [48].

Proof of Proposition 3.3.3 : Let

(1 = wire(t))

 =0,1,...,n—1 .
(1—Ii+1<t>)’ t 07 ) T (3 33)

bit) = mi(t)

and
Un(t) = nu(t) (1 — wnte(t)). (3.34)

Now, combining the representations in Eqgs. (3.33) and (3.34) with the Egs. (3.31)
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and (3.32), we get
21 =1t (1 —z1) — 1 21(1 — ) — 61 @1, (3.35)

=i wi(1—x;) = wi(1 — i) — 0wy, 1=2,...,n—1, and (3.36)
En = Pn-1 Tp-1(1 — Tp) — Yn T — Op Tn. (3.37)

Proposition 3.3.1 and the equations above imply that that EFEIOD can be
interpreted as time-varying MFALK system with no backward and attachment
dynamics with the well defined rates for all ¢ > 0. Write the time-varying MFALK
as © = f(x,t) with transition rates 1;(¢) and detachment rates 6;(t). A calculation
shows that the Jacobian of f is J(t,x) = L(t,x) + D(t), where L is the matrix

[~ (1 - 2) ity 0
Ui(1—x2)  —t1w — Po(l — x3) Yoy
0 (1 — x3) —pwy — Y3(1 — 1)
| 0 0 . ¢n_1(1 — l‘n) —’(,Dn_ll’n_l_

and D is the diagonal matrix
D= d1ag(—¢0 — 61, —(52, ey _5n—17 —I/Jn — 6n> (338)
Hence, Proposition 3.3.2 and the results in Ref. [68] and [48] imply that the EFEIOD

is SOST on ¥ and this completes the proof.

Proof of Proposition 3.3.4: It follows from the results in Ref. [68] and the

argument used in the proof of Proposition 3 in Ref. [67].

Proof of Proposition 3.4.1: Consider two RFMEODs both with same dimension
n, particle size £, rates \; for all e = 0,1,...,n, and o; for ¢t = 1,2,...,n, except for
any one j € {1,2,...,n — 1} such that

Qa; < dj. (339)

Therefore, the first RFMEOD admits a steady-state production rate R and the
second one admits R. We have to prove that R < R. We shall prove it by

contradiction.

Let us assume that
R<R, (3.40)
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which implies that

en < e,.

From Egs. (3.40), (3.41), and (3.20), we have

en-1 =< €n_1.

We start with the case j =n — 1. From Egs. (3.20) and (3.40), we have
Ae2 € — Op1 Eno1 < Ap_2 €n_o — Qp_1 €p_1.
Now, Egs. (3.39) and (3.43) implies that
An—2 €n—2 = Qn—1 €n—1 < A2 €9 — Q1 Ep1,

which implies that

En—2 < €p_2.

Continuing this way, we have
ej<ej, for j=n—-Ll+1,...,n-2.

This means that
Yn < Yn-

Now, from Egs. (3.20), (3.39), and (3.40), we have

n—1 n—1
)\n—Z €n—v (]- - yn> - Z Q; € S An—f én—[ (]- - gn) - Z Q; éz’-
i=n—~_0+1 i=n—_{+1

Combining this with Eqgs. (3.42), (3.46), and (3.47), we have

Cn—p < €p_yp.
Continuing this way, we have
ej<ej, for j=1,...,n—2,
which implies that
Yo < Ye-
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From Egs. (3.20) and (3.39), consider

n—1

Ao (1 —1wy) Zaz e < Ao (1 — 1) Zaz €. (3.52)

From Egs. (3.41) and (3.52), we have

Yo Z gﬂ? (353)

which is the contradiction to Eq. (3.51) resulting in R < R in the case a,,_; < @,_1.

Hence, using the same approach for any j € {1,2,...,n — 1}, we can conclude
that R < R.

Proof of Proposition 3.4.2: The proof is similar to the proof of Proposition 3.4.1

above and is thus omitted.

Proof of Proposition 3.4.3: From Eq. (3.20), we have

A
Aepr=A+a)e, = e,-1 = < ia) en. (3.54)
Similarly, we have
A n—j
ej:< —1/\—@) Jen, for j=n—(+1,...,n (3.55)
Since (A + «) > A, we have
Cnti1 > €p_pio > 0 > €. (3.56)
From Eq. (3.20), consider
Aen o (1—yn) — Z ae;=Ne, i1 — Z a e, (3.57)
i=n—~_+1 i=n—~_{+2
which implies
Ao (L—=yn) =X eppi1+aeqpi1. (3.58)
Therefore,
En—r (1 - yn) > €n—t4+1 = En—y > Cp_p41. (359)
From Eq. (3.56),
€p—p > Cp_p41 > Cp_p42 > 0 > €. (360)
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Now, consider

Yn—1—Yn =€n—t— € >0 = Yp_1> Yn. (3.61)

Now, from Eq. (3.20),

Aenov1 (1 —=Yn1)=Aenv (1 —yp) +aeny. (3.62)
which implies
ent-1 (1 =Yn1) > eny (1 —yn). (3.63)
From Eq. (3.61), we have
En—0—1 > €p_y (364)
and thus
Yn—2 > Yn—1. (365)

Continuing in this way completes the proof.

Proof of Theorem 3.4.1: Clearly, ¥ is an invariant set of the dynamics. Note
that this system is REMEOD with a time-varying initiation rate which is uniformly

bounded and uniformly separated from zero, i.e.,
0 < ki + koA + Y i) < M. (3.66)
i=1
Now, the proof follows by Theorem 3.3.1.
Proof of Proposition 3.4.4: We have equations for the RFMEOD with feedback

at steady-state as follows:

R
€n ‘= T

An

R+Y )
€= Zk*zﬂgk(ek), i=n-—1,...,1, and

Ai(1 = Yire)
R n—1

yo=1- 2 9rl6) (3.67)

o (k14 ke(Anen + D0 aue;))

Suppose that ky = k; and ks < k. We have to prove that e, < €,. We shall

prove it by contradiction. Assume
en < ep, (3.68)

which implies that
R <R, (3.69)



which further implies from Eq. (3.67) that
e <e, foral i=1,2...,n—1. (3.70)

Therefore,
Yo < Y- (3.71)

From Eq. (3.67) and simplifying calculations we have,

Ye—Ye=ki (A +an) (€, —ey)+ (ko — E2) (A (An+an) en+an (A +an) e, )

i) (O o) e cnrea + (Tace) (Taa)) 67

The fact that ky < ks and Eqs. (3.68) and (3.72) implies that

Yo < Ye (3.73)

which is a contradiction to Eq. (3.71) and hence e,, < é,, and the other part follows

the same arguments.
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Chapter 4

Modeling mRNA translation with

ribosome abortions

This chapter! introduces a deterministic mathematical model for the flow of
extended length particles along the track encapsulating the fact that particles
may detach due to the collision with the neighboring particles. In particular, we
study ribosome flow along a mRNA molecule and provide insight into the effects of

premature termination due to abortions on protein expression.

4.1 Introduction

Gene translation is a process during which complex macromolecules called ribosomes
decode the information inscribed in an mRNA molecule unidirectionally codon by
codon to yield a functional protein [2]. One of the major errors in translation is
abortion, i.e., premature detachment of ribosomes from the mRNA strand resulting
in non-functional truncated proteins [115|. Even in non-stressed conditions, a certain
minimal abortion rate is observed [81]. Various mechanisms are known to cause
translation abortion. For example, ribosome collisions at stalls stimulate abortive
termination of the leading ribosome or can correspond to mutual abortion [116],
a false stop codon resulting from frameshift [120], and local depletion of tRNA
molecules etc. |74, 121, 122]. Translation is a central and one of the most energy
consuming processes in the cell and thus, modeling translation by encapsulating the
feature of ribosome abortions that can affect this process has important implications

to cell’s functioning, human health, evolution, and biotechnology [1].

The RFMLK analyzes mRNA translation with ribosome drop-off [68]. Yet, it
does not take into account the feature of detachment of ribosomes due to collisions
between them. As such, both the REFM and the RFMLK inherit the property that

the site size is equal to the size of the particle.

In this chapter, we introduce a deterministic mathematical model called ribosome

!The content of this chapter is published as: “Aditi Jain and Arvind Kumar Gupta. Modeling
mRNA translation with ribosome abortions. IEEE/ACM Transactions on Computational Biology
and Bioinformatics 20(2):1600-1605, 2022.”



flow model with extended objects and abortions (RFMEOA) to analyze mRNA
translation with fundamental phenomena of ribosome drop-off from the mRNA. Tt
models several reasons that could lead to detachment of ribosomes along a mRNA
molecule such as collisions between ribosomes or depletion of the concentration of
elongation factors. Using tools from the contraction theory, we prove that RFMEOA
always converges to a steady state. In other words, the density profile of ribosomes

and the protein production rate always converge to a unique steady state.

The chapter is organized as follows. The next two sections describe the model and
present our main results, respectively. Section 4.4 studies the effect of parameters
on the steady-state output rate. Section 4.5 summarizes the chapter and finally, the

proofs of the results are given in Section 4.6.

4.2 Model

The RFMEOA is a set of n first-order nonlinear ordinary differential equations,
where n denotes the number of sites along the mRNA. We assume that every
ribosome covers 1 < ¢ < n site units and is translating the left-most site it is
covering and refer to this part of the ribosome as the reader. Thus, ‘the ribosome
is at site ¢" implies that the ribosome is located at site ¢ and is translating it while
all the sites ¢, + + 1,..., ¢ + ¢ — 1 remain covered by it simultaneously. Hence,
the ribosome that is located upto ¢ sites left to the site ¢ contributes to the total
ribosome coverage at site . Let x;(t) denote the ‘normalized’ reader density at site
i at time ¢ (see Fig. 4.1).

Ribosome

Figure 4.1: The RFMEOA as a chain of n sites of codons. Each ribosome occupies
¢ sites and each site is described by a reader density z;(t) € [0, 1].

Let y;(t) denote the ‘normalized’ coverage density at site ¢ at time ¢, i.e.,
yi(t) = >z, i=12...n (4.1)
j=max{l,i—(+1}
The term ‘normalized’ implies that each variable x;(t) and y;(t) takes value in the
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interval [0, 1] for all ¢ > 0. The value zero |one| means that site i is completely
free [full]. Now, we consider a state-space ¥ for the REFMEOA such that values of

x;’s and y;’s are between zero and one. Let
UV:={zeR":2e€C" and y e C"}.

Note that the ‘vacancy’ level at site i is (1 —y;), where y; denotes the total ribosome

coverage at site i.

The dynamics of the RFMEOA with n sites is given by:

xZ:fZ—l(x)_fl<x)_gl<x)7 Z:1,2,,’I’L, (42)
where
filz) = N (1 —yip0), i=0,1,...,nm, (4.3)
and
gi(x) = auxi(a; + b; i) (c; +d; Ting), 1=1,2,...,n, (4.4)

with z;(t) = 0 and y;(¢) = 0 for all @ < 1 and ¢ > n. Here, the non-negative
parameters «;, a;, b;, ¢; and d; controls the detachment from site ¢ to the

environment. Each parameter \;, oy, a;, b;, ¢; and d; has units 1/time.

The term f;(x) represents that the reader flow from site i to site i + 1 is
proportional to the reader occupancy level at site i [z;] and to the ‘vacancy’ level at
site i+¢ [1—y;1¢] [69]. This is a ‘soft’ version of the exclusion principle which implies
that the rate of movement decreases as the density in any of the ¢ consecutive sites

mcreases.

The term g;(z) represents that the detachment of ribosomes from site ¢ to
the environment is proportional to its reader occupancy level and to the reader
occupancy level of the neighboring ribosomes. Note that the neighboring ribosomes
of a ribosome at site i are ribosomes at sites i — ¢ and i + ¢. The term (a; + b; ;)
represents the fact that the detachment of ribosomes at site 7 is stimulated by the
collision with the preceding ribosome, i.e., the preceding ribosome must be at site
i — (. Similarly, the term (¢; + d; ;4¢) represents the fact that the detachment of
ribosomes at site ¢ is stimulated by the collision with the succeeding ribosome. To
further explain Eq. (4.4), consider the case i =4, { =2, by # 0 and dy # 0 (assume
that n > 6). Then Eq. (4.4) yields

ga(z) = ayzy(ay + by x3)(cy + dy xg). (4.5)
The term a4+ byzs and ¢4 + dyxg represents the fact that the detachment from site 4
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also depends on the reader density at site 2 and at site 6, respectively, which means
that the detachment of ribosome at site 4 is stimulated by the collisions with the
neighboring ribosomes.

The output rate of ribosomes from site n at time ¢, which is also called the protein

translation rate or production rate, is denoted by

R(t) := My (t) + e (t)(an + by xp_p(1)). (4.6)

Remark 1. The case when a; = 1, b; = 0, ¢; = 1 and d; = 0 models the situation
where ribosomes detach due to kinetic competition between normal elongation and
premature termination (see Fig. 4.2(a)). This kind of situation can be viewed as a
simple abortive termination (SAT) model [116].

Remark 2. The case when a; = 1, ¢; = 1 and d; = 0 for all ¢ and b; # 0 for some
© models the situation where the leading ribosomes undergo premature termination
after getting hit by the trailing ribosome (see Fig. 4.2(b)). This kind of situation
can be viewed as a collision-stimulated abortive termination (CSAT) model [116].
Remark 3. The case when a; = 1, b; = 0 and ¢; = 0 for all ¢ and d; # 0 for
some ¢ models the situation where the ribosomes after a collision with the leading
ribosomes will stop processing the mRNA transcript (see Fig. 4.2(c)). This kind of
situation can be viewed as a collide and abortive termination (CAT) model [116].
In the particular case where o; = 0 for all ¢, the RFMEOA becomes the RFMEOQO,
i.e., a dynamic mean-field approximation of TASEPEO [69]. The next section
analyzes the dynamical behavior of the RFMEOA theoretically.

4.3 Main results

Let z(t,a) denote the solution of Eq. (4.2) at time ¢t > 0 for the initial condition
acV.

4.3.1 Invariance and persistence

The next result shows that W is an invariant set of the dynamics and the
reader/coverage densities enter and remain in the interior of W after an arbitrarily

short time.

Proposition 4.3.1. If a € 0V then the solution of REFMEOA satisfies x(t,a) €
int(W) for allt > 0. For any 7 > 0, there exists a compact and convez set V. that

is strictly contained in U such that for any a € V, z(t,a) € V., for allt > 7.

From a biological point of view, this means that if the system is initiated such
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Figure 4.2: Schematic explanation of the detachment of ribosomes from site 7. a)
When detachment does not depend upon the collisions(a; = 1, b; = 0, ¢; = 1 and
d; = 0). b) When detachment occurs due to collision with the trailing ribosome(a; =
1, ¢; = 1 and d; = 0). ¢) When detachment occurs due to collision with the leading
ribosome(a; = 1, b; = 0 and ¢; = 0).

that every reader/coverage density has values in ¥ at time ¢ = 0, then this remains
true for all ¢ > 0. Furthermore, all the reader and coverage densities ‘immediately’
enter and remain in a set that is uniformly separated from the boundary of V¥, i.e.,
every site along the mRNA is neither completely full nor completely empty.

4.3.2 Contraction

The next proposition proves that the RFMEOA satisfies SOST (see definition in
Chapter 1). Let |.|; : R* — R, denote the L; norm, i.e., for x € R", |z|; =
1] + |wa| + - - 4 [l

Proposition 4.3.2. The REMFEOA is SOST with respect to the Ly norm, i.e., for
each € > 0 and each T > 0 there exists v = y(7,€) > 0 such that

lz(t +71,a) —x(t + 7,0)[1 < (1 +€) exp(—ty)|a — b1, (4.7)

forall t>0 and all a,be V.

From a biological point of view, this means the following. If we initiate the system

with two different ribosomal densities in W. This generates two different solutions
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and the distance between these solutions decreases with time at an exponential rate.

4.3.3 Global asymptotic stability

The next result describes the asymptotic property of the REMEOA that follows
from Propositions 4.3.1 and 4.3.2.

Theorem 4.3.1. The RFMEOA admits a globally asymptotically stable steady-state
density e € int(V), i.e., lim; o x(t,a) = e, for all a € V.

From a biological point of view, this means that the system always converges to
the unique steady-state profile, i.e., perturbations in the distribution of ribosomes
on an mRNA will not change the asymptotic behavior of the RFMEOA. The next

example demonstrates the stability property.

Example 4.3.1. Consider the REMEOA with dimension n = 3, particle size { = 2,
AN=1,i=0,...,3, a; =01, as =0, a3 = 0.1, a, =0, ap =0, a3 = 1, b; = 0,
1=1,...,3,c1=0,c5=0,c3=1,d; =1, dy =0 and d3 = 0. Fig. 4.3 depicts the
trajectories for three different initial conditions [I 0 0], [0 1 0],and[0 0 1

in W. It can be seen that the three solutions converge to the same steady-state point.

Figure 4.3: Trajectories of RFMEOA for three initial conditions given in Example
4.3.1 as a function of time. The steady-state point is marked by an ellipse.

In the next section, we explore how the steady-state output rate depends on the
various parameters of the RFMEOA.
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4.4 Effect of parameters

One might naturally expect the steady-state production rate to increase as the
initiation rate increases. However, this is not always true in the case of the premature
termination of the leading ribosome due to collision with the trailing one. The next

example demonstrates this.

Example 4.4.1. Consider the RFMEOA with dimension n = 10, particle size
(=3, N =1 1=0,...,n, except \y = 0.1, o = 0, except ay = 1, a; = 0,
1=1,...,n,b; =0, except by =0.5,¢; =1,and d; = 0,7 =1,...,n. Fig. 4.4 depicts
that the steady-state production rate decreases as the initiation rate increases. As
the initiation rate increases, more ribosomes accumulate leading to an increase in
ribosome collisions stimulating the abortion of the ribosome at stall site 4 and hence

decreasing the production rate.

2
314 10

296 | | | |
05 1 15 2 2.5 3
Ao

Figure 4.4: The steady-state production rate R as a function of Ay for a REMEOA
in Example 4.4.1.

The above example shows that increasing the initiation rate can decrease the
protein expression and is consistent with the prediction of the collision-stimulated
abortive termination model (CSAT) [116].

In general, to study the effect of parameters on the system dynamics by a
theoretical framework is cumbersome. One needs to calculate derivatives of the
steady-state point coordinates w.r.t. small changes in the parameters to obtain
information on whether the steady-state output rate increases or decreases. The

next result shows that these derivatives exist.

Letp:[)\o e )\n Qp QA ot QA bl N bn C1 "+ Cp dl e dn]/isthe
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vector of all the parameters. Consider mapping h from p to the unique steady-state

point in int(¥).

Proposition 4.4.1. The derivative (0/0p;)hi(p) exists for all i, j.

However, there are some special cases for which the steady-state output rate

sensitivity to variations in the parameters can be answered theoretically.

4.4.1 The case when a; =1 and b, = 0 for all ¢

The next result shows that increasing any of the transition rates along the mRNA
increases the steady-state protein production rate. Also, increasing the parameters
associated with the detachment rate decreases the steady-state protein production

rate.

Proposition 4.4.2. Consider a RFMFEOA with dimension n, particle size £, a; = 1,
and b; = 0, for alli. Then (0/0a;)R <0 foralli=1,2,...,n—1 and (0/0N;)R >0
fori=0,1,2,...,n.

Also, note that (0/0¢;)R < 0 and (0/0d;)R < 0. In particular, increasing the

initiation rate increases the protein production rate. The next example shows this.

Example 4.4.2. Consider the REMEOA with dimension n = 6, particle size { = 2,
AN=1,i=1,...,n, except \y = 0.1, a; = 1, except ag =0, a; =1, b, =0, 1 =
1,...,n,¢;=0.1,and d; = 0.1, = 1,...,n. Fig. 4.5 depicts that the steady-state

production rate increases as initiation rate increases.

0.25

0.2

0.1

0.05

0 05 1 15 2 25 3
Ao

Figure 4.5: The steady-state production rate R as a function of )y for a RFMEOA
in Example 4.4.2.
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The above example is also consistent with the prediction of the collide and
abortive termination model (CAT) [116]. The next result analyzes the REFMEOA
under the assumption of constant transition rates, i.e., A\; ;== A >0,i=0,1,...,n,

and constant parameters o; ;== a >0,i=1,...,n.

Proposition 4.4.3. Consider a RFMEOA with dimension n, particle size £, \; =
A>0, 0, =a>0,a; =1, and b; =0 for all i. Then

€1 > €3> - > e, 1 > €. (4.8)

The above proposition implies that steady-state reader densities monotonically

decrease between sites 1 and n.

4.4.2 The case when 7/ =1

The next result shows that an increase in any of the transition [detachment| rates

increases [decreases| the steady-state protein production rate.

Proposition 4.4.4. Consider a REMFEOA with dimension n, { = 1, and assume
a, = 0. Then (0/0a;)R < 0 for alli = 1,2,...,n — 1 and (0/ON,)R > 0 for
1=0,1,2,...,n.

Consider an RFMEOA in Example 4.4.1 with ¢/ = 1. By the above proposition,
we have that increasing \g increases R as shown in Fig. 4.6. This demonstrates the
effect of the length on the steady-state output rate for varying the other parameters.
Note that this result also holds in the absence of abortions [60].

%1072
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Figure 4.6: The steady-state production rate R as a function of )y for a REMEOA
in Example 4.4.1 with ¢ = 1.
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The next result analyzes the RFMEOA under the assumption of constant

transition rates, i.e., \; ;= A >0,:1=0,1,...,n.

Proposition 4.4.5. Consider a REMFEOA with dimensionn, { =1, and \; := X\ >
0. Then
€1 > €9 > 0> €y 1 > €. (4.9)

The above result shows that steady-state reader densities monotonically decrease

between sites 1 and n.

4.5 Discussion

It has been observed that a long pause of a ribosome at a site causes a long
queue of stalled ribosomes even under normal conditions [79]. In some cases,
ribosome stalls result in ribosome collisions that act as the trigger for quality
control responses, which act to remove stalled ribosomes from the mRNA. Hence,
abortions due to ribosome stalling or ribosome-ribosome collisions play a role
in translational regulation as they rescue ribosomes and make them available to
translate other mRNAs [123]. The motivation for studying REMEOA is a recent
biological study supporting a model in which the leading stalled ribosome undergoes
premature termination after collision with the trailing one [80]. The RFMEOA is
a deterministic mathematical model for mRNA translation that incorporates many
realistic features: the fact that ribosomes cover several codons and the phenomenon
of premature termination of ribosomes from the mRNA strand without synthesis
of the full-length protein due to different reasons including ribosome-ribosome

collisions, non-availability of elongation factors.

Our main result shows that the RFMEOA is a contractive dynamical system.
This implies that it converges to a unique steady state for any set of feasible
parameters, i.e., it is robust to the initial conditions. We showed that in the
special case, in which trailing ribosomes that collide with the leading ribosomes
undergo abortive termination, increasing any of the transition |[detachment| rate

always increases [decreases| the steady-state protein production rate.

Furthermore, in a computational study, it has been proposed that there is a
decrease in gene expression at high initiation rates when ribosome collisions at stalls
stimulate premature termination of the leading ribosomes [116]. We also observed
this prediction, i.e., increasing the initiation rate may sometimes lead to a decrease
in the production rate through simulations of the RFMEOA by considering the

parameters that support this scenario.

Translation is a complex process and understanding its various bio-physical
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aspects can address numerous biological questions. We believe that the RFMEOA
may serve as a basis to consider more sophisticated aspects, for example, mRNA
degradation, programmed frameshifts, mRNA secondary structures, to deepen the
understanding of the translation process [120]. It could also be generalized to model
other biological dynamical processes such as transcription, cellular transport, and
more [24]. Another research topic is to incorporate the phenomena of competition
for resources and analyze the effect of abortive termination on the total production

rate in the entire system.

4.6 Appendix: Proofs

Proof of Proposition 4.3.1: Consider the RFMEOA with x(0) € 0¥. Then there
exists an index j such that z;(0) € {0,1} or y;(0) € {0,1}. We shall consider few
cases.

Case 1: Suppose that y;(0) = 0 for some j say the case j = ¢. This implies ;(0) = 0
for k=1,2,...,¢. We have

9(0) = Ao(l—ye(o))—szlie(o)(1—922(0))—2 i 2i(0)(ai+b; 2:-4(0)) (cit+d; 2i10(0)).

(4.10)

Now, Eq. (4.10) implies that 3,(0) = Ao and thus 3,(0") > 0. Therefore, for any
7> 0 3 €(7) > 0 such that y,(t,a) > € for all t > 7. Continuing in this way, we have
yj(t,a) > eforallie {¢,{+1,...,n} and all t > 7.

Case 2: Suppose that z;(0) = 0 for some j. Then there exists a minimal index &
such that z4(0) = 0. Let & = n then

Tn(0) = A120-1(0) — X\ (0) — vy 24(0)(an, + by p—e(0)) (¢ + dp n10(0)).
(4.11)

Now, Eq. (4.11) implies that #,(0) = A\,_12,-1(0) > 0 and thus x,(07) > 0.
Continuing in this way, we can show that if 2;(0) = 0 for some j then z;(0") > 0.
The analysis for other cases can be done using similar arguments. This shows that
for any a € 0V, x(t,a) € int(V), for all ¢ > 0.

Now, the proof of the other part of the proposition follows from the fact that W is

compact, convex, and with a repelling boundary; see [[48], Theorem 2.

Proof of Proposition 4.3.2: Let 7 > 0 be given. By Proposition 4.3.1, 3 § =
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d(r) € (0,1/2) such that for all < and all ¢ > 7 we have,

5 < zi(t),y;(t) <1—06. (4.12)
- (1 = gisalt)
— Yite
(1) = \(t) —————=, and 4.13
m(t) = 50 T ) (4.13)
fori=1,2,...,n, with 2;(¢) =0 for i < 1 and ¢ > n.

Hence, using notations in Egs. (4.13) and (4.14), REMEOA can be written as:

fori=1,2,...,n with zo =0 and x,,,; = 0.

Note that the time-varying detachment rates ®;’s are non-negative. Also,
Eq. (4.12) implies that 7;’s are uniformly bounded and uniformly separated from
zero for all t > 7. It follows from Eq. (4.15) that REMEOA can be interpreted as the
MFALK with the time-varying transition and detachment rates with no backward
and attachment dynamics for all t > 7 [68|. Now, the results in Refs. [68] and [56]
imply that RFMEOA is SOST on V.

Proof of Theorem 4.3.1: We can write RFMEOA as & = ¢(x) with ¢ : ¥ — R".
Since the compact and convex set W is an invariant set of this dynamical system,
it contains the steady-state point e [57]. By Proposition 4.3.1, e € int(¥) and then

the result follows from Proposition 4.3.2.

Proof of Proposition 4.4.1: The argument used in the proof of [[67]|, Proposition

3] implies that all the derivatives w.r.t. the given parameters are well-defined.

Proof of Proposition 4.4.2: At steady state, the left-hand side of Eq. (4.2) is zero,

SO

fii(e) = file) + gile), i=1,2,...,n. (4.16)

with f;s and g;s defined in Eqgs. (4.3) and (4.4), respectively. Let R = (A, + au)en
denote the steady-state production rate. From Eq. (4.16), we get

n—1

R = fu(e) + gnle) = file) = Y gule), i=0,1,...n—1. (4.17)

k=i+1

Given a RFMEOA, pick any j € {0,1,...,n} and consider a new REMEOA with
A\j < A; and all the other rates unchanged. Let & and R denote the steady-state
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density and production rate in the modified REMEOA, respectively. We have to

show that R < R. Seeking a contradiction, assume that
R<R (4.18)

We start with the case j = n. Combining Eqs. (4.17) and (4.18) with the fact that
An < A, implies that
én < €. (4.19)

From Egs. (4.17) and (4.18) we have, €, 1 < e, jand &, , < e, x, k=1,...,0—1.
This implies that
Un < Yn- (4.20)

Now, from Eqs. (4.17) and (4.18), we have

n—1
)\nfé énfé (1 - yn Z 67} ez S >\n ¢ En—¢ 1 - yn Z a; € 4 21)
i=n—_l+1 i=n—_l+1

which implies from Eq. (4.20) that é,_¢ < e, and S0 ¢,,—1 < y,—1. Continuing in
this way we have ey < e, k =1,...,n — ¢ and so g, < y,. Using Eqgs. (4.17) and
(4.18), results in R < R which is contradiction to Eq. (4.18). So we conclude that
R < R in the case \, < \,.

Hence, using the same approach for any j € {0,1,...,n — 1}, we can conclude that
R < R. So, (0/0X;)R > 0 for all j. The proof of the other equation in Proposition

4.4.2 is very similar and is thus omitted.

Proof of Proposition 4.4.3: Consider Eq. (4.16) with A; = A\(>0),i=0,1,...,n
and o; = a(>0),7=1,...,n. Then

At
€j:<

/\ )n_j e, for j=n—0+1,....n (4.22)

Since (A + «) > A, we have e,_yp11 > €,_p10 > - > e, and e,_¢(1 — yn) > €n_ri1.
Since y,, € (0,1), it implies e,y > €,_¢41 and y,_1 > y,. Also from Eq. (4.16), we
have

Aen—r-1(1 = yn—1) = Aen—o(1 — yp) + alcne + dn_ozy) (4.23)

which implies e, s 1(1 — y,—1) > e,—¢(1 — y,) and combining this with y,_1 > vy,

we have e,,_y_1 > e,,_y. Continuing in this manner completes the proof.

Proof of Proposition 4.4.4: Pick any j € {0,1,...,n} and consider a new
RFMEOA with \; < \; and all the other rates unchanged. Let € and R denote the
steady-state density and production rate in the modified RFMEOA, respectively.
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We have to show that R < R. Seeking a contradiction, assume that
R<R. (4.24)

We start with the case j = n, i.e., A\, < \,. From Eq. (4.24), we have &, < e,.
From Eq. (4.17) we have

R R
e — — 125
TN =)  a—e) (4.25)

Now Egs. (4.17) and (4.25) implies that

R + an—lan—lén—l(cn—l + dn—lén)

€n—2 = — = -
? )\n—Q(]- - en—l) - an—lbn—len—l(cn—l + dn—len)
R+ an—1ap-1€n-1(Cn-1 + dn-16n
T o161 (Cay F dnoa6n) — ey s (4.26)
)\n72(1 - 6nfl) - Canlbnflenfl(cnfl + dnflen)
Continuing in this way we have e; < e;, 1 =1,...,n.

We have from Eq. (4.17),
)\0(1 - él) S )\0(1 - 61). (427)

This contradicts that é; < e; and thus completes the proof. The proof of the other

cases is very similar and is thus omitted.

Proof of Proposition 4.4.5: The proof is similar to the proof of Proposition 4.4.3

above and is thus omitted.
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Chapter 5

Large-scale mRNA translation and
the intricate effects of competition for

the finite pool of ribosomes

In this chapter!, large-scale simultaneous mRNA translation in the cell has been
investigated through a mathematical network model that encapsulates important
biological features such as competition for shared resources and the possibility of
drop-off of ribosomes at different sites along the mRNA. We study the dynamical
properties of the model and analyze how state variables get affected by modifying

various biological features.

5.1 Introduction

Translation is a fundamental process that takes place in all living cells, from
bacteria to humans. Many mRNA molecules are translated in parallel with many
ribosomes decoding every mRNA molecule [124]. This implies that the mRNA
molecules effectively “compete” for the finite resources in the cell, like tRNA
molecules and free ribosomes |72, 125]. The competition for ribosomes may explain
important dynamical properties of translation, that are difficult to understand when
considering the translation of a single, isolated mRNA molecule. For example, it
is known that stalling ribosomes may detach from the mRNA before completing
the translation process [81, 75|. This is somewhat surprising, as a ribosome
that drops-off from the mRNA before reaching the stop codon fails to complete
the synthesis of a full-length protein, and releases a truncated protein, whose
accumulation could be detrimental to the cell [112]. However, in the context
of competition for free ribosomes, premature drop-off may have a positive effect:
it allows stalled ribosomes to join the pool of free ribosomes that can initiate

translation in other mRNA molecules. Thus, modeling translation as a network of

!The content of this chapter is published as: “Aditi Jain, Michael Margaliot, and Arvind Kumar
Gupta. Large-scale mRNA translation and the intricate effects of competition for the finite pool
of ribosomes. Journal of the Royal Society Interface 19(188): 20220033, 2022.”



interconnected processes and taking into account competition for shared resources is
important for gaining a deeper understanding of fundamental principles in cellular

biophysics.

Typically, translation is initiated by ribosome scanning from the end of
the capped mRNA. However, some mRNAs include internal ribosome entry
sites (IRESs), that allow for translation initiation in a cap-independent manner.
IRESs, first discovered in poliovirus, are common in RNA viruses and allow viral
translation even when host translation is inhibited for some reason [126, 127|. If the
IRES is located in the 5" UTR region then it can be modeled as one of the bio-physical
properties that affects the initiation rate of the mRNA. However, certain viruses,
like HIV, have IRESs within the open reading frame, downstream of the initiation
codon [128]. Cellular growth regulatory genes and genes transcribed in response to
stress also contain IRES elements [76]. Also, synthetic biologists often insert IRES
sequences into their vectors to allow expressing two or more genes from a single
vector [129]. We believe that the effect of IRESs on translation should also take
into account the competition for shared resources, like ribosomes. For example, a
recent study [130] shows that the non-structural protein 1 (Nspl), produced by the
SARS-CoV-2 virus, binds to the human 40S subunit in ribosomal complexes, and
thus interferes with mRNA binding. This aids the virus in “hijacking” the cellular

translation machinery.

The RFMNP includes a network of RFMs interconnected via a pool of free
ribosomes. The dynamics of REMNP have been described in Chapter 1. For a recent
application of this model to large-scale ribosome traffic engineering, see Ref. [131].
However, the RFMNP cannot model the important features of premature drop-off
and IRESs. As we will see below, adding these features to the model generates new,

important and perhaps surprising results.

In this chapter, we consider a network of RFMs with an additional Langmuir
kinetics (RFMLK). For details of the dynamics of REMLKSs, the reader can refer to
chapter 1. This allows modeling drop-off and attachment of ribosomes at any site
along the mRNA due to premature drop-off or IRESs, respectively. The RFMLKs
are interconnected via a pool of free ribosomes yielding a new model referred to
as the RFM with Langmuir kinetics network (RFMLKN). This allows modeling
simultaneous translation of an arbitrary number of mRNA molecules, with ribosome
drop-off from any site along the mRNA molecule to the pool of free ribosomes, and
attachment at an IRES at any site along the mRNA. In particular, we use this model
to rigorously analyze the effect of ribosome drop-off and/or IRES in one mRNA on
the production rate of all the other mRNA molecules. Note that drop-off from
|[attachment at| site ¢ is modeled by a parameter o; > 0 [5; > 0], such that setting
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the parameter to zero implies no drop-off [attachment| at this site.

We use the powerful theory of strictly cooperative dynamical systems with a
first integral [132] to prove that the RFMLKN admits a continuum of linearly
ordered equilibrium points. Every solution of the system converges to an equilibrium
that depends on the network parameters and the total number of ribosomes in
the network (that is conserved under the dynamics). This represents a dynamical
steady-state where the ribosome flow into and out of every site along any mRNA
molecule is equal, and the flows into and out of the pool are also equal. Thus, any
two solutions starting from two initial conditions corresponding to an equal total
number of ribosomes in the network converge to the same equilibrium point. In
other words, the network “forgets” the exact initial condition, except for the total
initial density of ribosomes. This qualitative behavior holds for any feasible set of

parameters covering many possible biophysical conditions.

More generally, we show that if all the transition rates vary in a periodic
manner, with a common period 7', then every solution of the REMLKN converges
to a periodic solution with period 7. This implies in particular that the protein
production rate in all the mRNAs entrains to periodic excitations in the translational

machinery.

We use the RFMLKN to analyze quantitatively and qualitatively important
questions such as the effect of ribosome drop-off/attachment from/to a site in
one mRNA on the steady-state production rate of all the other mRNAs in the
network. The analysis highlights how the competition for shared resources generates
an indirect and intricate web of mutual effects between the mRNA molecules in the
cell. These effects cannot be analyzed using models of translation on a single, isolated
mRNA molecule.

The chapter is organized as follows. The next section summarizes the main
analysis results and their biological implications. Section 5.3 presents the new
mathematical model and demonstrates using several simple examples how it can
be used to study questions that are relevant for large-scale translation in the cell.
Section 5.4 states our main theoretical results. The following section concludes the

section and all the proofs are placed in the Appendix.

5.2 Summary of main results and their biological
implications
The RFMLKN encapsulates many fundamental aspects of gene translation. During

mRNA translation, ribosomes attach at the 5 end of the mRNA and scan it in a
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sequential manner. At each elongation step, every sequence of three consecutive
nucleotides in the mRNA, called a codon, is decoded into an amino-acid, and this
process continues until the ribosome reaches the 3’ end of the mRNA [2]. The codon
decoding rates may vary among different mRNAs and depend on many transcript
features [40].

Several ribosomes may scan the same mRNA molecule in parallel, but a ribosome
cannot overtake another ribosome in front of it, thus obeying the simple exclusion
principle. Ribosomes may detach from the mRNA molecule before reaching the stop
codon due to several reasons like ribosome “traffic jams”, the presence of a premature
stop codon, ribosome-ribosome interactions due to depletion of aminoacyl tRNA or
amino-acid misincorporation, etc. [81, 111]. The RFMLKN also allows to model
ribosome attachment at IRESs in mRNA sites where such a feature is relevant. The
limited availability of free ribosomes induces indirect coupling due to competition
between mRNA molecules (see Fig. 5.1).

) — Larger subunit of Ribosome 000000+ 00000 | — mRNA

b e Smaller subunit of Ribosome
\ ) [ ... Detachment

R A s SRR Termination

A . Initiation

. v

t &=, Elongation 1

Figure 5.1: Large-scale translation of mRNA molecules in the cell. Several ribosomes
may decode the same mRNA. Ribosomes that detach from an mRNA enter the pool
of free ribosomes.

We prove that for a given set of elongation, drop-off and attachment rates,
and a total number of ribosomes in the network, the RFMLKN admits a unique
steady-state, i.e., the ribosomal density profiles on all the mRNAs and in the pool

converge to a fixed value, as time goes to infinity. This raises the important question
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of how does the steady-state changes if we modify any parameter in the model, e.g.

the rate of ribosome drop-off in one site of a specific mRNA.

Our analysis shows that following an increase [decrease| in a drop-off rate in any
mRNA molecule, the steady-state ribosome density profile in all the other mRNA
molecules increases |decreases|. The intuitive explanation for this is as follows:
increasing the drop-off rate leads to releasing more ribosomes to the pool of free
ribosomes and this increases the initiation rate as well as the attachment rate in all
the other mRNA molecules leading to an increase in their ribosome density profile.
We also prove the “dual” result, namely, that increasing |decreasing] an attachment
rate in a specific site in an mRNA decreases [increases| the steady-state ribosome
densities in all the other mRNA molecules. However, and perhaps surprisingly,
we show that it is very difficult to analytically predict the effect of a variation in
one of the rates on the mRNA that is modified, as the effect will depend on the
entire network. For example, increasing the attachment rate in one site of a specific
mRNA may reduce the pool density and thus decrease the effective attachment rates
in other sites along the modified mRNA, leading to an unexpected decrease in the
density along this mRNA.

These results highlight the indirect effects of competition for resources, and
also the importance of taking competition into account when “tinkering” with the
bio-physical features of a single mRNA molecule, e.g. by replacing codons by

synonymous codons or using RNA interference (see Ref. [133]).

Our simulations suggest another interesting implication of ribosome drop-off
and/or ribosome attachment (e.g. in IRESs). It seems that these phenomena tend
to increase the amount of indirect “communication” between the mRNA molecules,
through the pool, and thus lead to a higher level of synchronization between the
production rates in the mRNAs. This suggests another possible advantage of
ribosome drop-off and attachment as tools for regulating the total protein production

from different copies of the same mRNA.

5.3 Mathematical Model

Our model is a network of interconnected RFMLKs. We begin by describing the
RFMLK with an input and then develop the network of interconnected RFMLKSs.
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5.3.1 The RFMLK with an input and output

To build a network, we use an RFMLK with an input and output described by

Ty = Xo(1 —2)u — Moy (1 — 22) + 51(1 — 21)u — a1,

Ty = M1 (1 — x2) — Aowo(l — 3) + Ba(l — 22)u — 2,

'fn = An,1$n,1(1 - xn) - )\nxn + 6n<1 - xn)u — OpTp,

=1

The time-varying function wu(¢) represents the density of ribosomes in the vicinity
of the mRNA molecule and thus affects the diffusion of ribosomes to the binding sites
along the mRNA. The parameters [3; represent some intrinsic site-specific features,
and this modulates the effect of the common w(t). Mathematically, u(¢) multiplies
the term representing the entry rate into the first site, and also the attachment
rates in all the sites. We assume that w(t) > 0 for any time ¢. A larger value
of u(t) corresponds for example to a larger density of free ribosomes in the vicinity
of the mRNA at time ¢, and consequently, it increases the effective initiation rate in
the first site and the attachment rates in all the sites ¢ with 5; > 0. The output y(t)

is the total exit rate of ribosomes from the RFMLK to the environment at time ¢.

Note that Eq. (5.1) is a nonlinear model, as it includes both products of

state-variables and products of state-variables and the control input.

Example 5.3.1. Consider the case n = 1. In this special case, Eq. (5.1) becomes

the affine control system
i1 = —(Aou + A1 + a1 + Bru)ar + (Ao + Br)u.

Fix 21(0) € [0, 1]. Consider a constant control u(t) = v, with v > 0, then it is clear
that z1(t) € (0,1) for all ¢ > 0, and that the limit e; := lim; ;o 21(¢) exists, and

satisfies
1

- 1+ a1+

(B1+o)v

€1

In particular, if v = 0 then e; = 0, and if v — oo then e; — 1. The first case
corresponds to no ribosomes in the vicinity of the mRNA, so the single site empties.
The second case corresponds to an infinite density of ribosomes, so the site fills up
completely. Note also that e; is an increasing function of \g, 81, v, and a decreasing

function of A1, ay.
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The next subsection introduces the REMLKN.

5.3.2 A network of ribosome flow models with Langmuir

kinetics and a pool

To model large-scale translation under competition for the finite pool of ribosomes
in the cell, we consider a set of m RFMLKSs with input and output, representing m

different mRNA molecules in the cell, connected via a pool of free ribosomes.

The ith RFMLK has length n;, input function u’, output ¢, and rates \j, A,
C AL B By, ., B and of, of, ..., ol . The dynamics of the m RFMLKs is
written as
@t = flatul), yt =g,

(5.2)

i = fla™ ™), Y™ = g(a™).
These RFMLKSs are interconnected through a pool of free ribosomes, i.e., ribosomes
that are not attached to any mRNA. We use the scalar function z(t) > 0 to denote
the density of ribosomes in the pool at time ¢. The pool feeds the initiation locations
as well as the sites in the mRNAs where attachment takes place. Mathematically,
this implies that u’(t) = G;(z(t)), i = 1,2,...,m. We assume that every
function G;(-) : Ry — R, satisfies the following two properties:

2. G4(+) is continuously differentiable with G;;(z) > 0 for all z > 0.

The first property implies that if the pool is empty then no ribosomes can exit the
pool; the second implies that as the number of ribosomes in the pool increases, more

ribosomes exit the pool. Note that these properties imply the following:

e There exists ¢ > 0 such that G;(z) < cz for all z > 0 sufficiently small.

This technical condition will be used later on in the proof of persistence in
the REMLKN.

Functions that satisfy these properties include, for example, the linear
function G(z) = az, with @ > 0, and the bounded function G(z) = atanh(bz),
with a,b > 0 [134, 135].
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The dynamics of the ith RFMLK in the network is thus given by:

71 = NGi(2)(1 = 27) = Mt (1 = 25) + 1Gi(2) (1 — 27) — aja,
i = Nt (1 — 2d) — Noab(1 — ) + BiGi(2)(1 — 2)) — abas,

o | - . o (53)
Bo= X (1 —ah) = Nk + B Gi(2)(1 - 2l,) — al

ni?
Uz
i 1,0
=\, z + E oyTy.

The output of each RFMLK is fed into the pool. Hence, the pool dynamics is given
by:

Z al —i—ZZa Z)\Z 2)(1—ah) ZZB’G J(1—x)). (5.4)

i=1 j=1 i=1 j=1

In other words, all the ribosomes that exit or drop off the mRNAs feed the pool,
and the pool feeds the initiation and attachment sites in all the mRNAs.

Summarizing, the REMLKN is a dynamical system with d := 1+ 3", n; state
variables, and dynamics described by Egs. (5.2), (5.3) and (5.4) (see Fig. 5.2).
Eq. (5.4) and our assumptions on the functions G; imply that if 2(0) > 0 then
z(t) > 0 for all t > 0, i.e., the pool density is always non-negative.

RFMLK #1

Pool :

Figure 5.2: Each mRNA is described by an RFMLK with input and output. The
output of each RFMLK is fed into the pool, and the pool feeds the initiation and
attachment rates in all the RFMLKs.
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The feasible set of parameters in the REMLKN is:
A; >0, 8, >0, a; >0, forall ,j.

All the theoretical results in this chapter hold for any choice of parameter values in
this set. In particular, they hold if we set some (or all) of the aj-’s to zero and/or
set some (or all) of the Bj’s to zero. Thus, the theoretical results remain valid when
there is no drop-off from [attachment at| any site, or when there is drop-off from

|attachment to| very specific sites. Let

H(t):=2(t) + ) Z zh(t).

i=1 j=1

This is the total number of ribosomes in the system at time ¢. An important property
of the RFMLKN is that it is a closed system, so the total number of ribosomes is

conserved for all t > 0. Thus, H is a first integral of the dynamics.

The RFMLKN models the indirect coupling between the mRNA molecules
induced by competition for the finite number of ribosomes in the system. For
example, if there is a “traffic jam” of ribosomes on one of the mRNAs then the
pool density z decreases and thus the initiation and attachment rates to all the
mRNAs, that depend on the functions G;(z), decrease.

We prove in Section 5.4 that all the state variables in the RFMLKN converge to
a steady state. The steady-state values depend on the parameter values in all the
RFMLKs and the total number of ribosomes in the network. Let ¢! € [0,1] denote
the steady-state density at the jth site in the ith RFMLK, and let e, € [0, 00) denote
the steady-state pool density.

The RFMLKN provides a versatile and powerful framework for simulating and
analyzing the effect of various biological phenomena on large-scale translation in the
cell under competition for free ribosomes. In the examples below, we demonstrate
how various changes in the network affect the RFMLKN steady-state. These
examples are simple and synthetic. Their goal is merely to demonstrate the variety

of topics that can be addressed using the new mathematical model.

Our first example demonstrates how the total number of ribosomes in the system

affects the ribosomal densities along the mRNAs.

Example 5.3.2. Consider an RFMLKN that includes a single RFMLK with
dimension n; = 3, rates )\]1- =1, for j = 0,...,3, B} = 0, for j = 1,3,
By = 01, o = 0, for j = 1,3, and oy = 0.01, and a pool with an output

function G(z) = tanh(z). We simulated this system with the initial condition 2} = 0
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Figure 5.3: a) Steady-state values in the RFMLKN in Example 5.3.2 as a function
of the total number of ribosomes c. (a) when G(z) = tanh(z); (b) when G(z) =

for all j, and 2(0) = ¢, so that the total number of ribosomes in the system is c,
for various values of ¢. When ¢ = 0 there are no ribosomes in the network and
the steady-state values are all zero. As c increases, the number of ribosomes along
the RFMLK increases.

the mRNA saturate to the values corresponding to initiation rate A) = 1, and

Since tanh(z) — 1 as z — oo, ribosomal densities along

attachment rates zero except for 43 = 0.1. The remaining ribosomes accumulate
in the pool (see Fig. 5.3a). Using a different output function, namely, G(z) = z,
the qualitative behavior is same, but now as ¢ increases, ribosomal densities tend to
have higher saturation values, and the remaining ribosomes accumulate in the pool

(see Fig. 5.3b).

The next example describes the effect of the drop-off rate of ribosomes along a
coding region in one of the mRNA molecules on the steady-state profiles of all the
mRNAs in the network. Ref. [81] analyzed the drop-off rate in E. coli under normal
conditions and estimated it to be 4 x 10™* drop-off events per codon. This is not
negligible. For example, along a coding region of 300 codons (approximately the
average coding region length in E. coli) then on average, around 10 out of every 100
ribosomes will fail to complete translation of the mRNA. Recent studies suggest
that the drop-off rate increases with ribosomal traffic jams [80] and that under
stress conditions, such as amino acid starvation or aminoacyl-tRNA depletion due
to a high level of recombinant protein expression, ribosome drop-off can substantially

affect the efficiency of protein expression [75].

Let

ng

= (1/7%)263

Jj=1
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denote the average steady-state density (ASSD) in the ith RFMLK.

Example 5.3.3. Consider an RFMLKN with m = 3 RFMLKSs with dimensions n; =
3,1=1,2,3, and parameters \j = 0.8, \§ = 1, \j = 1.5, A} = 1, A2 = 6.4, X = 10,
ajl- = q, ozjz- =0, oz? =0, 5]1 =0, ﬁf =0, ﬂj?’ =0, for all j, and G;(z) = z,i=1,2,3.
The initial condition is a:; =0, for all 7, j, and 2z(0) = 2. We vary the parameter a,
i.e., the ribosome drop-off rate from all the sites in the first REMLK. Fig. 5.4 depicts
the ASSD in each RFMLK as a function of a. It can be seen that as « increases,
the ASSD in the first RFMLK decreases, whereas the ASSD in all the other REMLKSs
increases. Indeed, as the drop-off rate from the first RFMLK increases, the density
in the pool increases, and more ribosomes become available for translating the other

mRNA molecules, thus increasing the ASSD in the other RFMLKSs.
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Figure 5.4: Average steady-state density in the RFMLKN in Example 5.3.3 as a
function of the drop-off rate « in the first REMLK.

From a biological perspective, this example corresponds to a situation when due
to genetic errors or insufficient availability of charged tRNAs or frameshifting [136],
ribosomes start detaching before reaching the stop codon in an mRNA, resulting
in truncated protein products. Our results explain why this may still be beneficial
to the cell. The ribosome drop-off from one mRNA molecule increases the number
of free ribosomes that are now available to translate other mRNAs which in turn
increases the corresponding protein production rates. Of course, the effect of drop-off
from a single mRNA on the pool may be negligible, but the accumulated drop-off

from many mRNAs may be significant.

The next example considers the “dual” case of increasing the attachment rate in

one of the mRNA molecules in the network.

Example 5.3.4. Consider an RFMLKN with m = 2 RFMLKSs with dimensions n; =
10, i = 1,2. The parameter values are \j = 0.8, \j = 0.8, A\] =5, \* = 10, aj = 0,
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o =0, 3] =B, 37 =0, for all j, and G;(z) = tanh(z), i = 1,2. The initial condition
is 25 = 0, for all 4, j, and z(0) = 3.5. Fig. 5.5 depicts the ASSD in each RFMLK as
a function of  ranging from 0 to 0.5. It can be seen that as [ increases, the ASSD
in the first RFMLK increases and the ASSD in the other RFMLK decreases. This
is due to the attachment of ribosomes at the first REMLK leading to a depletion of
ribosomes in the pool, and thus to a decrease in the ASSD in the second RFMLK.
Note the relatively sharp decrease in the steady-state pool density as [ increases.
This is due to the fact that the number of sites is n; = 10, so a “traffic jam” in
an RFMLK involves many stalled ribosomes along the REFMLK.

T
1.4% —
X
X ° aZ
1.2 x 5
2 x e,
k7] x
g x
o 4 x
©° x,
()
T X
7 x
< 08 xXX
3
2 X
g 06 Xxs
X
=) X
o Xy
2 041 XXXXxxx
z o "
DDDDEDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD[]
0.2 'DDDDDDDDDDDDD i
i
o )OOOO?OOOO?OOOOQOOOOQOOOOQOOOOQOOOOQOCDOQOOOOQ(W

0 005 01 015 02 025 03 035 04 045 05
Attachment rate 3

Figure 5.5: Average steady-state density in the RFMLKN in Example 5.3.4 as a
function of the attachment rate g in the first REMLK.

From a biological point of view, the attachment rate may model internal ribosome
entry sites (IRESs) that appear in viral mRNAs. The RFMLKN may thus be used
to shed more light on how the viral mRNA “overtakes” the pool of free ribosomes
and thus: (1) accelerates the translation of viral mRNA, and (2) concomitantly
slows down the cellular innate immune response [137]. IRESs have also been used
as a biotechnological tool allowing the synthesis of several proteins of interest from
one multicistronic mRNA [138, 139, 76]. In this context, the example above shows
that the design of such tools should also take into consideration their effect on the

pool of free ribosomes.

The next example demonstrates the effect of modifying the length of one mRNA

molecule in the network.

Example 5.3.5. Consider an REMLKN with m = 2 RFMLKSs with dimensions n; =

5, and ng, respectively. The parameter values are A} = 1, A; =1, ozé» = 0.1,
B; = 0.01, for all 4,7, and G;(z) = tanh(z), i = 1,2. The initial condition is z = 0,
for all ,j, and 2(0) = 5. We simulated this network for various values of na.

As ngy increases, there is a decrease in the ASSD in both RFMLKs and in the
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pool density (see Fig. 5.6). Indeed, increasing n, implies that ribosomes that bind
to the second RFMLK remain on it for a longer period of time. This decreases
the steady-state pool density and, consequently, the steady-state densities in all
the REMLKs.
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Figure 5.6: ASSD and e, in Example 5.3.5 as a function of the length ns of the
second RFMLK.

The next example again studies the effect of increasing n, and also compares
the RFMLKN and the REMNP.

Example 5.3.6. Consider an RFMLKN with m = 2 RFMLKs with dimensions ny =
5, and nsy, respectively. The parameters are A; = oz;'- = 5]’ =1, for all 7, 7, and the
initial condition is 2%(0) = 0, for all 7, j and 2(0) = 25. Recall that e, [e7 ]| denotes
the steady-state density in the last site of the first [second] RFMLK. Let p;, [p2 ]
denote the steady-state density in the last site of the first [second] RFEMLK, when
)\;. =1, aé» = 5; = 0 for all 7, j, so the RFMLKs reduce to RFMs. Fig. 5.7 shows
that as ns increases, the steady-state densities 37111 and 67212 tend to equal values.
However, p. and p?_ are different. The reason for this may be that the non-zero
attachment and detachment rates increase the indirect communication between the
RFMLKs (through the pool) leading to better “synchronization”.

The next section rigorously analyzes the RFMLK and the REMLKN using
tools from systems and control theory and in particular the theory of cooperative

dynamical systems [50].

5.4 Main results

We begin by analyzing the properties of the RFMLK with input and output
described in Eq. (5.1), as these are the basic ingredients of the REMLKN. Recall
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Figure 5.7: Steady-state densities in Example 5.3.6 as a function of the length ny of
the second RFMLK.

that z;(t) € [0,1] for all ¢, so the state-space of the RFMLK is C™ := [0, 1]". Let
x(t, a) denote the solution of Eq. (5.1) at time ¢ > 0 for the initial condition a € C™.
For the sake of readability, all the proofs are placed in the Appendix.

5.4.1 Persistence

If w(t) = 0 then no ribosomes enter the REMLK and then it is clear that x(t) will
converge to zero, that is, the density of ribosomes at each site will go to zero. The
next result shows that for any input that is bounded below by a positive number
all the state variables remain bounded away from zero and also bounded away from
one. In other words, all the sites along the mRNA will never become completely

empty nor completely full.

Proposition 5.4.1. Consider the REMLK with a control u such that u(t) > s >0
for allt > 0. For any T > 0 there exists e = e(17) > 0, with €(1) — 0 as 7 — 0, such
that for any initial condition a € C™ the solution of (5.1) satisfies

e<uzi(t,a) <1—¢ forallie{l,...,n} and allt > .

In other words, for any control u(t) that is strictly positive for all ¢ > 0 we have
that after any time 7 > 0 all the normalized densities are strictly separated away
from zero and from one. In particular, if the densities converge to a steady-state e
then e; € (0,1) for all .

5.4.2 Contraction

Contraction theory is a powerful tool for analyzing nonlinear dynamical systems |53,

56], and has found applications in bio-molecular systems, control theory,
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synchronization of coupled nonlinear systems [54|, reaction-diffusion differential

equations [55], mathematical epidemiology [140, 141|, and more.

For x € R", let |.|; : R — R, denote the L; norm. For a non-singular matrix

P e R let |x|py := |Pxly, i.e., the scaled Ly norm of z.

Proposition 5.4.2. Consider the REMLK with a control u such that u(t) > s >0
for allt > 0, and fiz 7 > 0. There exist a non-singular matriz P = P(7) and n =
n(7) > 0 such that for any a,b € C™, we have

lz(t+71,a) —x(t + 7,0)|p1 < exp(—nt)|a — b|p1 for all t > 0.

In other words, the REFMLK is contracting with respect to the scaled norm |- |p;
after (the arbitrarily small) time delay 7. From a biological point of view, this
implies that the difference between the ribosomal density profiles, corresponding to

two different initial ribosomal densities along the mRNA, decreases with time.

Proposition 5.4.2 implies several useful asymptotic properties of the RFMLK.

These are described in the following subsections.

5.4.3 Global asymptotic stability

Proposition 5.4.3. The RFMLK with a constant control u(t) = s > 0 admits a
unique steady-state e® € int(C™) that is globally asymptotically stable, i.e.,

tlim x(t,a) = e* for any a € C".
—00

In other words, the solution converges to e® for any initial condition, so the initial
condition is “forgotten”. The equilibrium e® represents a dynamic steady-state where
the input and output flows from each site in the RFMLK are equal, and thus the
densities in each site are constant. From a biological point of view, this implies that
the ribosomal density at each site along the mRNA converges to a constant value.
This steady-state describes a situation where for each site, the rate of ribosomes

entering the site is equal to the rate of ribosomes leaving the site.

5.4.4 Monotone control system

Angeli and Sontag [142| extended the notion of a monotone system to control
systems. The next result shows that the RFMLK is a monotone control system.
For two vectors v, w € R", we write v < w if v; <w; foralli=1,...,n, and v K w

ifv, <w; forallt=1,...,n.

Proposition 5.4.4. Fiz two initial conditions a,b € C", with a < b, and two
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controls u,v : Ry — Ry, with u(t) < v(t) for all t > 0. Then the corresponding
solutions of the REMLK satisfy

x(t,a,u) < x(t,b,v), forallt >0, (5.5)

and
y(t,a,u) <y(t,b,v), for allt > 0. (5.6)

In other words, if we consider two identical RFMLKs: the first with initial
densities a; and the second with initial densities b;, with a; < b;, for all 7, and
apply a control u in the first and v in the second, with u(t) < v(t), for all ¢ > 0,
then at each time ¢ > 0 each density in the first REMLK will be smaller or equal to
the corresponding density in the second RFMLK. From a biological point of view,
this implies the following. Consider two identical mRNAs. Suppose that for every
site, the first mRNA has an initial ribosomal density smaller or equal to the density
in the second. Also, the first mRNA is located in a region with a smaller ribosome
abundance in the vicinity of the mRNA. Then at each time ¢, every site in the first

mRNA will be less occupied than the corresponding site in the second mRNA.

The next proposition analyzes the relation between the steady-state densities

corresponding to constant control values.

Proposition 5.4.5. Consider the REMLK with constant controls u(t) = s
and v(t) = s* with 0 < s' < s*. Fiz a,b € C", and let

e’ = lim z(t,a,u),
t—00

e’ = tlgélo x(t,b,v).

Then

From a biological point of view this implies the following. Consider two identical
mRNAs. Suppose that the first mRNA is located in a region in the cell with a
smaller ribosome abundance. Then the ribosomal densities in the mRNAs converge
to a steady state, and for each site, the density in the first mRNA will be smaller
or equal to the density in the second mRNA.

We now turn to analyze the RFMLKN. Recall that every % € [0, 1], and that
the pool density satisfies z € [0, 00), so the state-space of the REMLKN is

Q:=[0,1]" x --- x [0, 1] x [0, 00). (5.7)
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x(t,a)
z(t, a)
initial condition a. Let d :=n; +--- 4+ n,, + 1, and let 1; denote a column vector
of d ones. For s > 0, let Ly := {a € Q: 1,a = s}, i.e., the s level set of the first

integral H. In other words, L, is the set of all states in 2 with a total density of

For a € Q, let ] denote the solution of the RFMLKN at time ¢ with the

ribosomes equal to s.

5.4.5 Invariance and persistence

The next result follows immediately from the equations of the RFMLKN.

Proposition 5.4.6. The state space Q in (5.7) is an invariant set for the dynamics

t
of the REMLKN that is, if a € € then F( @)

z(t,a

]€Qf0rallt20.

In other words, every trajectory emanating from an initial condition in the state

space remains in it for all ¢ > 0.

The next result shows that trajectories that emanate from an initial condition

in 2 become uniformly separated from the boundary of €.

Proposition 5.4.7. Consider the REMLKN. For any T > 0 there exists € = €(7) >
0, with €(17) — 0 as 7 — 0, such that for any a € 2\ {0} we have

e<ai(t,a)<1l—c¢ (5.8)
and
e < z(t,a) (5.9)

forallt>71,i€{1,2,...,m}, and j € {1,2...,n;}.

In other words, after an arbitrarily short time, every density in every RFMLK is
in the range [e, 1 — €], and the pool density is in the range [e, 00). From a biological
point of view, this implies that after an arbitrarily short time 7 > 0 every site along
every mRNA is not completely empty nor completely full, and that the pool is not
completely empty.

To explain the usefulness of Proposition 5.4.7, note that the Jacobian J of the
vector field of the RFMLK with input and output satisfies J(x,u) = M (z) —D(x, u),

where D(z,u) is a diagonal matrix with entries

)\0u+)\1(1—$2)+061 —|—61U, A1x1+)\2(1—$3)+a2+52u, “ ey )\n_lxn_l—i-)\n—i-ozn—l—ﬁnu,
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and

0 AMxy 0 0
M(I—=mz) 0 Xz O
M(x) =
0 ... Ao(l—zp) 0 A—1Tm—1
i 0 ... 0 Mi(l—z) 0

For any x € [0, 1]™ all the entries of M (x) are nonnegative, so (5.3) is a cooperative
dynamical system [50]. The matrix M (z) may become reducible for values = on
the boundary of [0,1]". However, M(x) is irreducible for all x € (0,1)". Thus,
Proposition 5.4.7 guarantees that after an arbitrarily short time the matrix M (x(t))
and, thus J(x(t),u(t)), becomes an irreducible matrix. This will be used in analyzing
the asymptotic properties of the REMLKN described below.

5.4.6 Stability

The next result shows that every level set contains a unique steady-state ribosome
distribution in each mRNA and in the pool. The proof is based on the theory of

monotone dynamical systems that admit a first integral, see Ref. [143, 132].

Theorem 5.4.1. FEvery level set Ly contains a unique equilibrium point er, of
the REMLKN and for any initial condition a € Lg, the solution of the RFMLKN

converges to er,. Furthermore, for any 0 < s < p,

€L, < eLp. (510)

In other words, the REFMLKN admits a continuum of equilibrium points and
any two solutions starting from initial conditions in the same level set of the
1, a; and
the total number of ribosomes s in the network determine a unique steady-state
density profile in the RFMLKs and the pool. Eq. (5.10) implies that for two initial

conditions, the first one with a smaller total number of ribosomes than the second

system converge to the same equilibrium point. Thus, the rates /\3.,

one, the corresponding equilibrium points e! and e? will be completely ordered: every
steady-state density in e! will be strictly smaller than the corresponding density
in e2.

From a biological point of view, this implies the following. Consider a network
of mRNA molecules interconnected via a pool. We compare two scenarios. In the
first, the total number of ribosomes in the network is s and in the second it is p,

with p > s. In both cases, the densities on each mRNA and in the pool converge
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to a steady state, and for each site in each mRNA and the pool, the density in the

second scenario is larger than in the first one.

Example 5.4.1. To model a gene that is highly expressed with respect to other
genes, consider an RFMLKN with a single REMLK and a pool. Assume that the
output function of the pool is G1(z) = z, and that the dimension of the RFMLK
is n; = 2. The equations of the RFEMLKN are then

By = Az(1 — 1) = Mzi(1 — ) + Biz(1 — 21) — enay,

i3 = Mal(1 - #3) — Mad + B32(1 — 28) — aja}, (5.11)

2 2
i = Nay — A\pz(1 — a7) + Z a;T; — Zﬁ;z(l — ;).
j=1 j=1

/
Any equilibrium point e = [e% el ez] € L, satisfies

Ae:(1 = e1) = Aer(1 = e5) = Bies(1 = ) + agey

1.1 - 1 1 - 1.1 (5'12)
= N6y — ) Ble(l—e) + ) aje,
j=1 j=1

and

1 1
61+62+GZ:S.

Fig. 5.8 depicts trajectories of Eq. (5.11) with parameters \) = 1, \] = 1, \} =1,
a; = 0.1, a3 = 0.1, 8] = 0.2, B3 = 0.2, and three different initial conditions in the
level set Ly: [0.5 0.5 0, (0.5 0 0.5),and [0 0.5 0.5). It may be seen that

all three solutions converge to the same equilibrium point.

Various intracellular mechanisms may affect the parameters of the translation
machinery. For example, the elongation rates depend on the interaction between
the nascent peptide and the exit tunnel of the system [144]. Stress conditions
increase ribosome abortion and drop-off. Due to competition for the finite pool of
ribosomes, any change in the translation speed along a specific mRNA molecule will
also indirectly affect the translation of other mRNAs in the network. The variability
in the factors that affect translation in the cell requires models that can be used to
analyze the sensitivity to parameter values. Another motivation for studying these
issues comes from synthetic biology, for example, the recent interest in co-expression

of multiple genes at a given desired ratio [108, 145].
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Figure 5.8: Trajectories of the RFMLKN in Example 5.4.1 for three different initial
conditions in L;. The unique equilibrium in L, is marked by a circle.

5.4.7 Effect of parameters

Our first result in this subsection analyzes the affect of a modification in the drop-off
rate at one site of an mRNA molecule on the entire REFMLKN. We assume, without

loss of generality, that the modification is in one of the rates in the first RFMLK.

Theorem 5.4.2. Consider an RFMLKN with m RFMLKs with dimensions n;, © =
1,...,m, and parameters Ny > 0, )\; > 0, oz;'» > 0, and B; >0,7=1,...,m
and 7 =1,2,...,n;. Fiz s > 0. Let ej- € (0,1), and e, € (0,00) denote the unique
steady-state density in the level set Ly of H. Fix k € {1,...,n1} and suppose that we
modify the REFMLKN by changing o). to &y, with ai > «ap. Let é; € (0,1), e, >0,
denote the steady-state density in the modified RFMLKN. Then

€, > e, and éé > ez- forallie{2,...,m} and all j € {1,...,n;}. (5.13)

From a biological point of view, this implies that an increase in the drop-off
rate in one of the mRNAs yields an increase in the steady-state pool density and
consequently an increase in the density in each site in all the other mRNAs. Of
course, the exact quantitative effect may be small or large, depending on various
parameters e.g. the ratio between the number of ribosomes that detach from the

mRNA and the number of ribosomes in the pool.

Note that Theorem 5.4.2 and also the results below analyze the effect of changing
a single parameter in the network. However, they also allow to analyze also

specific modifications in several parameters. For example, Theorem 5.4.2 shows
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that increasing the drop-off rate in an mRNA molecule increases the steady-state
pool density, so it is clear that increasing several drop-off rates will also increase the

steady-state pool density.

The effect of increasing aj. on the steady-state in the firss REMLK is non-trivial.
It is natural to expect a decrease in the density in each site of the first RFMLK.
But, as more ribosomes accumulate in the pool the effective attachment rates in
sites along the first RFMLK may also increase, leading to an increase in the density
in certain sites. In general, the total effect on the first REMLK will depend on all
the parameters in the RFMLKN, and is thus difficult to predict analytically. The

next two examples demonstrate this.

Example 5.4.2. Consider an RFMLKN with m = 2 RFMLKSs of dimensions n; = 6
and ny = 3, parameters Ay = 1, A, =1, o} = 0, g5 = 0, for all 4,7, and G;(z) = z,
i = 1,2. The initial condition is z = 0, for all i,5, and 2(0) = 5. We
simulated this RFMLKN for several values of the drop-off rate o3 from the third
site in RFMLK #1. Figs. 5.9a and 5.9b show that increasing o3 increases e}, and
decreases e} for all i > 1. As predicted in Theorem. 5.4.2, it also increases e, so

more ribosomes accumulate in the pool leading to an increase in e? for all j.
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Figure 5.9: Behavior of the RFMLKN in Example 5.4.2 as a function of o} when
1 = 0: a) Steady-state values in RFMLK #1. b) Steady-state values in REMLK #2
and the pool.

Example 5.4.3. Consider the RFMLKN in Example 5.4.2, but now with 3; = 2.
Fig. 5.10 shows that in this case an increase in the drop-off rate o} yields an increase
in the steady-state values in the sites of RFMLK #1 located after the third site.
This is because of an increase in the density of free ribosomes in the pool leading to
more ribosomes attaching to the first RFMLK.
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Figure 5.10: Steady-state values in RFMLK #1 in the RFMLKN in Example 5.4.3
as a function of the drop-off rate ;.

It is known that ribosome drop-off from a single RFMLK always decreases the
steady-state production rate [68]. The next example demonstrates that ribosome
drop-off from one transcript in a network connected via a pool of free ribosomes may
still be beneficial for the cell, as it allows ribosomes to detach from slow sites and
then attach at the initiation sites of other, less jammed, transcripts. We measure
the “usefulness” to the cell using the average steady-state protein production rate in

the entire network, defined as

R, := % Z )\ﬁliefu.

In other words, this is the total production rate in all the mRNAs (normalized by
the number of mRNAs in the network).

Example 5.4.4. We consider a network representing several copies of the S.
cerevisiae gene YBL025W that encodes the protein RRN10, which is an RNA
polymerase I-specific transcription initiation factor. This gene includes 145 codons,
excluding the stop codon. It has been modeled using an RFM with length n = 5,

and rates
Mo . | = 01678 02572 02758 02514 02612 0.3002].  (5.14)

This model was derived by dividing the 145 codons into 6 groups of consecutive
codons, estimating the decoding time d; for each group based on ribo-seq data, and
then setting \; = 1/d; (with units of 1/sec). We refer to [46] for the full details.

Consider an RFMLKN with m = 50 RFMLKs with dimensions n; = 5, i €
{1,2,...,50}. The transition rates are as in Eq. (5.14) in RFMLKs #2 to #50. In
RFMLK #1, the transition rates are as in Eq. (5.14), except for Ay = 0.001. Thus,
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site 2 in the first RFMLK is a slow site, e.g. due to a stalled ribosome. The other
parameters in the network are: aé =0, Bj- = 0, and G;(2) = z for all 7,5. The
initial condition is x; = 0, for all 7,7, and 2(0) = 100. Fig. 5.11 depicts R,, as a
function of the drop-off rate a3 in the range 0 to 0.01. It can be observed that the
total steady-state protein production rate in the network increases when ribosomes
are allowed to detach from the slow site. The quantitative effect is small, but this
is because we modify the drop-off rate in one of the 50 mRNAs. If the drop-off rate

is increased in several jammed mRNAs then the effect will be more pronounced.

Increasing o) from 0 to 0.01 in REFMLK #1 decreases the total density in
RFMLK #1 (i.e., the sum of all the densities on the different sites along REMLK #1)
from 2.0002 to 1.8929, increases the total density from 1.9827 to 1.9848 in all the
other RFMLKSs, and increases the pool density from 0.8488 to 0.8506. As the
drop-off rate increases more ribosomes accumulate in the pool and become available
for other RFMLKSs, and thus there is an increase in the initiation rates in all the
other RFMLKSs leading to higher production rates. Our simulations suggest that
this phenomena takes place only when the number of ribosomes in the pool is rather
low, that is, when the pool is “starved”. Summarizing, our model suggests that at
least in some cases ribosome drop-off from a jammed site may be advantageous to
the cell.
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Figure 5.11: Average protein production rate in the RFMLKN in Example 5.4.4 as
a function of the drop-off rate ad.

The next result analyzes the “dual” case of the one described in Theorem 5.4.2

i.e., the affect of modifying one of the attachment rates in an RFMLK in the network.

Theorem 5.4.3. Consider an RFMLKN with m RFMLKs of dimensions n;, 1 =
L,...,m, and parameters Ny > 0, A} > 0, of > 0, and B; > 0, i = 1,...,m
and j =1,2,...,n;. Fiz s> 0. Let eg € (0,1), and e, € (0,00) denote the unique
steady-state density in the level set Ly of H. Fiz k € {1,...,n1} and suppose that
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we modify the REMLKN by changing 3}, to B}, with 3} > . Lete' € (0,1), e, > 0,
denote the steady-state density in the modified RFMLKN. Then

e, < e, and éé. < eé- foralli € {2,...,m} and all j € {1,...,n;}. (5.15)

In other words, an increase in the attachment rate in one of the RFMLKs
decreases the steady-state pool density and consequently decreases the density in
each site in all the other RFMLKSs.

Example 5.4.5. Consider an RFMLKN with m = 2 RFMLKSs of dimensions n; = 9
and ny = 3, parameters \y = 1, \; = 1, o} = 0, 85 = 0, for all i, 7, and G;(z) = 2,
i = 1,2. The initial condition is 2 = 0, for all 4, j, and 2(0) = 5. We simulated
this REMLKN for several values of the attachment rate 8i. Fig. 5.12b shows
that as 3 increases there is a decrease in the steady-state pool density (as more
ribosomes bind to the third site of REMLK #1) and consequently a decrease in
the steady-state values in all the sites in REMLK #2. As shown in Fig. 5.12a,
the effect of increasing 83 on REMLK #1 is non-trivial. A decrease in the pool
density decreases e}. However, the increase in the attachment rate in the third site
leads to more ribosomes attaching to this site and consequently a higher density in
sites 3,...,9. Also, this creates a “traffic jam” along these sites and thus increases

the density in site 2 as well.
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Figure 5.12: Behavior of the RFMLKN in Example 5.4.5 as a function of the
attachment rate 83 : a) Steady-state densities REMLK #1. b) Steady-state densities
in RFMLK #2 and the pool.

Our last result in this subsection analyzes the effect of modifying a hopping rate
in one of the RFMLKSs in the network.
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Theorem 5.4.4. Consider an RFMLKN with m RFMLKs of dimensions n;, i =
L,...,m, and parameters Ny > 0, X > 0, a5 >0 and 8 > 0,1 =1,...,m, j =
1,2,...,n;. Fizs >0. Lete; € (0,1), and e, € (0,00) denote the unique steady-state
density in the level set Ly of H. Fix k € {0,...,n1}. Suppose that we modify the
RFMLEN by changing A, to N, with A\, > A\.. Let & € (0,1), e, > 0 denote the
steady-state density in the modified REMLKN. Then one of the following three cases
holds. Fither

€. > e, andéz >e§- forallie{2,...,m} and all j € {1,...,n;},
or
e, =e, and é? = e§ forallie{2,...,m} and all j € {1,...,n;}, (5.16)

or

e, <e. and & < e} foralli € {2,...,m} and all j € {1,...,n;}.

Clearly, this covers all the possible cases for the change in the pool density, and
each case shows that the qualitative behavior of all the other RFMLKSs is the same.
From a biological pint of view, this implies that modifying a translation rate in an
mRNA affects all the sites in all the other mRNAs in the same way. This is natural,
as all the mRNAs are fed from the same pool, so if, for example, the steady-state
density in the pool increases then all the densities in all the sites in the other mRNAs

will increase.

Theorem 5.4.4 does not provide any information on the modified densities in the
sites along RFMLK #1. Indeed, it seems that any of these densities may increase or
decrease depending upon the parameters in the entire network. The next examples

demonstrate this.

Example 5.4.6. Consider an RFMLKN with m = 2 RFMLKs of dimensions n; = 9
and ny = 3, parameters \j = 2, A} = 2, for all 4, j except for Aj, o = 0.1, for
je{1,2,...,8} af =0, oz?- = 0.1, for j = 1,2, a2 = 0, 631 = 0.1 for all j except
for B =0, Bf =0, 87 = 0.1 for j = 2,3 and Gi(z) = z, i = 1,2. The initial
condition is azz = 0, for all 7,7, and z(0) = 3. We simulated this RFMLKN for
various values of the elongation rate A}. Note that when A} < 2 it is a bottleneck
rate in RFMLK #1. Fig. 5.13b shows that increasing A} increases the pool density
and thus the densities in all the sites along RFMLK #2. Fig. 5.13a shows that
increasing A} yields a decrease in sites 3,4,5 in RFMLK #1, but an increase in all

the other sites.
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Figure 5.13: Behavior of the RFMLKN in Example 5.4.6 as a function of the
elongation rate Al: a) Steady-state densities in RFMLK #1. b) Steady-state
densities in RFMLK #2 and the pool.

Example 5.4.7. Consider again the RFMLKN in Example 5.4.6, but now the initial
condition is xé = 0, for all 4,7, and z(0) = 10. In this case, Fig. 5.14b shows that
increasing the elongation rate A} leads to a decrease in the steady-state pool density
resulting in decreased steady-state densities in REMLK #2. Fig. 5.14a shows that

in this case the effect of increasing A\} on RFMLK #1 is more intuitive: it decreases

the densities in sites 1,...,5 and increases the densities in sites 6, ..., 9.
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Figure 5.14: Behavior of the RFMLKN in Example 5.4.7 as a function of the
elongation rate Al: a) Steady-state densities in RFMLK #1. b) Steady-state
densities in RFMLK #2 and the pool.

We now analyze several additional mathematical properties of the REFMLKN.
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5.4.8 Strong monotonicity

Recall that the dynamical system & = f(z) is called cooperative if for any two initial
conditions a, b with a < b we have z(t,a) < z(t,b) for all ¢ > 0 [50]. In other words,
the flow preserves the (partial) ordering between the initial conditions. The next
result shows that the REFMLKN is cooperative.

Proposition 5.4.8. Consider the RFMLKN. Fiz two initial conditions a,b € )
with a < b. Then

z(t,a) < x(t,b) and z(t,a) < z(t,b), for allt > 0.
If, furthermore, a # b then

z(t,a) < x(t,b) and z(t,a) < z(t,b), for allt > 0.

From a biological point of view, this implies the following. Consider an RFMLKN
with two different initial densities. For every site in every mRNA, the first initial
density is smaller or equal to the density in the second RFMLKN, and the same
holds for the initial pool density. Then at each time ¢ > 0, the corresponding solution
from these densities still maintain the same ordering between the site densities and

the pool density.

The next subsection shows that the flow of the RFMLKN is a non-expansive

mapping. For a vector v € R", let |v|; : R" — R, denote the L; norm of v.

5.4.9 Non-expansion

In a contractive system, all solutions converge exponentially to one another. Since
the REFMLKN admits more than one equilibrium, it is not a contractive system with
respect to any norm. However, the next result shows that the L; distance between
any two trajectories is non-expansive, i.e., it is bounded by the distance L; between

the initial conditions.

Proposition 5.4.9. Consider the REMLKN. Fiz a,b € Q). Then

[x(t, a)] - [x(t, b)
z(t,a) z(t,b)

In particular, the difference between two “close” ribosomal density profiles will

<la—"b|;, forallt>0. (5.17)
1

remain close for all ¢ > 0.
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Fix a € 2 and let s =: 1}a. Setting b = e, in Eq. (5.17) yields

laj(t, a)] e
2(t, a) )

In other words, the convergence to the equilibrium ey, is monotone in the sense that

<la—er,|;, forallt>0.

1

the L, distance can only decrease with time.

5.4.10 Entrainment

Many biological processes are excited by a periodic input. Proper functioning
often requires entraining to the excitation, that is, converging to a periodic
pattern with the same period as the excitation. A typical example is the ability
of cells to coordinate their growth with the periodic cell-cycle division process.
Translation seems to play an important role in this process. It is known for
example that expression of the human translation initiation factor elF3f peaks twice
in the cell cycle: in the S and the M phases [146]. An interesting question is
whether entrainment in translation may increase the average production rate [147].
Entrainment is also important in the context of synthetic biology, for example, in
designing a biological network that is coordinated by a single oscillator producing a

common “clock signal” [100].

To study entrainment in the RFMLKN, assume that the parameters A}, o, 3
in all the RFMLKSs are not constant, but are time-varying functions, that are all

jointly periodic with a period T' > 0. More precisely, we assume that

e There exists a (minimal) 7" > 0 such that all the rate functions \(t), o(t)

and B} () are non-negative, continuous, and T-periodic.

e There exists 0 < §; < &y such that A;(t) € [01, 0], for all 4, j and all t € [0,T).

We then refer to the network as the periodic RFM with Langmuir kinetics
network (PRFMLKN). Note that a constant function is T-periodic for any 7', so
for example, if one parameter in the network is T-periodic and all the others are

constant then our assumptions hold.

The next result shows that the PRFMLKN entrains.

Theorem 5.4.5. Consider the PRFMLKN. Fix s > 0. There exists a unique

function ¢g : Ry — int(QY), that is T-periodic, and for any initial condition a =

0 t
x( )] € L, the solution [x( @) of the PRFMLKN converges to ¢s as t — co.

2(0) 2(t,a
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In other words, if the rates are T-periodic then all the densities in the mRNAs
and the pool converge to a periodic pattern with period T, and thus so will
the protein production rate in every mRNA. In particular, if a single parameter
in one of the RFMLKSs is T-periodic and all the other parameters are constant
then the network entrains. Roughly speaking, this can be explained as follows.
The T-periodic parameter will generate T-periodic variations in the pool density
and this will generate T-periodic patterns in all the mRNA densities, as the pool
feeds all the mRNAs. Again, this demonstrates the intricate coupling generated by

the competition for shared resources.

Example 5.4.8. Consider a network with m = 2 RFMLKs of dimensions n; = 2
and ny = 3, and with G;(z) = tanh(z), i = 1,2. All the rates in the network are
constant and equal to one, except for A3(¢) = 5+4sin(27t). Thus all the rates in the
network are periodic with a common minimal period 7" = 1. The initial condition
is 2(0) = #%(0) = 1/4 for all ¢,j. Fig. 5.15 depicts the state-variables and the pool
density as a function of £. Note that all the densities converge to a periodic pattern
with period one. Note also that since the total number of ribosomes is conserved,
maximal peaks in the density along the RFMLKs corresponds to minimal peaks in

the pool density, and vice-versa.

0.4 T T T T T T T T T

0.35

0.3

0.25&

Site densities
o
N

o
Y
4]

0.1

0.05 1 1 1 1 1 1 1 1 1
20 21 22 23 24 25 26 27 28 29 30

Time ¢

Figure 5.15: Trajectories of PRFMLKN in Example 5.4.8 as a function of time.

5.5 Discussion

We derived and analyzed a novel and general network model of ribosome flow

during large-scale translation in the cell. This model encapsulates important cellular
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properties like ribosome drop-off, ribosome attachment at IRESs, and competition
for a finite pool of free ribosomes. We analyzed the model using tools from systems
and control theory, including contraction theory, and the theory of cooperative

dynamical systems.

The new model is an irreducible cooperative dynamical system admitting a first
integral (the total density of ribosomes in the network). This implies that the system
admits a continuum of linearly ordered equilibrium points, and that every trajectory
converges to an equilibrium point. The system is also on the “verge of contraction”
with respect to the L; norm. In addition, we proved that if one or more of the rates
in the network are time-varying periodic functions with a common period 7', then
the densities along all the mRNAs and in the pool converge to a periodic solution

with period T, i.e., the system entrains to a periodic excitation.

An important question is the sensitivity of the network steady-state to variations
in the mRNA parameters and the density of free ribosomes. We thoroughly analyzed
this problem and showed that a modification of a bio-physical property in a specific
mRNA has two implications. First, via competition it affects translation in all
the other mRNAs in an intuitive manner: if the pool steady-state density increases
[decreases| then the density in all other sites in all other mRNAs increases [decreases|.
Second, and perhaps surprisingly, it is almost impossible to predict what will be the
effect on the densities and protein production rate in the mRNA that is modified,
as this depends in a non-trivial way on the interactions between all the mRNAs
and the pool. For example, an increase in the drop-off rate in a specific site in an
mRNA may increase the pool density, thus increasing the attachment rates along

this mRNA and leading to an increase in the density in some sites along this mRNA.

These results highlight that analyzing the effect of any bio-physical property on
translation in the cell must take into account the intricate effects of competition,
especially when the competition for shared resources plays a major role, e.g. under

stressful conditions.

We believe that the new model presented here provides a powerful framework
for analyzing and re-engineering the translation process. It may also prove useful
for modeling other natural transport phenomena such as gene transcription and
intracellular transport, as well as artificial systems. One possible avenue for further
research is in developing a quantitative and qualitative understanding of how viral
mRNAs hijack the translation machinery and, in particular, whether the indirect

effects of competition are enough to hamper the host’s immune response.
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5.6 Appendix: Proofs

We begin by writing the RFMLK with input and output in the form:

i1 = folzr,u) — filzr, 22) — gi(@1, u),
&2 = fi(z,22) — fo(@2, 3) — g2(22,0),

(5.18)
T = fro-1(Tn-1,%n) = fo(@n) = gn(Tn, u),

y = h(x),

where u : R,y — R, is a scalar input function that takes non-negative values for any

time ¢t > 0, y : R, — R, is a scalar non-negative output function, and

fo(z1,u) := Ao(1 — 29)u,
filzi,xig) == Ney(1 —x0q), i =1,...,n — 1,
fo(xn) == Ay, (5.19)
gi(z;) = aux; — Bi(1 — x;)u,

The parameters satisfy A; > 0,«; > 0, and 3; > 0 for all 2. Recall that every x;
takes values in the interval [0, 1], so the state-space of the RFMLK is C™ := [0, 1]™.

Proof of Proposition 5.4.1: Fix 6 > 0. We will show that for any sufficiently
small A > 0 there exists K = K(J,A) > 0 such that for every k € {1,...,n} and
every t > 0 the condition

xp < Aandx; >dforallie{l,....k—1}

implies that
i > K. (5.20)

For k£ = 1 the condition is simply z; < A, and then

i1 = folz1,u) — fi(21,22) — g1(21,u)
=X+ B1)(1 —z1)u— (A (1 — x2) + 1)y
> X(1—=A)s— (M +a)D
=: K.
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Note that K7 > Ags/2 > 0 for any A > 0 sufficiently small. For k € {2,...,n — 1}

we have

T = foo1(Tr—1, k) — fr(@r, Toy1) — gr(Tr, u)
= (Me—12p-1 + Bru) (1 — z) — (A (1 — Zpq1) + i)
> A 16(1 = A) = O+ )
=: K.

Note that K > A\;_10/2 > 0 for any A > 0 sufficiently small. For k = n we have
I = frn1(Tn-1,2n) = fu(@n) = gn(Tn, u)
= (M1Tn1 + Bou)(1 — ) — (A + )y,
> N10(1 = A) — (A + an) A
= K,.

Note that K, > \,16/2 > 0, for any A > 0 sufficiently small. We conclude
that Eq. (5.20) holds for K := min{ K7, ..., K,} > min{\, ..., \,} min{s,d}/2 > 0.
By Ref. [48, Lemma 1], this implies that for any 7 > 0 there exists ¢; = ¢;(7) > 0,
with €;(7) — 0 as 7 — 0, such that for any a € C™ the solution of Eq. (5.18) satisfies

xi(t,a) > €, forallie{l,...,n}andallt> 7. (5.21)
Let z;:=1—2p41-4,7=1,...,n. Then Eq. (5.18) gives

Z1 = _fn—l(l — 22, 1- Zl) + fn(l - Zl) + gn(l - Zlau):
Zy = —fn_g(l — Z3, 11— ZQ) + fn—l(l — Z2, 1 - Zl) + gn—l(l - Z27u>7
(5.22)
Zn = _f()(l - Zna“) + fl(l — Zn; - anl) +gl(1 - ZT“HU’)'
It is not difficult to verify that this system also satisfies condition Eq. (5.20), so

by Ref. [48, Lemma 1|, for any 7 > 0 there exists €5 = €5(7) > 0, with e3(7) — 0 as
7 — 0, such that for any a € C™ the solution of Eq. (5.22) satisfies

zi(t,a) > €o, forallie{1,...,n}and allt > 7.

Combining this with Eq. (5.21) completes the proof of Proposition 5.4.1.
Proof of Proposition 5.4.2: Let f denote the vector field in Eq. (5.18), and
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let J := a% f denote its Jacobian. Then
J = J; —diag(aq + Biu,, ..., ap + Buu), (5.23)

where J; is given below

-—)\ou — )\1(1 - 272) )\11‘1 0
/\1(1 — xg) —/\1.%'1 — )\2(1 — 373) )\2%‘2
0 0 e —)\n_gﬂjn_g - )\n—l(l — l‘n) )\n—lxn—l
i 0 0o ... An—1(1 — zp) —AnTn |

Note that J; is the Jacobian of an REM with a time-varying initiation rate Aou(t) >
Aos, and that a; + f;u(t) > 0 for all t. Note also that for any = € int(C™), all the
entries in the super- and sub-diagonal of J; are positive, so in particular J; (and
thus J) is irreducible.

Fix a,b € C™ and 7 > 0. By Proposition 5.4.1, there exists ¢ = ¢(7) > 0, such
that
e <zi(t,a),x;(t,b) <1—e€ forallie{l,...,n}andallt > 7.

Now arguing as in the proof of Ref. [48, Theorem 4| completes the proof of
Proposition 5.4.2.  Proof of Proposition 5.4.3: The RFMLK with a constant
input u(t) = s > 0 is a time-invariant system that maps the convex and compact
state-space [0, 1]" to itself. Hence, it admits an equilibrium e®. Proposition 5.4.1
implies that e® € (0,1)". Proposition 5.4.2 implies that any solution converges to e*

and this completes the proof of Proposition 5.4.3.

Proof of Proposition 5./4.4: 1t follows from Eq. (5.23) that J is a Metzler matrix,

i.e., every off-diagonal entry of J is non-negative. Also,

0
K=
) 0 0 0 0
= dlag(%fo - %91, —%927 ceey —%%)

= diag()\o(l - xl) + 51(1 - $1)7ﬁ2<1 — X2, )7 s 7ﬁn(1 - wn))’

so every entry of K is non-negative. The results in Ref. [142] imply that the RFMLK
is a monotone control system, so Eq. (5.5) holds. Now the definition of the output y
implies Eq. (5.6) and this completes the proof of Proposition 5.4.4.

Proof of Proposition 5.4.5: We already know that the limits e® e’, and e :=
lim; o (t, a,v) exist. By monotonicity, z(t,a,u) < z(t,a,v), for all ¢ > 0, and
taking the limit as ¢ — oo gives e’ < e. Since the system is contractive, e = 652,

and this completes the proof of Proposition 5.4.5.
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For the sake of simplicity and to avoid cumbersome notation, we provide proofs
of the theoretical results when m = 2, i.e., a network with two RFMLKSs connected
via a pool of free ribosomes (the proofs when m > 2 are very similar). We write the
first RFMLK as

p1 = Ao(1 — pr)uy — Mpi(1 — p2) — arpr + Bi(1 — p1)uy,
P2 = Ap1(1 — pa2) — Aapa(1 — p3) — aapa + Ba(1 — po)us,

(5.24)
Pn = )‘n—lpn—1<1 - pn) - )‘npn — QP + Bn(l - pn)ula
Y1 = AP + Z Q;iD;s
i=1
and the second as
G =101 —q)ug —ma (1 — q2) —y1q1 + 01(1 — q1)uo,
o =mq(1 —qa) — n2q2(1 — g3) — Y2q2 + 92(1 — g2)ua,
(5.25)
de = Ne—1qe—1(1 — qe) — Meqe — Yeqe + 00(1 — qo)ua,
¢
Y2 = Neqe + Z%Qi-
i=1
The inputs to the RFMLKSs are functions of the pool density
Uy = G1<2), U9 = GQ(Z), (526)

and the pool dynamics is

2= y1+y2—Xo(1—p1)G1(2)—no(1—q1)Ga(2 Zﬁz (1—=pi)Gi(2)— Z(Si(l_%)GQ(Z)-
. (5.27)

The state-space of this network is
Q:=0,1]" x [0,1]" x R,.

Note that S pi + S0 ¢+ 2 =0, so

H(p,q, > sz - Zqz +2 (5.28)

is a first integral of the dynamics, that is, H(p(t), q(t), 2(t)) = H(p(0),¢(0), z(0)).
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In other words, the total density of ribosomes in the network is conserved. For

any s > 0, we define the s level set of the first integral H by

n+4+1

Ly:={a€Q: Z a; = s}.
i=1

Thus, L, includes all the states in 2 with total density of ribosomes equal to s. Note
that for s = 0, Ly = {0}, and the dynamics emanating from zero remains in zero

for all time t > 0. therefore, we will always consider L, with s > 0.

Proof of Proposition 5.4.7: We now restate and prove the persistence result in

Proposition 5.4.7 for the case m = 2.

Proposition 5.6.1. Consider the RFMLKN with m = 2. Fiz s > 0. Then for
any T > 0 there exists (1) > 0, with €(7) — 0 as 7 — 0, such that for any initial
condition in Ly and any t > 7 the solution of the RFMLKN satisfies

e<pi(t)<1l—e¢,  forallie{l,...,n},
e<q;(t)<1—e  forallje{l,... (},
0 < z(t).

It is useful to denote py := 2, pyy1 := 0, and p_; := p,,. Using the fact that yo > 0

yields
Po = AnDn + Z a;pi — Ao(1 — p1)Gi(po) — mo(1 — q1)G2(po)
i=1
n 0
- Z Bi(1 = pi)Gi(po) — Z 6i(1 — gi)G2(po)-
i=1 i=1
We now show that the system with state-variables py,...,p, satisfies the cyclic

boundary-repelling (CBR) condition in Ref. [49, Lemma 1], that is, for any § > 0
and any sufficiently small A > 0, there exists K = K(J§,A) > 0 such that for
each £ =0,...,n and each ¢t > 0 the condition

pr(t) < A and pp_i(t) > 6

implies that



Indeed, for k = 0 we have

Me\

Po = Anpn — Ao(1 = p1)Gi(po) — mo(1 — q1)Ga(po) Zﬁl —pi)Gi(po) — D 6i(1 — ¢:)G2(po)

1

> And = Xo(1 = p1)Gi (D) = no(1 — q1)Ga(A Zﬁzl—plal A) = 6i(1=g)Ga(D),

-
Il ~
- I

and since G;(0) = 0 and G; is continuous, py > A,d/2 for all A > 0 sufficiently

small.

For k € {1,...,n}, we have

Pr = Me—1Pk—1(1 — o) — Mok (1 — prg1) — arpr + Bi(1 — pr)G1(po)
Z )\k(S(l — A) — )\kﬁ(l — pk_H) — OékA,

SO pr > A0 /2 for all A > 0 sufficiently small.

It is also straightforward to verify that if pi(¢f) > 0, for some k € {0,...,n}
and ¢t > 0 then pi(r) > 0, for all » > ¢. It now follows from [49, Lemma 1] that for
any 7 > 0 there exists €(7) > 0, with ¢(7) — 0 as 7 — 0, such that for any initial

T

condition |pg(0) ... p,(0)| # 0 and any ¢ > 7 the solution of the REMLKN

satisfies
e <pi(t), forallie{0,...,n}.

Using a similar argument for the ¢ system proves that for any ¢t > 7,
e <qt), forallie{l, ... (}.

Finally, arguing as in the proof of Proposition 5.4.1 completes the proof of
Proposition 5.6.1.

Our next goal is to prove the sensitivity results for the REMLKN. It is useful
to first write equations describing the steady state of the RFMLK for a constant
input u(t) = v, with v > 0. By Eq. (5.1),

foler,v) = fi(er, e2) + g1(e1,v),
fic(ej-1,e5) = filej, ein) +gi(ej,v), j=2,...,n—1,
fn—l(en—la en) = fn(en) + gn(ena U)- (529)

130



This yields

n—1
Falen) + galenv) = foler,v) = 3 gulen,v)
k=1

n—1

= filejej) — > gler,v), j=1,...,n—1  (5.30)

k=j+1

Substituting the expressions for the f;’s and g;’s yields the following result.
Proposition 5.6.2. Consider the steady state of the RFMLK with u(t) = v,

where v > 0. Then for any k=1,...,n— 1, we have
€x = wk(ek-i—la s 76n7v)
- An€n + Z?:k-q—l Qj€j — Z;‘l:k-i-l ij(l - ej) (5.31)
Ak(1 = ext1) 7
and
v=w(e,...,ep)
_ Anen + D51 aje; (5.32)
Ao(1—er) +377 Bi(1—¢j)
Note that the function wy is increasing in eg,1,...,e, (and strictly increasing
in epy1,€,), and is decreasing in v. Also, the function w is increasing in ey, ..., e,

(and strictly increasing in ey, e,,).

Proof of Theorem 5.4.1: Tt is clear that for s = 0, Ly = {€"}, with ¢” = 0, and all
trajectories converge to €. Fix s > 0. The Jacobian of the REMLKN with m = 2

18

Jp 0w
J=10 J, wl, (5.33)
' dtor

where J,, is the Jacobian of an RFMLK with state-variables py, ..., p,, rates \;, o, 53;
and input v = G1(z) (see Eq. (5.23)), J,, is the Jacobian of an RFMLK with
state-variables qi, . .., qs, rates n;,7;, ; and input u = G(2) (see Eq. (5.23)),

vi= Dol = p)GHE) + A= pIGIE) Bl —p)Gh() o Bull—p)GH()]
wi= [l - @)Ch(2) + 81(1 — @)GH(2) dall— @)Ch=) .. Sl —a)Gh)]

c = :)\OGI(Z) +a; + BiG1(2) az+ BeGi(2) ... Apta,+ BnGl(z)]T,

4= :UOG2<Z) F 4 61Ga(2) Y2+ 0:Ga(2) .. e+ &ZGQ(z)]T,

131



and

n 4

ri==Ao(1=p)Gi(z) = m(l = q)Gh(z) = Y Bi(1=p)Gi(z) = Y 6i(1—4:)Gy(2).

i=1 =1

T
These equations imply that for any [p q z} € () the Jacobian matrix J is
Metzler, so the RFMLKN is a cooperative dynamical system. Furthermore, for

T
any [p q z} € int(12) all the entries on the super- and sub-diagonals of J,,, Jy,

are positive, and so are the first entry in v, w, and the first and last entry in ¢, d. This
T

implies that for any [p q z] € int(Q?) the matrix J is irreducible. Combining this
with Proposition 5.6.1 and the results in Ref. [132] on strongly cooperative dynamical

systems with a first integral completes the proof of Theorem 5.4.1.

Proof of Theorem 5.4.2: We again prove for the special case m = 2, i.e., a network
with two RFMLKSs and a pool. Let e}, i € {1,...,n}, denote the steady-state in the
first RFMLK, and e?, j €{1,...,¢}, denote the steady-state in the second RFMLK.

Since the initial condition remains the same, we have

n n

¢ l
doel+d Gte=) e+y & +e. (5.34)
J=1 j=1

i=1 i=1

We prove that e, < e, by contradiction. We consider two cases: e, = é,; and

e, > e,, and show that each of these cases yields a contradiction.

Case 1. Assume that e, = é€,. In this case, there is no change in the input

and parameter values in the second RFMLK, so €5 = &} for all j = 1,...,(

Consider the first RFEMLK. Since the steady-state input to this RFMLK remains
the same, Proposition 7 in Ref. [68], that states that increasing any of the
detachment rates (without changing any other parameter) in the REMLK decreases
all the steady-state densities, implies that e; < ej, for all j. However, this

j
contradicts Eq. (5.34).

Case 2. Assume that
e, > e,. (5.35)

In other words, after increasing . to ai, the steady-state input to each REMLK is
decreased. Then é? < ejz for all j = 1,...,¢. Combining this with Eq. (5.34) implies
that 6]1. < é} for at least one index j. Let s € {1,...,n} be the mazimal indezx such

that
1

el < et (5.36)

S S

Applying Eq. (5.31) inductively implies that ej < & for any j € {s,s —1,...,1}
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(note that it follows from Eq. (5.31) that increasing «}, can only further increase the

corresponding steady-state value é€}). Suppose that

s < n. (5.37)
Then
e; <&, j=1...s, (5.38)
1< =1 -
e; =€, j=s+1....n
By Eq. (5.31),
el=N/D, e:=N/D, (5.39)
where
N = \el + Z ajes — Z B;Gi(e) (1 —ej),
Jj=s+1 Jj=s+1
D :)\;(1 €i+1)7
Ni=Ne,+ Y ajes— > BjGi(e:)(1—e),
Jj=s+1 Jj=s+1

N N
= <=, 5.40
5 <5 (5.40)

By the first equation in Eq. (5.30),

ALl Y alel - Y BIG(e)(1 - eh)

cules) = N1 e
B N + 2;21 a’]l'e} - Zj’:l B}G1<€z)(1 - ejl)
N Ao(1—ei) ’
and thus
G (6) — N + Z;:1 &Jl‘_Jl' - ijl BJlG1<éZ)(1 - éjl)
1e) = N -2 |

Combining this with Eqgs. (5.35) and (5.38) implies that if N > N, then G4 () >
G (e.), but this contradicts Eq. (5.35), so we conclude that N < N. Now Eq. (5.40)
implies that D < D, i.e., €., > el,,. However, this contradicts Eq. (5.38), so we
conclude that Eq. (5.37) cannot hold, i.e., s = n. Applying Eq. (5.31) inductively
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implies that

et<e, je{nn—1,... 1% (5.41)

i <€,
Eq. (5.32) gives
Crle.) = Alel + 22:1 aje] |
Ao(L—e1) + 327, B (1 —ej)
Ay 200 aje;

SN —e)+ XL B —g)

Gl (éz)

so Gi(e,) < Gi(e,). This contradicts Eq. (5.35), and we conclude that Case 2 is
impossible. This completes the proof of Theorem 5.4.2.

Proof of Theorem 5.4.3: The proof is similar to the proof of Theorem 5.4.2 above.

Proof of Theorem 5.4.4: Clearly, we have three possible cases: €, = e,,or e, > e,,
or €, < e,. In the first case, the input to each RFMLK satisfies G;(€,) = G;(e,).
Since the parameters in all the RFMLKSs, except for REMLK #1, are unchanged,
we conclude that Eq. (5.16) holds. The analysis in the second and third cases is

similar. This completes the proof of Theorem 5.4.4.

Proof of Proposition 5.4.8: It was shown in the proof of Theorem 5.4.1 that
the RFMLKN is a strongly cooperative dynamical system and the results in
Proposition 5.4.8 follow.

Proof of Proposition 5.4.9: Recall that the Jacobian J of the RFMLKN
(with m = 2) is given in Eq. (5.33). This matrix is Metzler, and a calculation
shows that the sum of every column of J is zero. Hence, the L; matrix measure of .J

is zero and this implies Eq. (5.17).

Proof of Theorem 5.4.5: Write the PRFMLKN as & = f(¢,z). Then f(t,z) =
ft+1T,2), forall t > 0 and z € 2, and H(x) is a first integral of the dynamics.
Theorem 5.4.5 now follows from the results in Ref. [143]|. The fact that ¢, € int(12)

follows from the persistence result in Proposition 5.4.7.
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Chapter 6

Large-scale closed and generalized
networks of ribosome flow model with

different site sizes

This chapter! presents two large-scale network models that can model concurrent
transport processes that give rise to networks comprising multiple tracks. We study
several analytical properties related to stability, entrainment, convexity, and more

and the results have been explained with plenty of useful but synthetic examples.

6.1 Introduction

Dynamical systems play a key role in understanding the different biophysical aspects
of many complex transport phenomena. An important goal in these models is to
provide indications on how a change in the parameters affects the system behavior,
lead to algorithms for optimizing the flow, uncover underlying mechanisms of the

observed complex behavior, enable completing synthetic goals, etc [44, 46].

In the general scenario, multiple transport processes take place concurrently, i.e.,
flow out of one lattice may enter another lattice or re-enter the same lattice. For
example, in each cell, there is a large-scale translation rather than a translation of a
single mRNA molecule, vehicular motion on networks of roads, etc [10]. Therefore,
it is essential to analyze networks of interconnected transport systems for various
objectives such as optimizing the output rate or traffic jams, etc. In this direction,
various networks of interconnected RFMs have been developed, including RFM
network with a pool [49], network of RFMs with additional features such as ribosome
drop-off and attachment [148] and generalized networks of RFMs [149].

Previous studies on the network of RFMs of course analyze transcription,
translation, and other cellular processes, but in these studies, the site capacities of all

the RFMs are the same. However, from a wider perspective, the capacity of different

!The content of this chapter is published as: “Aditi Jain and Arvind Kumar Gupta. Large-scale
closed and generalized networks of ribosome flow model with different site sizes. Physica D:
Nonlinear Phenomena 455: 133881, 2023.”



sites can vary. For example, the number of parallel lanes on the roadway varies in a
vehicular network, the capacity of buffers differs in linear communication networks,
etc. In Ref. [70], RFMD analyzes an important cellular process of modification of
proteins by the mechanism of phosphotransfer. Therefore, it is important to analyze
networks of RFMDs that provide a framework to understand the network dynamics

of such physical and biological systems.

In this chapter, we introduce two large-scale network models that are amenable
to mathematical analysis called RFMD network with a pool (RFMDNP) and a
generalized network of REFMDs (RFMDN). To facilitate the analysis of a network of
RFMDs, we extend the REMD into a control system by introducing a time-varying

non-negative input function. We observe that it is a monotone control system.

The RFMDNP analyzes a closed system consisting of a finite pool of particles
feeding a single layer of parallel RFMDs. In the network, the total number of
particles is conserved. It explores the interactions induced between the RFMDs as
they all compete for a shared resource. The competition couples all the REMDs
and hence, a change in one RFMD affects the others. A system can also exhibit
sensitive dependence on the initial conditions or on its parameters [150]. Therefore,
it is crucial to analyze the dynamical properties of the network in order to understand
its behavior. Utilizing the tools from the theory of cooperative dynamical systems
with a first integral, we show that the REMDNP is an irreducible cooperative system
that admits a continuum of linearly ordered steady-state points and it entrains to
periodic excitations in the parameters [132, 143, 151]. These stability properties
are crucial as they provide a framework to understand how a change in an RFMD
affects the network’s steady-state behavior. Then we consider the REMDN to model
a network of RFMDs where the flow out of one RFMD is distributed between the
inputs of the same or other RFMDs. We prove that for a given set of parameters,
the RFMDN always admits a unique steady state i.e., it is robust to the initial
conditions. Another important context is to re-engineer the system so that an
optimal output rate can be obtained. In this regard, we also show that the problem
of maximizing the steady-state output rate of the RFMDN is a convex optimization
problem, and thereby we can determine the interconnection weights between the
RFMDs using highly efficient algorithms.

Note that the networks of RFMDs we study here are more general than the
studies based on the network of RFMs and thus can be utilized to model other

transport phenomena such as vehicular traffic flow that cannot be analyzed using a
network of RFMs.

The chapter is organized as follows. Section 6.2 reviews the RFMD and presents
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the RFMD as an input-output system. Section 6.3 describes the network of REMDs
with a finite pool, details the theoretical results, and analyzes the effect of parameters
on the network. The next section introduces a generalized version of network of
RFMDs and studies its properties. Section 6.5 contains a discussion of our results

and the appendix includes all the mathematical proofs.

6.2 The RFMD with an input and an output

Recall that dynamical equations describing the RFMD are:
@ = N1 (@ — ) — Nixigipn — i), i=1,...,n, (6.1)

where xo(t) := 1 and x,,1(t) = 0.

Also, recall that the relevant state space is: C':= {x € R": x; € [0,¢;], i=
1,2,...,n}. It has been already proved that there exists a unique e € int(C') such
that for any initial condition in C, the solution belongs to int(C) for all £ > 0 and
lim; o 2(t,a) = e |70].

Also, recall that the steady-state of the REFMD can be derived from the spectral
properties of a parameter-dependent tridiagonal matrix A, : R, — R®+2)x((0+2)

given by

0 A2 0
)\61/2 (1 . Ch)k’ )\;1/2
0 A (1= )k

0 . 0 (1—g)k An'/?
0 0 An /2 0

It has been proved that there is an unique value k* € (0, 00) such that o(A,(k*)) =
k*, where o(A) denotes the maximal eigenvalue (Perron root) of A, and let ¢ €
Rff be the corresponding eigenvector [70]. It has been analyzed that steady-state

densities satisfy

Gi+2 :
e, =—o——, forall i€ {1,2,...,n 6.2
Ak G { } o2
and .
R=— (6.3)

(0(An(k)))?

It has also been shown that the steady-state output rate

R0, AL, Ans Qus - - -5 Gn) 18 in general a quasi-concave function over R x (0, 1]”
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and for fixed ¢;’s, R(Xo, A1, ..., \,) is a concave function over Rif [70].

To form a network of RFMDs, we consider the RFMD with a single-input and

single-output control system as follows:

T = >\0((J1 - $1)U - )\1$1(Q2 - xz),

Ty = M21(qa — T2) — Xawa(qs — x3),

T = A—1%n-1(@n — Tpn) — A\px,, and

Y = Apn. (6.4)

The input to the RFMD is a bounded and measurable function u : R, — R, taking
non-negative values for all ¢ > 0. The output rate from the RFMD at time ¢ is
represented by y(t). Let z(t,u,a) denote the solution of the RFMD with control
function u and initial condition a. The following result shows that given any initial
point in C' and input function u(t) that takes positive values, the trajectory remains
in C for any t > 0, and after a certain time, all the sites will neither be totally full

nor totally empty.

Proposition 6.2.1. Consider the RFMD with an input u satisfying u(t) > 0 for
all t > 0. For every a € int(C), the solution x(t,u,a) € int(C) for any t > 0.
Moreover, for any a € OC' there exists a time T such that x(7,u,a) € int(C) for all
t>T.

The above proposition states that for any input function u(t) that is strictly
positive, C' is an invariant set of the dynamical system (6.4), and all the state
variables z;’s get separated from the boundary of C' after a certain time 7. The next

proposition illustrates the fact that the RFMD is a monotone control system.

Proposition 6.2.2. Consider two control functions v,w : Ry — Ry such that
v(t) < w(t) for allt > 0 and two starting conditions a,b € C' such that a < b. Then
the respective RFMD solutions satisfy

z(t,v,a) < z(t,w,b), for allt > 0. (6.5)

The above result states that given two similar RFMDs, the first with initial
densities a; that are lower than or equal to the initial densities b; of the second one
and with the control input v(¢) that is lower than or equal to control input w(t) of
the second one for all ¢ > 0, then the densities in the first RFMD will always be

lower than or equal to the respective densities in the second RFMD. Consequently,
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the output of the first RFMD will always be lower than or equal to the output of
the second RFMD.

In the next section, we describe the dynamics of the REFMDNP and analyze its

various mathematical properties.

6.3 A network of RFMDs with a pool

To model REFMDNP, we consider a closed system comprising a finite pool of particles
feeding a single-layer parallel set of m RFMDs. These m RFMDs are coupled
through a pool and thus the input to each RFMD relies on the pool occupancy.
The RFMD #i has length n;, parameters Ny, A, ..., AL, ¢}, ¢, ..., ¢, , input
function v’, and output y° (see Fig. 6.1). Thus, the dynamical equations describing
the m RFMDs can be written as:

. 1 1
xl :f( aul)v yl :Anlx}zp

(6.6)
" = f(a™ "), y" = )\menmm.
u y' =,
Source > RFMD #i >

Figure 6.1: An RFMD #i of length n;, input «’ from an external source, and output

7

Y.

The pool’s occupancy level at time ¢ is denoted by z(¢). The input to each
RFMD is supplied by the pool and the output from each RFMD is returned to
the pool. We pose the following assumptions: a) if there is no particle in the pool
then the effective entry rate into the REMDs becomes zero, and b) as the number
of particles in the pool increases, then the effective entry rate into the RFMDs
increases. Mathematically, these can be stated by assuming u'(t) = G;(2(t)), for
i€ {1,2,...,m}, where G; : Ry — R, satisfies: a) G;(0) = 0 and b) G;(2) is

continuous and strictly increasing function of z.

Thus, the RFMD #¢ dynamics is governed by:

i = NGi(2) (g} — z7) — N (g — ),

i = Nai(qh — o) — Nyah (g5 — o),

(6.7)
mni - )\ni—lxni—l(qni - ’xni> - )\nixnﬁ
Y =N, T,
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and the pool dynamics is given by:
E= Y =D N Gil2)(d) — ). (6.8)
i=1 i=1

The above Eq. (6.8) implies that the flow into the pool is the sum of all the output
rates of the RFMDs and the flow out of the pool is the overall flow of particles that
binds to the REMDs. Combining the assumptions on the functions G; with Eq. (6.8)
and given z(0) > 0, we have z(¢) > 0 for all ¢ > 0. This implies that the pool density

is never negative.

Summing up, the REMDNP is a nonlinear dynamical system with ¢ :=n;+4-- -+
N, + 1 state variables and its dynamics is given by Eqs. (6.6), (6.7) and (6.8) (see
Fig. 6.2).

1
) RFMD #1 )
y
[ J
[ ]
° ) f
Pool v =62 RFMD #i Y @

[ ]
[ ]
[ J ym

u? = Gn(@) REMD #m

Figure 6.2: A closed network of m RFMDs connected through a pool. The pool
feeds the input to each RFMD and the output from each RFMD is fed into the
pool.

At any time ¢, let

H(t) := 22m§(t) + 2(t) (6.9)

i=1 j=1
denote the total density of the particles in the network. Since the REFMDNP is a

closed system,
H(t)=H(0) forall t>0. (6.10)

In other words, H is a first integral of the dynamical system.

We now analyze some of the mathematical properties of the REMDNP. Recall
that every % € [0,¢}], and z € [0,00), so the state space of the RFMDNP is

Q=0 x -+ xQ, x[0,00), (6.11)
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where ©; := [0, ¢}] x [0,¢5] X ---x [0, ¢}, ]. Let 1, represent a column vector of £ ones.
Consider L, := {a € Q : 1)a = r}, which denotes the r level set of the first integral
H. For r = 0, we have Ly = {0} and the trajectories beginning from zero initial
state always stay in zero and thereby, we will always consider » > 0. Simply put,
L, is the set containing all the states associated to a total density of r particles in
the system. Let [z(t,a) z(t,a)]" denote the solution of the REMD at time ¢ with
the starting point a € €.

6.3.1 Invariance and persistence

The next result shows that any trajectory originating from a point in the state space

stays in it at any given time ¢ > 0.

Proposition 6.3.1. The state space ) in Eq. (6.11) is an invariant set for the
dynamics of the REMDNP i.e., if a € Q then [z(t,a) z(t,a)] € Q for allt > 0.

The next proposition states that after an arbitrarily short time, the solution gets

uniformly separated from the boundary of the state space.

Proposition 6.3.2. Given any 7 > 0, there exists § = 6(1) > 0, with 6(7) — 0
as T — 0, such that for any a € Q\ {0} and for allt > 7, for alli € {1,2,...,m},
and for all j € {1,2...,n;}, we have

6 <al(ta)<q,—0

and
d < z(t,a).

In particular, after time 7 > 0, the density in site j of REFMD #: is in the range
[0, q§ — ¢] and the pool density is in the range [, 00). Thus, Proposition 6.3.2 is
important in studying the asymptotic behavior of the RFMDNP, as it guarantees

that its Jacobian matrix becomes irreducible after an arbitrarily short time.

6.3.2 Stability

The next main result states that the REMDNP admits a continuum of steady-state
points and the trajectories that emanate from the same level set converge to the

same steady-state point.

Theorem 6.3.1. Every level set L, contains a unique steady-state point ey of the
RFMDNP and for any starting point a € L,, the solution of the RFMDNP converges

to er,. Moreover, for any 0 <r < s,

er, Ker,. (612)
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In particular, every level set admits a unique steady-state particle distribution
in each RFMD and the pool. Eq. (6.12) means the following. Consider a network
with two scenarios: the total number of particles in the first and second is r and
s, respectively, with r < s. Then the steady-state densities in the first network are

strictly smaller than the corresponding steady-state densities in the second one.

Example 6.3.1. Consider an RFMDNP with a single RFEMD of length n, = 2.
Assume that A\) = 0.1, A\ =1, Al =1, ¢ = 0.5, ¢ = 1, and Gy(2) = 2. Fig. 6.3
depicts the trajectories of the RFMDNP with three different starting points in  Ls:
05 0 15,0 1 1],and[0.5 1 0.5). It can be seen that all three trajectories

converge to the same steady-state point.

o e
IS - N

Figure 6.3: Trajectories of the REMDNP in Example 6.3.1 for three different starting
points in L,. The unique steady-state point in L, is marked by an ellipse.

6.3.3 Entrainment

There are periodic excitations in many biological or physical systems, e.g., periodic
cell-cycle division in biological organisms, time-varying periodic traffic lights in
a road network, oscillations in protein levels, etc. [48, 98|. It is important for
dynamical systems to synchronize to periodic oscillations in order to facilitate
coordinated movement, e.g., coordinated rhythmic movement is essential for the

proper functioning of the human system.

Even seemingly simple, nonlinear systems may not entrain [152]. A natural
concern in this context is: how do the steady-state densities in the REMDNP behave
when there is a periodic excitation feeding the network? If f(t 4+ T) = f(t) for all ¢,
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then the function f is T-periodic. In order to consider the periodic excitation in the
RFMDNP, we shall assume some or all of the parameters as T-periodic functions.
Therefore, we consider the following assumptions:

a) all the transition rates A}, )\é» are positive, continuous, and uniformly bounded
functions of time i.e., there exists 0 < 7y < 1, such that Aj(t), X:(t) € [n1, 7] for all
t>0.

b) the site sizes q;- are positive and continuous functions of time i.e., there exists
0 < 6 <1 such that ¢(t) € [0,1].

¢) a minimal 7' > 0 exists such that all the )\;-’s and the qé’s are T-periodic functions.

We call the network with the periodic excitations as the periodic
RFMDNP (PRFMDNP). The next result shows that the property of entrainment
holds in PREMDNP.

Theorem 6.3.2. Consider the PREMDNP. There exists a unique T-periodic
function ¢, : Ry — int(QQ) and for any starting point a € L,, the solution of
the PRFMDNP approaches ¢, ast — .

The above theorem states that every trajectory of the PRFMDNP with an
initial density profile L, converges to a unique T-periodic solution. Thus, the
PRFMDNP phase locks to periodic oscillations in the parameters. The following

example exhibits this.

Example 6.3.2. Consider the PRFMDNP having m = 2 RFMDs of lengths ny = 3
and ny = 2. Assume that A} = 0.1, \] = 1, A} = 2 +sin(27t), A} = 0.5, A2 = 0.2,
N=2N=14¢4=07¢=03¢g=14¢=1,, ¢ =0.3, and G;(z) = tanh(z),
¢ = 1,2. Observe that all the parameters are periodic with a common period T" = 1.
Consider an initial condition 2%(0) = 2(0) = 0.1, for all 4,j. Fig. 6.4 shows all
the densities as a function of time ¢ and it can be observed that they converge to a

periodic pattern with period one.

An important question is what effect would a small variation in one of the
parameters in an RFMD has on the steady-state point of the network. The next

subsection analyzes this effect on the network.

6.3.4 Effect of parameters

Let p = [\ ¢ H(0)] be the vector of all the parameters and a total number of
particles in the network, where A is the vector of all the transition rates and ¢ is the
vector of all the site sizes in the RFMDs. Consider a mapping ¢ from p to the unique
steady-state point in int(€2). The next result allows considering the derivatives of

the steady-state point w.r.t. small variations in the parameters.
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Figure 6.4: Trajectories of the PREFMDNP as a function of time ¢ in Example 6.3.2.

Proposition 6.3.3. The derivative (0/0py)g(p) exists for all k.

We next analyze the effect of change in the transition rate at a single site of
an RFMD on the whole network. Without loss of generality, we presume that the
change is in one of the rates in the RFMD #1.

Theorem 6.3.3. Consider an RFMDNP with m RFMDs of lengths n; and
parameters Ny > 0, )\; > 0, and q§ € (0,1, i € {1,...,m} and j € {1,2,...,n;}.
For the level set L, of H, let €}, and e, represents the steady-state density of
the RFMDNP. Pick k € {0,1,...,n1}, and consider the REMDNP obtained by
modifying A, to A, with A, > A} Let & and €. represents the steady-state density
in this new RFMDNP. We have

e, < e, é} > e}, forallje{k+1,...,n1}, (6.13)
and either one of the following two cases holds:

1. &, <e, and & <€}, foralli # 1 and all j.

2. e, <eé, and 6;- < é;'», for alli# 1 and all j.

Note that increasing the transition rate at site ¢ implies that there is an increase
in the flow of particles from site i to site z + 1. The above theorem states that as
At increases; the number of particles in site k of REMD #1 decreases whereas the
number of particles in all the sites &k + 1,k + 2,...,n; of REFMD #1 increases and
the other RFMD steady-state densities and the pool density either all increase or all

decrease. Observe that changing a transition rate in an REMD affects the qualitative
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behavior of all the other RFMDs and the pool density in a similar manner as they
are fed from the same pool. Theorem 6.3.3 does not provide any information about
the exact outcome i.e., whether the pool density will increase or decrease as it
depends upon various other parameters in the network. However, one can obtain
information by computing the derivatives of steady-state point coordinates w.r.t. the
rates. Note that the above result is in agreement with the previous result reported
in Ref. [49]. The next example demonstrates the case when pool density increases

with an increase in a transition rate of an RFMD.

Example 6.3.3. Consider an REMDNP with m = 2 RFMDs of lengths n; = 3 and
ny = 2. Let \j = 1, X = 1, for all i,7 except A3, qf = 0.8, g3 = 0.4, g3 = 0.6,
qi = 0.7, g3 = 0.5, and G;(z) = tanh(z), i = 1,2. Consider an initial state 2%(0) = 0
for all 4,j and 2(0) = 2. The simulation for several values of transition rate A} is
depicted in Figs. 6.5a and 6.5b. It can be seen that as A} increases there is a decrease
in el, an increase in e}, an increase in e, and consequently an increase in e? for all
j. This is because increasing A\j means that the particles traverse REMD #1 more

easily and hence the particles become more quickly available in the pool.
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Figure 6.5: The steady-state densities of the REMDNP as a function of transition
rate A} in Example 6.3.3, (a) In REFMD #1, (b) In RFMD #2 and the pool.

The next example illustrates the case when the pool density decreases with an

increase in a transition rate of an RFMD.

Example 6.3.4. Consider an RFMDNP with m = 2 RFMDs of lengths ny = 7
and ny = 2. Let \) = 1, )\; =1, q§ = 1 for all 4,5 except \}, ¢¢ = 0.5 and
Gi(z) = z,1=1,2. Assume a:;(()) =0 for all 4, j and z(0) = 6. Figs. 6.6a and 6.6b
depict simulations for several values of transition rate A}. It can be seen that as A}

increases there is a decrease in e}, an increase in e for k = 5,6, 7, a decrease in e,
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and consequently a decrease in e? for all j. This is because increasing \} leads to

an increase in a traffic jam due to a small site size in the RFEMD #1.
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Figure 6.6: The steady-state densities of the REMDNP as a function of transition
rate A} in Example 6.3.4, (a) In REFMD #1, (b) In RFMD #2 and the pool.

The second result shows the effect of change in the site size parameter at one
site of an RFMD on the network.

Theorem 6.3.4. Consider an RFMDNP with m RFMDs of lengths n; and
parameters Ny > 0, )\; > 0, and q} € (0,1, i e {1,...,m} and j € {1,2,...,n;}.
For the level set L, of H, let e§~ and e, represents the steady-state density in the
REMDNP. Pickk € {1,...,n1} and consider the RFMDNP obtained by changing q;
to qi, with @, > qi. Let éé, e,, represents the steady-state density in the new
RFMDNP. We have

e 1 < er 1 éjl- > ejl-, forallj € {k,...,ni}, (6.14)
and either one of the following two cases holds:

1. e,<e, and é§- < e;'», for alli # 1 and all j.

2. e, <eé, and e§- < éj», foralli# 1 and all j.

An increase in the size of site i results in an increase in the density at site ¢ and
consequently increases the densities in all the sites right to it. The above theorem
implies that modifying a site size ¢; in RFMD #1 decreases the density at site k — 1
and increases the densities at sites k,k + 1,...,nq; affects all the sites in all the
other RFMDs and the pool density in the same way. Indeed, this theorem does not
give any details on the new densities for sites 1,2,...,k — 2 along RFMD #1 and
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whether the pool density will increase or decrease as it will depend on various other
parameters in the network. The next two examples represent the two cases when

the pool density increases and decreases, respectively.

Example 6.3.5. Consider an REMDNP with m = 2 RFMDs of lengths n; = 5 and
ny = 3. Let \j = 1, X} = 1, ¢; = 1, for all 4, j except g3, and Gy(2) = 2,7 = 1,2.
Consider an initial point 2%(0) = 0, for all 4, j and 2(0) = 2. Figs. 6.7a and 6.7b
depict simulations for several values of site size parameter ¢i. It can be observed
that as ¢i increases there is a decrease in e}, an increase in e}, for j = 3,4,5, an
increase in e, and consequently an increase in e? for all j. This is because increasing
q3 means that the particles flow more easily from site 2 to site 3 in RFMD #1 and

thus increases the pool density.
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Figure 6.7: The steady-state densities of the REFMDNP as a function of site size g3
in Example 6.3.5, (a) In REMD #1, (b) In REMD #2 and the pool.

Example 6.3.6. Consider an RFMDNP with m = 2 RFMDs of lengths n; = 9
and ny = 3. Let \) = 1, /\§ = 1, qj- = 1, for all 7,5 except g3, ¢t = 0.5, and
Gi(z) = z, i = 1,2. Consider a starting point xé(O) =0, for all 4,j and 2(0) = 6.
Figs. 6.8a and 6.8b depict simulations for several values of site size parameter ¢i. Tt

can be observed that as ¢ increases there is a decrease in e},

an increase in e, for
k =5,6,7,8,9, a decrease in e,, and consequently a decrease in e? for all j. It is
because increasing ¢: leads to an increase in the flow rate forming a traffic jam due

to a bottleneck site size in the RFMD #1 and thus depleting the pool.

Indeed, by modifying the initiation rate A} or the site size ¢}, we obtain all the

information about the modified densities along REMD #1.
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Figure 6.8: The steady-state densities of the REMDNP as a function of site size g3
in Example 6.3.6, (a) In REMD #1, (b) In REMD #2 and the pool.

Corollary 6.3.4.1. Suppose that either \} is modified to A}, with A} > A\ or qf is
modified to q; with @ > qi. Then

é} > 6]1~ forallj€{1,...,n1}, é;- < eé- foralli#1, je{l,...,n;},and e, <e,.
(6.15)

Note that increasing A} or ¢; allows more particles to bind to the RFMD #1
more easily and hence this increases the steady-state densities in RFMD #1 and

decreases the pool density.

The REFEMDNP enables modeling a closed network in which particles are supplied
to the RFMDs from a pool whose output function is an increasing function of the
density of particles in the pool. This is a specific case of a network of REFMDs that
facilitates analyzing competition of shared resources between the RFMDs. In the
next section, we analyze a generalized network where the output of an RFMD is
distributed into several inputs of other RFMDs including itself. Such networks also

allow modeling the optimal division of a resource among several other RFMDs.

6.4 A generalized network of RFMDs

Counsider a network of m interconnected RFMDs:

(6.16)

M — f(xm,um)7 ym — \ M



with u' = 37" jwiy’ as the input to RFMD #i for i € {1,2,...,m}, where wj > 0
represent the fixed constant source and wj- > 0 represent the weights describing the
output 3/ proportion, both feeding the input of REMD #i. We refer to this as a

generalized network of ribosome flow models with different sites network (RFMDN).

Let the total output from the network is:

y(t) = > e (t), (6.17)

where ¢; represents the non-negative weights associated with the outputs. Let
Yot wp < 1for ke {1,2,...,m}. This kind of network describes a distribution
of the output of any RFMD #i to other RFMDs in the network. We refer to this
network as a distributed network of RFMDs.

The state space of the REFMDN is
Q=0 x--x Q. (6.18)

For a € V', let x(t,a) denote the solution of the REMDN at time ¢ with the initial

condition a. It can be easily shown that the state space is an invariant set of (6.16).

6.4.1 Global asymptotic stability

The following result shows that any trajectory of the RFMDN starting from the
boundary of 2’ immediately enters int({2’).

Proposition 6.4.1. For every a € int(§Y'), the solution z(t,a) of the REMDN stays
in int() for any t > 0. Moreover , for any a € 0SY, there exists a time T such that
x(7,a) € int(Q) for allt > 7.

The next result guarantees that the general network is a globally asymptotically
stable network. The proof of the result is based on the powerful theory of cooperative

systems [50].

Theorem 6.4.1. The REMDN admits a globally asymptotically stable steady-state
density e € int(§Y), i.e., limy_ oo x(t,a) = e for all a € V.

In other words, the state variables approach a steady state that only depends
on the parameters in the network and is independent of the starting state. Let
Yss = limy_,oo y(t) i.e., yss denotes the steady-state output rate. Note that wj > 0
can be replaced by w) > 0 if the input u’ to REMD #i satisfies u’(¢) > 0 for all
t > 0. The following simple example exhibits the dynamic behavior of the REMDN.
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Example 6.4.1. Consider the RFMDN depicted in Fig. 6.9a. Each RFMD has
dimension n; = 1 for i = 1,2,3. Assume that X, =1, X’ =1, ¢f = 0.5, ¢ = 1 and
¢ = 0.7. Here the input to REMD #1 is u! = 0.1 + 0.5y + 0.2y3, to RFMD #2
is u? = 0.3y + 0.1y% + 0.3y3, and to RFMD #3 is u® = 0.7y!. The network output
is given as y = 0.4y% + 0.5y3. Fig. 6.9b depicts the trajectories of the RFMDN
with three different starting conditions: [0.5 0 0], [0 0.5 0],and [0 0 0.5)".
Note that all the state variables and thus the network output converges to a unique

steady-state value.

0.5 y?

0.1 y2

@ @ RFMD #1 N = RFMD #2
N

0.7 y! 0.3 y3 0.4 y?

3 N
RFMD #3 AN an WA

0.2 y3

0.5
0.4 0.4
0.2 : & 0.2 0.3

Figure 6.9: a) The network of the three connected RFMDs in Example 6.4.1. b)
Trajectories of the RFMDN in Example 6.4.1 for three different starting points. The
unique steady-state point is marked by an ellipse.

Now, we analyze a closed-loop system of an RFMD with positive feedback. In
this system, a fixed source is feeding a single RFMD with rate w; > 0 and ws > 0
describes the weightage of the RFMD output feeding back into the input of the
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RFMD (see Fig. 6.10). The main theoretical Theorem 6.4.1 guarantees that this
network is globally asymptotically stable. Thus, the dynamics of this network are

as follows:

T = (w1 + wz)\nfln)(ch —x1) — M21(ge — x2),

Ty = M1(qa — x2) — Aawa(qs — x3),

T = M1ZTn1(Gn — ) — Anp. (6.19)

The output rate is y(t) = Az, (). The next is an intuitive result which implies that

increasing any of the feedback parameters w; or wy increases the output rate.

wyy

@—% RFMD |———>

Figure 6.10: The network of closed-loop of an RFMD with positive feedback. The
total REMD input is u(t) = wy + way.

Proposition 6.4.2. Consider the system given by (6.19) and let the parameters X;
and q; be fized. Let yss and yss denote the steady-state output rate corresponding to
the control parameters (wy,ws) and (W, W) respectively. If wy = wy then yYss < Yss

if and only if we < Wo. If wy = Wy then yss < Yss if and only if wy < wy.

Example 6.4.2. Consider Eq. (6.19) with n =3, w; = 0.1, \; = 1, for all ¢, ¢; = 1,
g2 = 0.5, g3 = 1. Fig. 6.11 depicts y,s as a function of w,. It can be observed that

Yss increases with ws.

Further, we analyze a network of RFMDs having no feedback connections i.e.,
input u’ of REMD #i, for any 4, does not depend on its output directly or indirectly.
We refer to it as feed-forward networks of RFMDs. Recall that steady-state densities
and the steady-state output rate in a single RFMD can be obtained from the spectral
approach removing the requirement to numerically simulate the dynamics until
the convergence. The same approach can be applied to a feed-forward network of
RFMDs to find the steady state of the whole network. It can be explained as follows.
Consider RFMDs that are fed by a constant source only and the steady-state output
rate of these RFMDs can be calculated by Eq. (6.3). Now, consider those REMDs
that are fed by the output of the above RFMDs and/or constant sources. Note
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Figure 6.11: The steady-state output rate y,s for the closed-loop network as a
function of ws in Example 6.4.2.

that the input to these RFMDs converges to a steady-state value and hence with
the constant input, the steady-state output rate of these RFMDs can be computed
by Eq. (6.3). Continuing in this way, we can find the steady state of the overall

network. The next simple example exhibits this.

Example 6.4.3. Consider the network given in Fig. 6.12. It consists of three
RFMDs each with dimension n; = 1. Assume that A} = 0.5, A\l = 1, ¢f = 0.1,
MN=01, X =05 ¢ =1, N =08 X =1, and ¢¢ = 05. The spectral
representation of the steady-state in RFMD #1 is based on the matrix

0 1/V05 0
Ay(k) = [1/V/05 09k 1
0 1 0

After calculations, we have y' = 0.0333. The spectral representation of the
steady-state in RFMD #2 is based on the matrix

0 1//01 0
Ay:=11//01 0  1//05].
0 1/4/05 0

After calculations, we get y? = 0.0833. Now, the constant input value to REMD #3
is y! + 2. Thus, the spectral representation of REMD #3 is based on the matrix

0 1/1/0.0933 0
As(k) = [1//0.0933 05k 1
0 1 0
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Hence, the steady-state output rate of the network is y,, = 0.0427.

RFMD #1 y!

RFMD#3 [———

RFMD #2

(1 —
O— ,

Figure 6.12: The feed-forward network of three RFMDs in Example 6.4.3.

6.4.2 Optimizing the network output rate

It is important to understand how a common resource should be divided into a
system comprising several sub-systems such that the overall output measure is
optimized. In this section, we study the problem of optimizing the total output
rate from the distributed network of RFMDs w.r.t. the connecting weights i.e., how
to distribute the output from each RFMD between the REFMDs so that the network

output rate is maximized.

Problem 1 Consider an RFMDN consisting of m RFMDs having a total output
rate at time ¢ defined as in Eq. (6.17). The optimization problem is to maximize
the steady-state network output rate y,s w.r.t. the connection (control) weights w§

subject to the constraints:

w} € [0,1] for all i € {1,2,...,m} and j € {0,1,...,m} (6.20)

and

> wi=1forallke{l,2,...,m} (6.21)

i=1
where w;'- describes the connection weight of output of RFMD #j to input of RFMD
#1. The next result is important as it implies that one can easily determine the

optimal weights in Problem 1.

Theorem 6.4.2. Problem 1 can be formulated as a convex optimization problem.

The next simple example illustrates this.

Example 6.4.4. Consider an RFMDN having only one RFMD of dimension n; = 1,
Ay =AMl =1 and ¢} =0.5. Suppose it is fed by a source with the rate 0.1 along with
feedback from its output back to the input with proportion v i.e., u* = 0.1+vy'. Let
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yss = e1(v) denote the steady-state output rate of the network. It can be observed

in Fig. 6.13 that y,s is not concave in v. Thus, the given optimization problem:
max yss(v) subject to v € [0,1] (6.22)

is not a convex optimization problem. However, with a reparametrization of the
input as u! = 0.14+w with w € [0, y'], Problem (6.22) becomes a convex optimization
problem given as:

0.5(0.1 4 w)

0.5(0.1
max Yss(w) = subject to 0 < w < w

6.23
1.1+ w - 114w ( )

The solution to this problem is achieved at w* = 0.0742 and y,s = 0.0742. This
concludes that the solution to the Problem (6.22) is v* = 1. Hence, after suitable

reparametrization of the Problem (6.22) to (6.23), we can determine the optimal

weights.
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Figure 6.13: The steady-state output rate ys, for the REMDN as a function of v in
Example 6.4.4.

Further, we analyze that in a feed-forward network of RFMDs, Problem 1 can

be solved more directly.

Theorem 6.4.3. Consider a feed-forward network of REFMDs, where w denotes the
set of all connection weights. Then the mapping w — yss(w) is concave and thus

Problem 1 is a convex optimization problem.

In other words, without any formulation, Problem 1 is a convex optimization
problem for feed-forward networks. The next example exhibits this.
Example 6.4.5. Consider an RFMDN consisting of m = 2 RFMDs each with

dimension n; = 10, i = 1,2. Assume that \j = 1, A} = 1, and ¢} = 1, for all 4, j.
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Let a unit resource feed the inputs to REMD #1 and RFMD #2 with u! = v and
u? = 1 — v, respectively, where v € [0,1]. The sum of the outputs from the two
RFMDs is the total network output. The solid line in Fig. 6.14 depicts that the
steady-state output rate yss(v) is a concave function and it attains maximum value
at v = 0.5. Note that since both the lanes are equivalent, therefore equally dividing
the input from the given unit source optimizes the network output. Now, let all the
parameters be the same but g3 = 0.3, i.e., the site capacity in lane 1 at site 8 is
less than the other site capacities. The dashed line in Fig. 6.14 shows that y(v)
attains maximum value at v = 0.15. This can be explained as follows: in order to

avoid traffic jams in RFMD #1 due to the presence of a site with less capacity, more
resources are dispatched to REMD #2.

0.55

0.5

0.45

0.4

0.35

Yss

0.3

0.25

0.2

0.15

(o] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
v

Figure 6.14: The steady-state output rate y,s for the REMDN as a function of v in
Example 6.4.5. The solid line represents the case when q; =1, for all 7.5 and the
dashed line represents the case when ¢} = 1, for all , j except for gg = 0.3.

6.5 Discussion

Understanding the motion of particles along networks of interconnected tracks has
attracted increasing attention in recent years. Dynamical systems play a crucial role
in analyzing biological and physical systems. In this chapter, we consider large-scale
networks of the dynamical model RFMD which has been developed to model the
unidirectional motion of particles along an isolated track having different site sizes.
We rigorously study two network models: the REMDNP which facilitates modeling
a network of parallel RFMDs coupled indirectly through a shared finite resource and
the RFMDN which models the network of interconnected RFMDs coupled directly
through several outputs of other RFEMDs or itself.

The RFMDNP is a closed system that consists of several REMDs interconnected
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through a resource, namely, the pool of particles. We establish that the REMDNP
admits a continuum of linearly ordered steady-state points. This steady-state point
is independent of the initial profile and depends on all the parameters and the total
number of particles in the network. We also show that if all the parameters change
periodically in time with a common period 7', then every solution of the REMDNP
converges to a periodic trajectory having period T'. In other words, the REMDNP
phase locks to periodic parameters with a common period. Furthermore, we study
the effect of changing parameters in an RFMD on the steady-state behavior of the
network. Our mathematical analysis predicts that an increase in a transition rate
or an increase in a size of a site in any one RFMD say RFMD #1 always leads to
an increase in the output of RFMD #1. The output rates of all the other RFMDs

are affected in the same way i.e., either they all increase or all decrease.

To enable the analysis of important phenomena such as transport on a network
of roads comprising sites of different sizes where the flow out from a road may
enter (re-enter) another (same) road, we consider a network of interconnected
RFMDs (RFMDN), in which the RFMD outputs in the network is connected through
some connection weights to the inputs of other RFMDs. We show that the network
admits a unique steady state independent of the initial profile. In other words, the
network is globally asymptotically stable. In addition, we study the mathematical
properties of closed-loop and feed-forward networks and demonstrate them using
simple examples. For a feed-forward network of RFMDs, we see that the steady
state of the network can be determined using a spectral approach without any
requirement to solve the equations of the system numerically. Furthermore, we
analyze the problem of how to determine the interconnection weightage between the
RFMDs in order to maximize the steady-state output of the network and show that
this is a convex optimization problem. These findings are in accordance with the

previous results reported in Ref. [149].

We also note that the networks of RFMs analyze essential cellular processes
such as protein synthesis, and intracellular transport. We believe this suggests that
the networks presented here will also provide a powerful framework to model many
natural and artificial processes such as cellular transport, communication networks,
vehicular traffic, and more. A possible avenue for future research is modeling the
network of RFMDs by considering the weighted connections between the REFMDs as
time-varying functions. Another possibility is generalizing these networks to include

features like detachment/attachment of particles from internal sites in the lanes.
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6.6 Appendix: Proofs

Proof of Proposition 6.2.1: For sake of convenience, let z(t) denote the solution of the
system (6.4) for the given input u and initial condition a = z(0) € int(C). Seeking
a contradiction, assume that there exists a first time ¢ > 0 such that z(¢') ¢ int(C).
Then z(t') € 0C, so z;(t') € {0,q,} for atleast one index j. We shall consider two
cases:

Case 1: Let k£ be the minimal index such that x;(t') = 0 and z;(¢') > 0 for any
Jj < k. If k=1, then &1(t') = Aqru > 0. Since we have z,(t) € (0,q;) for any
t < t’ and therefore, z1(t') > 0. Therefore, the case k = 1 is not possible, so k > 1.
Now Eq. (6.4) implies that @y (t') = A\g_125_1(t")qe. We have x;_1(t') > 0 and hence,
2 (t") > 0 which is again a contradiction. Therefore, case 1 is not possible.

Case 2: Let k be the maximal index such that z;(t') = ¢, and z;(t') < g; for any
k < j. If k =n, then Eq. (6.4) implies that @, (t') = —A,¢, < 0. Since z,(t) € (0, g»)
for any t < ¢’ and therefore, x1(t') < ¢,. Therefore, the case k = n is not possible,
so k < n. Now Eq. (6.4) implies that @x(t') = —Aeqr(qrr1 — xp41(t')). We have
z;(t') < ¢; for any j > k, and hence #4(t') < 0 and this implies that x;(t') < g.
Therefore, case 2 also does not hold.

Thus, we get that int(C) as an invariant state space. To prove the other part,
assume that initial point z(0) € 9C i.e., z,;(0) € {0, ¢;} for atleast one index j. We
shall consider two cases:

Case 1: Let k be the minimal index such that z;(0) = 0 and x;(0) > 0 for any j < k.
We will show that x() € (0, gx), for some v > 0. If k = 1, then @,(0) = Aoqru > 0,
so r1(y) € (0,q1). If k > 1, then 24(0) = A_126-1(0)gx > 0, so xx(y) € (0, ).
Thus, x;(7) € (0,¢;) for any i € {1,2,...,k} and for any ¢ > ~. Inductively, there
exists a time 7 > 0 such that x;(n) > 0, for any ¢ € {1,2,...,n} and for any ¢ > 7.
Case 2: Let k be the maximal index such that z4(0) = ¢ and for any j > k,
z;(0) < g;. Arguing in the similar manner as in case 1, there exists a time ¢ > 0
such that z;(¢) < ¢; for any i € {1,2,...,n} and for any ¢ > 1.

Hence, combining both the cases there exists a time 7 = max(n, ¢) such that z(7) €
int(C) for all t > 7.

Proof of Proposition 6.2.2: We first calculate M = a% f,

0 0 0 0
M =diag(—fi— =—fo,—=—f3,--.,——fa
lag(aufl auf27 aufi’n ) auf )
= dlag()\g(ql — l’l), O, Ce ,0)
From Proposition 6.2.1, we have every entry of M non-negative. Let J := a%

denote the Jacobian of the dynamics, where f is the vector field. Then J is given
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as below

-—)\ou — )\1(Q2 — .7}2) )\1.7}1 0
A1(g2 — 2) —A1r1 — A2(g3 — x3) AoTo
0 Aao(q3 — x3) —X2x2 — A3(qa — x4)
i 0 0 0 U W ———

It follows from Proposition 6.2.1 that every off-diagonal entry of J is
non-negative. Thus, the RFMLK is a monotone control system by using the results
in Ref. [142].

We now turn to consider a closed network of RFMDs (REMDNP).
Proof of Proposition 6.3.2: For the sake of simplicity, consider the case m = 1 and

the proof in the case when m > 1 is similar. The RFMDNP for m =1 is given by:

&1 = MG (2) (1 — 1) — M1 (g2 — x2),
Ty = M21(g2 — T3) — Nawa(gs — 3),

(6.24)

:tn = )\n—lxn—l(Qn - xn) - )\nxna

2= AZp, — Ao G(2)(q1 — 21).

Let z¢ := z and x_; := x,. Now, we will prove that given any ¢ > 0 and any
sufficiently small A > 0, there exists P = P(¢,A) > 0 such that for each k €
{0,...,n} and each ¢t > 0 the condition

xp(t) < A and x5 1(t) > €

implies that
Tr > P.

For &k = 0 we have

To > AnZn — Ao(qr — 21)G(20)
Z )\ne - /\O(Q1 - xl)G(A)v

and hence, &9 > A\,e/2 for all A > 0 sufficiently small. For k € {1,...,n} we have

T = Me—1@k—1(@k — k) — Mer( Q1 — Thy1)

> Mee(qr — A) = MeA(Qrg1 — Tg1),
SO & > Arqre/2, for all A > 0 sufficiently small. Also, if xx(t) > 0 for some k €
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{0,...,n} and t > 0, then zx(¢') > 0 for all ¢ > t. Now, it follows from Lemma 1
in Ref. [49] that for any 7 > 0 there exists 0(7) > 0, with §(7) — 0 as 7 — 0, such
that

d <uxz(t), forallie{0,...,n}, foranya, and any ¢t > 7. (6.25)

Now define p;(t) = ¢ni1-i — Tni1-4i(t), for i € {1,2,... ,n} and pp41 = 2. We
have,
D1 = M@ — P1) = Anc1Pi (@1 — P2),

P2 = Ac1P1(Gn-1 — P2) — An—2D2(Gn—2 — p3),
(6.26)
pn = Alpn71<q1 - pn) - )\OpnG(anrl)a
pn—f—l = /\n(Qn - pl) - /\OPnG(pn-i-l)'

From Eq. (6.25), we have p, ;1 > ¢ for all ¢ > 7. Note that the first n equations
of Eq. (6.26) are an RFMD with time-varying exit rate A\oG(pn+1) and therefore,
3 6;(7) > 0 such that

0 <pi(t), forallie{l,...,n} andany ¢>r. (6.27)

Combining this with Eq. (6.25) proves the proposition.
Proof of Theorem 6.3.1: The Jacobian of the REMDNP is

[0 .0 T,
0o J2 0 ... J2,
J(x,z2) =
0o 0 ... Jv g,
N O S

where J! is the Jacobian of REMD #i given by

—NGi(2) = Mgy — 75) AL 0

(5 — ) —Aizy — Ay(gs — 5) Ay

) %
)‘ni—lxni—l

_Ani—lzni—l - )\

ng

I = NGi(2) 0...0 XL ], iy = [NGi(2) (g — i) 0... 0],d€{L,2,....,m},
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Jrtl = =3 NG(2)(¢h — o). For any point in €, every off-diagonal entry of .J
is non-negative, so the RFMDNP is a cooperative dynamical system. Also for any
point in int(2), we have xz € (0, q;) and z > 0 for all ¢ > 0 which implies that every
term on the sub and super-diagonal of J! is positive and G;(2) > 0,7 =1,2,...,m.
Hence, J is an irreducible matrix. Now, combining Proposition 6.3.2 with the results

in Ref. [153] completes the proof of this theorem.

Proof of Theorem 6.3.2: We can write the PRFMDNP as & = f(¢,z).
Then f(t,y) = f(t+ T,y) for allt > 0, y € Q. Now, ¢, € int(Q2) follows from
the Proposition 6.3.2 and the results in Ref. [143] proves the theorem.

Proof of Proposition 6.3.3: We can write the REMDNP as & = f(x), where
x represents the vector consisting of state variables and the pool density, with
initial condition z(0) = zo. Then 0t = J(x)dx, where J = % is the Jacobian
of the dynamics. Note that from Proposition 6.3.2, the given system is a strongly
cooperative system of ODEs having a first integral with positive gradient. Hence,
the results in Ref. [154] shows that 3 a norm depending on x such that for all
t > 0, we have |§(x(t))|s) < [020|s,- At the unique steady-state point e, we have
|exp(J(e)t)d(xo)|e < |0xole for all ¢ > 0. Hence, the matrix obtained by restricting
J(e) to the integral manifold is Hurwitz matrix, and thereby the mapping A is

analytic using the implicit function theorem.

Proof of Theorem 6.3.3: We shall prove it for the case m = 2 (the proof of the

case when m > 2 is similar) i.e.,
e <epande; >e;, foral je{k+1,... n} (6.28)

and
sign(é? — e?) =sign(e, —e,), for all j € {1,2,...,ny}. (6.29)

Since, the initial condition remains the same, therefore

i63+i€?+ezZié%+ié§+ézzH(o) (6.30)
i=1 j=1 i=1 j=1
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At the steady-state, the REMDNP equations yield:

NoGile:)(a — e1) = Mer(a — ),
= Asea(qs — €3),

(6.31)
= >\11 16n1 1(qn1 - 67111)
- )\7111 nl’
NoGale:) (i — ef) = Ajel(q; — €3),
= \pe5(a3 — €3),
(6.32)
= /\22 lenz l(qng 67212)
=\ e
AuyCny + A, = NoGi(e:) (a1 — er) + NjGalex)(af — ef). (6.33)
The last equality in Eq. (6.32) gives
)\2
e? 12y : (6.34)

-1
" )\37,2 1(qn2 - 67212)

It can be observed that if €2 increases with an increase in A; then the numerator
and denominator of the Eq. (6.34) increases and decreases, respectively, and hence
the left side of Eq. (6.34) is increasing. Similarly, if e2, decreases with an increase in
Ai, then the numerator and denominator of the Eq. (6.34) decreases and increases,

respectively, and hence the left side of Eq. (6.34) is decreasing. Therefore,

sign(e>,_, — e,_,) = sign(es, —e2)). (6.35)
Using the same argument above and by Eq. (6.32) we have

2 2

i 5 2) = Sign(éngfl - 677,271) = Slgn(éiz - 61212)’ (636>

sign(e3 — €2) = sign(es — e3) =

Again by Eq. (6.32), we have

)\37,2 TLQ

Since G;(z) for i = 1,2 is a strictly increasing function of z, therefore combining
this with Eq. (6.36), proves the Eq. (6.29).
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Arguing as above and using Eq. (6.31), we have:
sign(é,lcﬂ - 611c+1) = Sign(élchrQ - ellc+2) == sign(é}ll - eil)' (6.38)

By Eq. (6.31), we have
1 AL el
e, = LD . (6.39)
‘ Nel@er1 — i)

Now, if sign(e),, — ey ) < 0ie., e, < e, , then combining this with Egs. (6.38)
and (6.39) and the fact that A} < i yields

sign(e, — e;) = sign(é;,, —e,,,) = -~ =sign(e, —e, ). (6.40)

Arguing as above and using Egs. (6.31) and (6.40) we have

sign(e, — e.) = sign(e; — e;) = sign(ey — e3) = - - - = sign(e,,, — ey,,). (6.41)

By Egs. (6.29) and (6.41), we get a contradiction to Eq. (6.30). Hence, sign(e;, —
er ) >01ie., e, <eé, and from Eq. (6.38), we get

el < é;, forall je{k+1,...,m}. (6.42)

J
Now if e, < &, we again get Eq. (6.40) and hence ej < &j, forall j € {1,...,n1}
and e, < e, and this implies that e? < éjz, for all j € {1,...,ny} which is again a

contradiction to Eq. (6.30). Hence, €, < e;.
Next, we turn to consider a generalized network of REMDs (RFMDN).

Proof of Proposition 6.4.1: The proof is based on similar arguments as in the

proof of the Proposition 6.2.1 and is thus omitted.

Proof of Theorem 6.4.1: We can write the RFMDN as & = f(x). Let J == %f
denote the Jacobian of the dynamics. Since the input to each RFMD is positive,
therefore each RFMD is a monotone control system and the other non-diagonal

79

terms are non-negative in J as all the connection weights w;

s are non-negative, and

hence the network is a cooperative system.
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At steady-state, the equations of the RFMDN yield:

e~ €h) = Niel (g — ).

(6.43)
= N16n1(d, — ni)
= A6,
Note that e/, uniquely determines e, €j,. .. ,e; . Let us assume that ¢ # e is

another steady-state point of the network. Then &t L7 ek for some k. Without loss
of generality, suppose that e} ) <el .- Then by Eq. (6.43), we have

)\11 1en1 1(qn1 ) < )\11 1én1 1(qn1 é’}u) (644>
which implies
e,lz1 L < en1 1 (6.45)

Continuing in this manner, we get

e; < é; forall j€{1,2,...,n1}. (6.46)

Also by Eq. (6.43), we have

1 -1 1
61 . 61 q — )‘nlevu —q + )‘m ni
176 = -
Ajut Ajul
11 -1 21,1
B A, ey at — e, u')

Ajulal! ’

)\1
— n1 J =J J
= Nl ( ) + Zw ) enlen en16n3)>

(6.47)

Since the left-hand side is positive and the first term on the right-hand side is

negative, therefore atleast one of the terms of the summation must be positive.

Again, without loss of generality, we can assume that e}, &2, — e}, e2 > 0. So
51 52
€ €
< 52, (6.48)
el ek

which implies

e? < é? for all je€{1,2,... ny}. (6.49)
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By Eq. (6.43), we have

% _

€1 — 6% = )\2u22,a2 <w§<€iz ) + ’U)2/\1 ( ng n1 - engenl + Z w 6n2€% - e’I’LQe‘?]lJ))
0

(6.50)

3_2 >0

By Egs. (6.48) and (6.49), we must have atleast one of the terms in the summation
no n3 nz n3

should be positive. Again, without loss of generality assume that >

which implies
52 53
€ny _ Cns
= < == 6.51
2 <o (6.51)

el e em
el ez em.
which implies that
m} and j € {1,2,...,n;}. (6.53)

eé<é§-, forall ie{1,2,...,

Using Eq. (6.43), we have

AT . .
er —ert = e (ug (e, +wa el —emel)).  (654)
0

By Egs. (6.52) and (6.53), the left-hand side of the above equation is positive and

the right-hand side is negative which gives us a contradiction. Hence, there exists a

unique steady-state point of the network.
By Proposition 6.4.1 and the results in Ref. [155] implies that the network admits

a globally asymptotically stable steady-state point.
Proof of Proposition 6.4.2: Suppose wy < ws. To the contrary, let 7, < ygs.
Then we have €, < e,. From the arguments given in the above proposition, we get

¢ <e;forallie{l,2,...,n—1}. Now,
1 1 )\nen )\nén
61 — 61 — - — —
)\0(w1 + wg)\nen) )\o(wl + wg)\nen) (6 55)
An - o ’
=+ (wl(en — €n) + Anenén (g — w2)>.
0

This implies €; > e; which is a contradiction. Hence, s, < 9ss. The other part of

the proposition can be proved in a similar way:.
Proof of Theorem 6.4.2: Let v} = wiy’. Then the inputs can be written as
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u' = wy + YT vi. Also, we know that the steady-state output of an RFMD with
fixed site sizes is a concave function of the transition rates and hence, y’, = g;(u’)
for some concave function g;. Then the constraints become wé > 0, v;'- > (0 and

Yo v;'» = g;(v/). These constraints define a convex set of wj and v; Note that
the steady-state network output rate is a weighted sum of the concave functions.

Hence, the formulation of Problem 1 is a convex optimization problem [156].

Proof of Theorem 6.4.3: Consider a graph of m nodes where each RFMD
represents a node and there is a directed edge from RFMD #: to RFMD #j if
the flow out of the former feeds the later. Then the graph of feed-forward network
of m RFMDs is a directed acyclic graph [157|. Hence, the steady-state input to any
RFMD #i will be a weighted sum of steady-state outputs of REMDs. Also, we know
that for fixed site sizes, the output ¥ is a concave function of the transition rates
and in particular the input rate, and hence the mapping w — yss(w) is concave.

The constraints already define a convex set and hence this completes the proof.
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Chapter 7

A  mathematical framework for
analyzing particle low in a network

with multiple pools

This chapter! introduces a network model of ribosome flow models (RFMs) having
multiple pools where each RFM captures the dynamics of particle flow in a lane and
competes for the finite resources present at the nearby pool. We study a ribosome
flow model network with two pools (REMNTP) and show that the network always
admits a steady state. We then analyze the behavior of the REMNTP with respect to
modifying the transition rate through a theoretical framework. Finally, we illustrate

how these results can provide insights into studying a network with multiple pools.

7.1 Introduction

Movement is a vital aspect of life. Various cellular and physical processes involve
the movement of particles along tracks. These processes generally take place in
parallel and they compete for the available limited resources. For example, during
gene expression all DNA (mRNA) molecules simultaneously compete for the limited
amount of RNAPs (ribosomes) [1, 158, 72]. This competition generates a network
in which an indirect coupling induces interactions among the lanes even in the
absence of explicit connections [159, 160]. Hence, it is of considerable interest to
analyze such networks in the presence of these interactions and also, to design several
resource-sharing synthetic gene networks [161, 162]. In physical systems such as
vehicular flow, the number of vehicles moving along the roads is finite. The entry
rate of the vehicles along the road is affected due to the queue of vehicles waiting to
enter a road, where each vehicle competes with other vehicles for limited space on
the road [163]. This requires modeling the complex road network to comprehend the

traffic flow thereby, reducing travel time, and preventing traffic deadlocks [164, 165].

!The content of this chapter is published as “Aditi Jain and Arvind Kumar Gupta. A
mathematical framework for analysing particle flow in a network with multiple pools. Royal Society
Open Science 11: 231588, 2024.”



Several computational and mathematical models have been developed to study
resource-sharing networks [166, 167, 168]. One such model includes the set of totally
asymmetric simple exclusion processes (TASEPs) that are interconnected to each
other via a pool of free particles [169, 170, 171]. The TASEP and its networks have
been used to model and analyze various natural and artificial systems, including
mRNA translation, vehicular traffic flow, and more [5, 22, 172|. Regardless of
its simple description, rigorous analysis of networks of TASEPs is complex, exact
solutions exist for simplified cases and most non-homogeneous cases are studied
via numerical methods or extensive Monte Carlo simulations [33, 34, 173]. Hence,
understanding the effect of parameters on the dynamics of a system through
TASEP-based models has proved challenging. There are lattice hydrodynamic
models that utilize ordinary differential equations to model the flow of vehicles along
the lanes|[174, 175, 176]. Therefore, the framework of RFM that also describes the
flow of particles can serve as the basis for understanding the dynamics of vehicular
traffic.

An RFM network in Ref. [149] is a generalized network that analyzes various
network topologies using a set of interconnected RFMs. It models the static
connections between the RFMs and hence, the input to each RFM is a source (maybe
pools of free ribosomes in the cell) whose output rate is a constant or proportion
of the output of other RFMs. Here, the pool supplies a constant input source and
hence, it does not take into account the competition effects on the network’s behavior

due to finite resources.

Almost all prior research has provided an understanding of biological activities
constrained by a single pool. However, taking into account the concept of multiple
pools helps one to comprehend the participation of particles in the vicinity of
their targets. For instance, in the context of introducing synthetic circuit genes,
a network model called Orthogonal Ribosome Flow Model (ORFM) was introduced
where the ribosome pool has been divided by use of orthogonal ribosomes and the
introduced genes are only translated by mutated ribosomes [177]. The concept of
orthogonal ribosomes was used to increase the protein output by decoupling circuit
genes from the host pool of ribosomes. The concept of multiple pools also provides
a useful framework to model vehicular flow between different cities where each pool

represents each city.

In this chapter, we study the idea that the entry rate of the particles on lanes
is affected by the occupancy of the nearby pool. Studying a minimal model of a
two-pool network is a useful strategy for gaining insights into the behavior of more
complex systems with multiple pools. We present our theoretical investigation of a

two-pool network and then illustrate how one can generalize it to study a network
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with multiple pools. We introduce a new model called the ribosome flow model
network with two pools (RFMNTP) that includes several RFMs interconnected via
two dynamical pools of free particles. It captures the feature that the particles
located far away from RFMs will not impact the initiation rates of these RFMs.
Therefore, each RFM can be associated with two pools of particles, one pool
containing particles impacting the initiation rate of the RFM, and the other pool
receiving its output. The whole system being closed conserves the number of
particles. This two-pool network then models vehicular flow between the two
cities where each pool represents each city. Similarly, pedestrian flow involving
the movement of people between two places is reminiscent of the fact that it can be

studied by incorporating two pools in the network.

By utilizing the theory of cooperative dynamical systems with a first integral, we
prove that the REMNTP admits a continuum of steady-state points [132, 143, 153].
Therefore, the same steady-state point is attained by any two solutions starting
from initial conditions corresponding to an equal total number of particles in the
network, and hence, the network can be analyzed by the steady-state density profile.
This theoretical analysis can also be easily extended to prove the stability results
for multiple pools. Next, we study how a change in one RFM affects the dynamics
of the network. The change in the steady-state with respect to changing the rate
of a site in a specific RFM, say R, can be any one of the following outcomes: a)
steady-state pool densities can both increase (decrease) simultaneously, b) a decrease
in the steady-state pool density that is feeding R and an increase in the steady-state

density of the other pool. The results hold for any set of parameters in the network.

The structure of this chapter is organized as follows. The next section introduces
the network of ribosome flow models with multiple pools. Section 7.3 describes a
two-pool network and then describes our main mathematical results. Section 7.4
illustrates the idea of understanding the dynamics of a network with multiple pools.
The final section summarizes and suggests some directions for further research. The

proofs of the results are provided in the Appendix for ease of reading.

7.2 The mathematical framework

We first review the spectral properties of the RFM that have been described in
Chapter 1.

7.2.1 Ribosome flow model

Recall that the state-space of the RFM is C™. It has also been proved that RFM
admits a steady-state e [39]. In Ref. [44], it has been shown that there exists a
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spectral representation for the mapping from Ay, Aq,..., A, to steady-state e given
by (n + 2) x (n + 2) Jacobi matrix

0 A0 ]
/\[;1/2 0 )\;1/2
0o A0

0 0 A2
0o MY o0

Note that A admits a unique maximal eigenvalue 0 > 0 and the entries of a
corresponding eigenvector ¢ € R™"2 are all positive for all i € {1,2,...,n + 2} [83].
It has also been proved in Ref. [44] that the steady-state values of the RFM satisfy

ej:i7 for 7=12_....n (71>

R=—. (7.2)

To build a network of interconnected RFMs, the first step is to extend the
RFM into a single-input single-output (SISO) system. This is done by adding a
time-varying measurable and bounded function v : Ry — Ry to the RFM [61]. In
the context of translation, the function v represents the flow of ribosomes into the
mRNA from the cell environment. The equations describing the RFM with input

and output are as follows:

i‘l = )\01)(1 — 1L'1> — )\1I1(1 — fL‘Q),

jfg = )\1.%‘1(]. — (L’g) — )\2[E2<1 - ]Ig),

j:n = An,1$n,1(1 - xn) - )\nxny

and R(t) = Az, (1).

The system given by (7.3) is a monotone control system [142]. It can also be
seen that C™ is an invariant set of the dynamics i.e., any trajectory emanating from

any point in C" shall remain in it for all time ¢ > 0.
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7.2.2 Network of ribosome flow models with multiple pools

Now, we provide some insights into the dynamics of the flow of particles on several
lanes connected via multiple pools. Consider a network consisting of M pools and N
RFMs. Each pool is connected to at least one RFM that receives its input from the
pool and at least one other RFM that feeds its output to the pool. The particles that
are not attached to any RFM are present in the pools. The topology of this network
can be represented using a directed multigraph where each node represents the pool
and the directed edges represent the RFMs that indicate the flow of particles from
one pool to the other pool (see Fig. 7.1).

Figure 7.1: The graph representation of the network with multiple pools where each
node (circle) represents the pool and the directed edges (dashed lines having arrows)
represent a chain of sites on which particles undergo RFM dynamics. The arrow of
the edge pointing to the pool represents that the output of the RFM is feeding the
pool.

Let RFM #i be described by the tuple A; = {n;, G;,z%, A\, } for i =1,2,..., N,
j=12....n;, k=0,1,...,n;, where n; is the dimension of RFM #i; G; : R, — R
is the input function of the REM #i; x'’s are the state variables and A}’s are the
positive transition rates along RFM #i. Let Pool #; density is described by z;(t)
for j = 1,2,..., M where z; represent the average number of particles in the pool.
Assume that Pool #j is feeding the input to the RFM #k, k € Z where 7 is a subset
of the set {1,2,..., N} and let RFM #k', k' € 7' where 7’ is a subset of the set
{1,2,..., N} \Z, is feeding its output to the Pool #j. Thus, the dynamics of the
RFM #tF is described by the following ODEs:

= A Gr(z) (1 — o) — Az (1 — x3),
i = Maj(l —a3) — Aws(l - a3),
w”::lk = Aflk—1$flk—1(1 - xflk) - )\flkmflk7
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and the dynamics is described by the following balance equation for each Pool #j:

L= A e, = > NGi(z)(1—af). (7.5)

k'eZ’ kel

The entry rate of particles into the RFMs is modulated by the occupancy level of
the nearby pool. Note that there is no direct link between the RFMs in the network
and the interconnections are via the pool of particles. The pool outflow functions G},
describe the likelihood that the particles will attach to the RFMs. In other words,
these functions model the competition for particles between the RFMs. Therefore,
RFM having a more effective initiation rate AiG}(z;) have more influx of particles

into them.

Each state variable m; represents the normalized particle density and G; gives

non-negative output. Therefore, the state space of the network is

Q=[0,1]" x [0,1]"...[0,1]™ x [0, 00)™. (7.6)
Let u [
F(t) = Z 2(t) + Z Z () (7.7)

describe the total occupancy of particles in the network at any time ¢. Since it is
a closed system, F'(t) is a first integral of the dynamics. Note that all the particles

can be accommodated in any of the pools.

Analyzing such networks requires information about interconnected RFMs and
the pools and therefore, a minimal model of a two-pool network provides a useful
starting point for studying the behavior of particle flow in a network with multiple
pools. We now shall begin our study with a new model RFMNTP that considers
two dynamic pools in the network. The proposed model considers the dynamics of
particles on various tracks, wherein on some tracks particles are recruited from one
pool and return to the other pool, and vice versa. This is a primary study of a
system having two pools in the framework of a network of RFMs. The findings can

be generalized to complex systems with multiple pools.

7.3 The ribosome flow model network with two
pools

We consider a network model consisting of several RFMs and two finite pools: Pool

I and Pool II and this model the dynamics of the flow of particles on several lanes
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interconnected via two pools (see Fig. 7.2a). We represent those RFMs, say m > 1
in number, whose input is received through Pool I and output is supplied to Pool 11
as RFMXs. For the reverse case, the RFMs, say n > 1 in number, whose input is
received through Pool II and output is supplied to Pool I are referred to as REMYs.
We call this network a ribosome flow model network with two pools (REMNTP) (see
Fig. 7.2b). Let RFMX # i is described by the tuple & = {{;, Gy, 2%, N} for i =
1,2,....om,5=12...4;, k=0,1,...,¢;, where {; is the dimension of RFMX #
1; G; : Ry — Ry is the ¢th input function; x?’s are the state variables and A.’s
are the positive transition rates along RFMX # ¢. Similarly, consider REFMY #
i represented by the tuple F; == {p;, Hi,y}, m.} for i = 1,2,....n, j = 1,2...,p,
k=0,1,...,p;, where p; is the dimension of REFMY # ¢; H; : R, — R, is the ith
input function; yj-’s are the state variables and 7,’s are the positive transition rates
along REMY # i. The Pool I and Pool II density at time ¢ is modeled by z;(¢) and

25(t), respectively.

p
Q POOL I >

RFM;Y #i
| T# XWAY

PoOL Il

)

Figure 7.2: (a) Topology of the network with two pools and 5 lanes: Particles from
Pool I (Pool II) transverse lanes 1,2 (3,4,5) and join the Pool II (Pool I) and then
transverse lanes 3,4,5 (1,2) and again join Pool I (Pool II). Hence, Pool I (Pool II)
supplies its input to lanes 1,2 (3,4,5) and receives its output from lanes 3,4,5 (1,2).
In the case of vehicular traffic, particle/lane/pool represents the car/road/city. (b)
Topology of the REMNTP: the m RFMXs receive their input from Pool I and supply
their output to Pool II and the n RFMYs receive their input from Pool IT and supply
their output to Pool 1.

Thus, the RFMX #1i dynamics is described by the following equations:
1 = NGi(z1) (1 = 27) = Ny (1 = a3),
ty = Ny (1 — 23) — Aap(1 — 23),
xlel = )‘éi—lxéi—l(l - xlez) - )‘Zméiv
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and its output rate of exit of particles is given by A} 7 .

The dynamics of REMY #t is described by the following equations:

Ut = noH(22)(1 — y}) — niyi (1 — v3),
Uy = myt (1 —y3) — nhys(1 — y),

yIZJz - nlii—lyll;i—l(l o yIi?i) o nziiy;i’
and its output rate of exit of particles is given by n;iy;)i.

Pool I feeds all the RFMXs and the output of each RFMY is supplied into Pool

I, so the change in z; is given by the following balance equation:
A= My, — > A Gilz)(1 - ai). (7.10)
i=1 i=1

Also, Pool II feeds all the REMYs, and the output of each RFMX is supplied

into Pool II, so the change in z; is given by the following balance equation:
= Mg, — Y m Hi(z)(1— ). (7.11)
i=1 =1

It can be observed that if the pools are empty then no particles can attach to
the respective lanes, and as the pools become fuller more particles can attach to the
lanes. Therefore these properties are satisfied by imposing the following assumptions
on G; and H;: a) G;(0) = 0 and H;(0) = 0, b) G;(z1) and H;(z2) are continuous and

strictly increasing functions of z; and z,, respectively. Let

m l; n Pi

Q) == 21(t) + 2(t) + > > 2i(t) + ) > i) (7.12)

i=1 j=1 i=1 j=1

describe the total occupancy of particles in the network at any time t. Since the
RFMNTP is a closed system, Q(t) is a first integral of the dynamics, i.e., Q(¢) = Q(0)
for all £ > 0. Note that both pool densities are bounded by Q(0). Summing up,
the RFMNTP is a dynamical system with s = Y"" ¢, +> " | p; + 2 state variables
whose dynamics are given by Eqgs. (7.8), (7.9), (7.10) and (7.11). The next section
rigorously analyzes the mathematical aspect of the REMNTP.
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7.3.1 Dynamical properties of the RFMNTP

Given two vectors u, v € R"™, we define order relation u < v if u; < v; for all 7. Recall
j
G,; and H; imply that the pool densities are always non-negative. Therefore, the

state space of the REMNTP is

that every % and y;'- represent normalized particle density and the assumptions on

B =10,1]"x[0,1]%x...[0,1]" x [0, 1]7* x [0, 1]P>x. .. [0, 1]* x [0, 00) x [0, 00). (7.13)

Let [z(t,a) y(t,a) z(t,a) 2(t,a)]" denote the solution of the RFMNTP at time
t for the initial condition a € B, where x and y is the vector consisting of all the
state variables of RFMXs and RFMYs, respectively. For » > 0, let L, == {a € B :
> ,a; =r} Le., L, represent all states in B corresponding to total occupancy of

particles equal to r in the network.

7.3.2 Invariance

The following result states that for any initial condition a € B, the trajectory of the
RFMNTP stays in B for all ¢t > 0.

Proposition 7.3.1. The state space B is an invariant set of the RFMNTP, 1i.e.,
0 < i(t,a) <1,0 < yi(t,a) <1, z(t,a) € [0,00) for any t > 0, and any initial

condition a € B.

We shall now show that the proposed nonlinear system of differential equations is
a cooperative system. This property guarantees the monotonicity (order-preserving
property) of the flow with respect to the partial ordering in the phase space (refer
to Chapter 1). Now, the Jacobian matrix J of the vector field of the REMNTP is:

X; 0 0 0 0 o ... 0 U
0 Xo O 0 0 0O ... 0 U
X, O ... 0 U, 0
0 Y 0O ... 0 0 V
J(x,y, 21, 22) = ! !
0O Y, ... 0 0 Vs
0 0 0 0 0O ...Y, O n
Al A2 R Am By, By, ... B, 7 0
¢, C ... C, Dy Dy ... D, 0 Z
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where X; represents the Jacobian matrix of RFMX #i and is given by

—MoGi(z1) = A(1 — ) AL 0
AL — x5) —Ajrg — Ay (1—ah)  Aoag
0 )‘Zflxéﬁl
_ 0 o N@h A

and Y; represents the Jacobian matrix of REFMY #: and is given by

—noHi(z) — i (1 — y3) ny; 0
n(1—ys) —myr — n5(1 —y3) n5Y5
0 0 0 ... 01U 1
| 0 0 0 T _n;i_ly;i_l B 771171'_

A; = NoGi(z1) 0...0 0], B; =10...0 0 nfoi], C;=100...0 0 )‘Z]’ D; =
[6Hi(22) 0...0 0], Ui = [\Gi(z1)(1—21) 0... 0", Vi = [nyH(z)(1—31) 0... 0],
Zy = =3 NG(z)(1 — a1) and Zy = =370 ppHj(2)(1 — yi). Clearly, by
Proposition 7.3.1 we get that the Jacobian matrix J is Metzler for any initial

condition in B, and thus the REFMNTP is a cooperative dynamical system.

7.3.3 Persistence

The next result proves that the property called persistence holds which implies that

any trajectory becomes uniformly separated from the boundary of B.

Proposition 7.3.2. For any 6 > 0 there exists ¢ > 0 depending on § with ¢ — 0
as 6 — 0 such that e < xé(t,a) < 1—¢ forie{l,2,....m}, j€{1,2,.... 4},
e < y;'-(t,a) <1l—¢€ forie{1,2,....n}, 5 € {1,2,...,p;} and € < z(t,a) for
i€{1,2} foralla € (B\{0}) and all t > 6.

In other words, all the densities are smaller than one and larger than zero, and
the pool occupancies are strictly positive. This result guarantees that the Jacobian
matrix of the dynamics becomes irreducible after an arbitrarily short time [83].
Thus, the REMNTP is a cooperative irreducible system of ODEs. Next, we analyze
the asymptotic behavior of the REMNTP.

7.3.4 Stability

The following result shows that each level set of the first integral has a unique

intersection with the ordered set of fixed points.
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Theorem 7.3.1. The RFMNTP admits a unique steady-state point in every level
set L,, say e, and for any initial condition a € L,, the trajectory converges to e,.

Furthermore, for any 0 < r; < ry, we have e,, KL e,,.

The above theorem implies that the rates A, 75, and the total density of particle
r determine a unique steady-state point of the network. Moreover, the continuum
of the steady state points {e, : r € [0,00)} are linearly ordered. Combining
Proposition 7.3.2 and Theorem 7.3.1 follows that for any r» > 0, e, € int(B) i.e.,
the steady-state profile will never include densities of REMXs and RFMYs that are
either zero or one and the Pool I, and the Pool II steady-state densities are always

strictly positive. The following example demonstrates the Theorem 7.3.1.

Example 7.3.1. Consider an RFMNTP with m = 1 RFMX and n = 1 RFMY
each with dimension 2. Assume that A\) = 0.8, \] =1, A} =12, n} =1, n| = 2,
ny = 1, Gi(z1) = tanh(z1), and H;(z3) = zo. By Theorem 7.3.1, there exist an
unique equilibrium point e in L, and after simulating the dynamical system, we have
e = [0.3589 0.2302 0.1909 0.2763 0.6023 0.3414])". Figures 7.3a and 7.3b depict
trajectories of REMNTP for initial conditions in the level set Lo: [0.5 0.5 0.5 0.5 0 0’
and [0 0 0 0 1 1], respectively. It can be observed that each of these trajectories

converges to e.

0.7 : ‘ : : : 1 :
06 o — 2z}
y% 0.8 T
0.5 — ] v
21 21
04 22 i 06 29
037 0.4+t
02}
0.2
0.1
‘ ‘ ‘ ‘ ‘ 0 . . . . .
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Figure 7.3: Trajectories of the RFMNTP in Example 7.3.1: (a) For initial condition
[0.50.50.50.50 0] and (b) For initial condition [0 0 00 1 1}".

For ease of notation, let e = e, e, e, e5,| where e, =

1 1 1 2 2 2 m m m —

[ezl exz ... exgl exl exz DY 6we2 ... exl 6:1:2 ... exém] and 6y —
1 1 1 2 2 2 n n n :

ey, € €yp €y Cyo €y Ty, Cy eypn] denote the unique steady-state

point of the REMNTP in the level set L, of (). At steady-state, the change in all
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the state variables and the pool variables w.r.t. time ¢ becomes zero and thereby
Eq. (7.8) implies

AéGi(ezl)(l — eil) = )\’ie:f;.l(l — 6;2) =... = /\}}Z_ei (7.14)

To, :

Similarly, at steady-state, Eq. (7.9) yields

Again at steady-state, Eq. (7.10) implies that

n

Soniel, =3 A Giles,)(1— ¢, (7.16)
=1 i=1

We can also express the above equation as:

m

D €, = D Ml (7.17)
i=1

=1

Eq. (7.17) implies that the total output of all the RFMXs is equal to the total output
of all the RFMYs.

Next, we provide an analysis of how the spectral approach can obtain the
steady-state e of the network without any numerical simulations of the dynamics.
Consider an RFMNTP with m RFMXs where each RFMX has dimension /;,
1 =1,2,...,m and n RFMYs where each RFMY has dimension pg, £k =1,2,...,n.
We also assume that the transition rates in REMX #1¢ are represented by )\é- and in
RFMY #Fk by ni. The input to REMX #4 is given by G; and to REMY #Fk by Hy.

Consider the total density of particles in the network to be 7.

The steady-state values of each RFMX #1i satisfy

7
P — . g T B (7.18)

T -
1 ~1
\/Aj% j+1

where of is the Perron eigenvalue and ¢’ is the corresponding Perron eigenvector of
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the (¢; +2) x (¢; + 2) Jacobi matrix A; given by

0 (MoGile)™2 0
(MoGilex )12 0 (A2
0 )\z —-1/2 0
o (\)
0 0 0 (Ag,)~Y?2
i 0 0 (Ag,)~12 0

The steady-state values of each REFMY #Fk satisty

k €k+2 .
e = 2T i =1.2,..., s, (7.19)

Yj
k ~kck
\/ 150y Sj+1

where 05 is the Perron eigenvalue and £* is the corresponding Perron eigenvector of

the (pr + 2) X (px + 2) Jacobi matrix By given by

0 (nEHy(ez,)) /2 0
(nEHy(ezy)) /2 0 (nk)=1/2
0 (nk)~1/2 0

It follows from Eq. (7.12) that

m 4 n Pk
€y + €.y + Z Z €y, (€x) + Z Z e];j (€,,) =T (7.20)
i=1 j=1 k=1 j=1

Also, Eq. (7.17) implies
Dy, (e) = D A, () (7.21)
1=1 i=1

Combining Eqgs. (7.20) and (7.21) gives the expression of e, and e, in terms of
number of particles . Thus, the entire steady-state profile of the network can then
be calculated by plugging the values of r in the expression. Note that this approach
also allows one to obtain an expression of densities for any unknown transition
parameter and we only need to plug the values to obtain the entire steady-state
profile without any numerical simulations of the dynamics. However, one has to

choose stable algorithms to solve the system of nonlinear equations (7.20) and (7.21).
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7.3.5 Entrainment

Many important dynamical processes are periodic such as the cell-cycle division
process, gene regulation, circadian rhythm, 24-hour solar day, and more [178, 179,
180]. Proper functioning often requires such processes to vary periodically with
the same period. For example, a person’s lack of synchronization to day and night
can have health consequences [181]|. For nonlinear systems, a periodic input signal
does not guarantee that the response of the system will also be periodic as their
behavior can be quasi-periodic or chaotic [182, 59]. Therefore, a natural question
is whether the RFMNTP synchronizes with the periodic excitations or not. To
answer this question, we assume that some or all the parameters in the REMNTP
are not constants but periodic and continuous functions of time with a common
period T" > 0, and satisfy the condition 0 < §; < /\3- <y and 0 < I3 < 77;'» < 4.
In this case, we call the network model the periodic REMNTP (PREMNTP). The
next result shows that all the trajectories approach a periodic pattern with the same

period T

Theorem 7.3.2. Consider the PRFMNTP. Fizr > 0. Then a unique T-periodic
function ¢, : Ry — int(B) ezists and for any a € L,, the solution of the PRFMNTP

converges to ¢,.

In particular, PREMNTP entrains to the periodic excitations in the parameters.
As an additional point, if we examine the RFMNTP model for vehicular traffic
between two cities, it enables a continuous flow of traffic while coordinating with
the traffic lights. In simpler terms, when the traffic lights (rates) change periodically,
the traffic density (state variables) will gradually settle into a recurring pattern with
the same period. The following example illustrates the dynamic behavior of the
PRFMNTP model.

Example 7.3.2. Consider a PRFMNTP with m = 1 RFMX with dimension ¢; = 3
and n = 1 RFMY with dimensions p; = 2. Assume that \} = 0.8, A\l = 3,
A = 3+ 2sin(27t), A = 3 — 2sin(27t), nd = 1.2, ni = 4 — 2sin(27t), ni = 1,
G1(z1) = 21, and Hi(z2) = 2. Let initial condition be xé =0, y;'» =0, 21(0) =0 and
25(0) = 1. Note that all the parameters are periodic with a common period 7' = 1.
It can be seen in Fig. 7.4 that every trajectory converges to a periodic function with

period one.

7.3.6 Effect of parameters

In this subsection, we analyze the effect of change in parameters on the network

using a theoretical framework that is well explained through simple examples.
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Figure 7.4: Trajectories of the PRFMNTP in Example 7.3.2 as a function of time.
Each state variable converges to a periodic solution having period one.

Without loss of generality, we analyze the effect of change in the transition
rate at a single site of an RFMX on the steady-state point of the network and
presume that the change is in one of the transition rates in the RFMX #1. Let
)= [)\(1)...)\;1 )\(2)7...)\%2...)\81...)\%] and 7 = [773...77;1 778...77132...773...77;”]_

Theorem 7.3.3. Consider an RFMNTP with m RFMXs having dimensions
Uy, 0y, ... b, and n RFMYs having dimensions py,ps, ..., pn. Let P =[\ n]" denote
the set of all parameters of the RFMNTP. Fiz r > 0 and let e denote the unique
steady-state point of the REMNTP in the level set L, of Q. Pick k € {0,1,...,01}
and suppose that we modify M. to A} with A\, < M. Let & denote the steady-state
point in the new RFMNTP. Then

Tk Tk

el <e. and eij < églcj forall je{k+1,...,0}. (7.22)

Also, either one of the following cases holds:
1€y < &y, €5 <&y, €, <, foralie{2,3,....m}, j€{l,2,...,6} and
el < é;j forallie {1,2,....,n}, 5 €{1,2,...,p;}.

2. €, < €y, € < €y, éij < e;j foralli e {2,3,....,m}, j € {1,2,...,4;} and

T

ey, < €, forallie {1,2,...,n}, 5 €{1,2,...,pi}.

3. €, < ey, sy < €, é;j < e;j foralli € {2,3,...,m}, 7 € {1,2,...,4;} and

&, <e, foralic{l,2,...,n},j€{1,2,....,p}.

4. €. = By, €4y < By, €1 = éij foralli € {2,3,...,m}, j € {1,2,...,4;} and

Tj

el <ézj forallie{1,2,...,n}, 5 €{1,2,...,pi}.
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5. €, < €, €y = Cap, é;j < eij foralli € {2,3,...,m}, j € {1,2,...,4;} and

€y, = €y, forallie {1,2,...,n}, 5 €{1,2,...,pi}.

Clearly, the above theorem lists all the possible cases of the effect of modifying
the transition rate A}, on the steady-state densities of the remaining RFMXs, all the
RFMYs, and the pools. However, it does not give any information on the modified
steady-state densities in sites {1,...,k — 1} of RFMX #1. Note that the theorem
also exhibits how the output rates in all the RFMXs and RFMYs change. The next
example demonstrates the scenario when modifying a slow site increases the output

rates of all lanes.

Example 7.3.3. Consider an RFMNTP with m = 1 RFMX with dimension ¢; = 10
and n = 2 RFMYs with dimensions p; = 5 for i = 1,2. Assume that )\]1 = 1fori =1,
j=1,2,... b, n,=1fori=1,2and j =1,2,...,p;, Gi(21) = 21, and H;(z) = 2
for i = 1,2. Let initial point is 2% = 0, 35 = 0, 2(0) = 0.2 and 2,(0) = 0.2. We
simulate the system until steady-state for a range of values of A\}. It can be seen in
Fig. 7.5a that we have e,, < é,, and e,, < €,,. Note that when A} is small it is the
only bottleneck rate in the RFMX and increasing it allows more particles to traverse
RFMX more quickly. Hence, this increases the output flow rate of the RFMX, and
subsequently, the Pool II density increases. This further increases the output rates
of all the RFMYs and thus increases the Pool I density.

It has been previously reported that due to environmental change, stress
conditions, or pathological conditions, there could be particle stalling leading to
an increase in a traffic jam in a track resulting in a decrement in output rates of
other tracks [49]. However, in our model, resource sharing is based on the concept
that the entry rate is impacted by the neighboring particles and this can lead to
both effects: a decrease in output rates from some of the tracks and an increase in

output rates from others. The next example demonstrates this.

Example 7.3.4. Consider an RFMNTP with m = 1 RFMX with dimension ¢; = 20
and n = 1 RFMY with dimension p; = 10. Assume that A} = 1 for i = 1,
j=1,2,... Liexcept \; = 0.1, i = 1fori=1and j=1,2,...,p;, Gi(21) = 21,
and Hi(z) = z;. Consider an initial condition z = 0, y; = 0, 2z(0) = 4 and
25(0) = 4. We simulate the system until steady-state for a range of values of A}. It
can be seen in Fig. 7.5b that we have €,, < e;, and e, < e€,,. This can be explained
as follows. Note that, when Aj is the bottleneck rate in the RFMX, increasing A}
only generates more traffic jams along RFMX. This depletes the Pool I density.
However, in this case, the number of particles increases on the RFMX and thus
the output flow rate of the RFMX increases, and subsequently, the Pool II density

increases.
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The following example exhibits the scenario in which increasing any of the
transition rates in a specific lane yields an increase in the output rate of this lane,

and the output rates in the other lanes all decrease.

Example 7.3.5. Consider an REMNTP with m = 2 RFMX with dimensions ¢; =
10, £, = 5 and n = 2 RFMYs with dimensions p; = 5 for i = 1,2. Assume that X’ = 1
fori=1,2,j=1,2,...,4, 77§ =1fori=1,2and j=1,2,...,p;, Gi(z1) = 21, and
Hi(z) = z for i = 1,2. Consider an initial condition z% = 0, % = 0, z,(0) = 4
and z9(0) = 4. We simulate the system until steady-state for a range of values of
AL, Tt can be seen in Fig. 7.5¢ that we have €,, < e,, and é,, < e,,. This can be
understood by the following explanation. Increasing A} leads to the formation of
traffic jams along RFMX #1 due to the bottleneck rate Al. This depletes Pool I
and decreases the output rate of REMX #2. So, there is a trade-off between the
output values of both RFMXs i.e., whether the rate of increment of the output of
RFMX #1 is higher than the rate of decrement of REFMX #2. Depending upon
the parameters of the RFMNTP, it can be seen in Fig. 7.5¢ that Pool II density

decreased due to the overall decrease in the total output rates from both REFMXs.
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Figure 7.5: The steady-state pool densities for various values of transition rate A} in
the RFMX #1 of the RFMNTP considered in (a) Example 7.3.3 (b) Example 7.3.4
(c) Example 7.3.5.

The next result provides specific information for the case when there is a single
RFMX in the network.

Corollary 7.3.3.1. Consider an RFMNTP with m = 1 RFMX and n RFMYs.
Pick k € {0,1,...,£,} and suppose that A% is changed to \. with A\, < A\L. Then

e, <ey and eglg]_ < églcj forall je{k+1,..., 0}, (7.23)

€y < Ey and e, <&, foral i€{1,2,...,n},j€{1,2,....,pi}.  (7.24)

The following result implies that we can study steady-state properties of a
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network of m identical RFMXs and m identical RFMYs by a much simpler network
consisting of only a single RFMX and a single REMY.

Proposition 7.3.3. Consider the following two REMNTPs:

(a) An REMNTP with m identical RFMXs each having length €, rates Ao, A1 ..., A
and m identical RFMYs each having length p, rates nyg,mi...,m,. Let the output
function G of Pool I and H of Pool II be homogeneous functions of degree 1. Let
r > 0 be the total density of particles in the network and e denote its steady-state
point.

(b) An REMNTP with a single REMX of length {, rates (mXo), A1 ..., A and a single
RFMY of length p, rates (mno),n -..,n,. Let the output function G of Pool I and
H of Pool II be homogeneous functions of degree 1. Let r/m be the total density of
particles in the network and € = [6,, €4, €y, €y, €y, -+ €y €. €] denote its
steady-state point.

Then we have

¢, =6, foral i=1,2,...,mj=12,...1 (7.25)
ey, =€y, forall i=1,2,....m,j=1,2,...p, (7.26)

and
€,, = Mé,, and €,, = meé,,. (7.27)

7.3.7 Mapping of the RFMNP to RFMNTP

In this section, we show that the RFMNP is a special case of our model REMNTP.
The RFMNP has been used for analyzing the competition of ribosomes in the
translation process. It assumes that the ribosomes that are located far away will
also impact the initiation rates of the mRNAs and therefore include several RFMs
interconnected via a single pool of free particles. All the RFMs feed the pool and
the pool feeds the entry locations in all the RFMs. In this section, we show that
the model REMNP can be studied by the model REMNTP i.e., we can construct
the model RFMNP through REMNTRP as illustrated in the next paragraph.

Consider an RFMNP having m RFMs with dimensions ¢;, rates )\3», state
variables x%, a pool with density z, and the first integral having value (1/2)Q(0).
Construct an RFMNTP having m RFMXs and m RFMYs with the assumption
li=piforalli=1,2,....m XN =niforalli=1,2,...,m,j=0,1,...,6, G = H,
for each i = 1,2...,m and having the first integral Q(0). We shall show that both
Pool I and Pool II steady-state density value is the same i.e., e,, = e,,. Suppose on
the contrary e,, < e,,. Note that G; is well defined and strictly increasing function

and this implies G;(e,,) < Gi(es,) for all 4. Since each RFMY is a copy of an
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RFMX, respectively, therefore, we have e;e_ < e;[ for all ¢ and this implies that
o N (el —ek, ) >0 which is a contradiction to Eq. (7.17) in our case. Hence,
€y = € WiliCh irilplies that the steady-state densities of each REMX #1i are the
same as of each RFMY +#1, respectively. Therefore, our system becomes equivalent
to the given one-pool network REFMNP.

7.3.8 Monte Carlo simulations(MCs)

It has been shown that RFM and Monte Carlo simulations (TASEP with parallel
update rule) provide highly correlated predictions for a large set of parameters [38].
In this section, we compare the steady states of the REMNTP with the Monte Carlo
simulations. This supports the modeling of the network of RFMs with two pools.

We validate our model by performing Monte Carlo simulations with a parallel
update scheme. Each site is occupied with atmost one particle and the particle
advances to the consecutive site if it is time to hop. The hopping times between
consecutive sites of lanes receiving inputs from Pool I is exponentially distributed
with parameters A{,\},..., A, i.e., the next hopping time at site j of lane i is
t + e(\;) where ¢ is the current time and e()\}) is randomly generated from the
exponential distribution with mean parameter A; and the hopping time for the
particle to hop to site 1 of lane i is calculated as t + e(N,G;i(z1)) where z; is the
number of particles present in Pool I at time ¢. Similarly, the hopping times between
consecutive sites of lanes receiving inputs from Pool II are exponentially distributed
with parameters n{,75,...,7, the hopping time for the particle to hop to site 1 of
lane i is calculated as ¢ + (A, H;(22)) where 2, is the number of particles present in
Pool II at time t. A simulation begins with an empty chain with all the particles
distributed arbitrarily in the pools and continues for 107 time steps. After removing
the initial 10* steps from the calculation, the steady-state density of each site is
calculated as the number of time steps it was occupied divided by the overall
simulation runtime. In the example below, we show that simulations match the
model RFMNTP.

Example 7.3.6. Consider an REFMNTP with m = 2 RFMXs having dimensions
¢ =10, l, = 15, n = 1 RFMY having dimension p; = 15, A = 1, )\]1- =1+0,,
where 6; is a random variable uniformly distributed in the interval (0, 1), )\? = 240,
mo =1, mj =5+ 0;, Gi(21) = 21, Hi(22) = 2, and first integral having value 7. Tt
can be observed in Fig. 7.6 that the steady-state density profile of the RFEMNTP

and the Monte Carlo simulations match well with each other.
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Figure 7.6: The steady-state density as a function of the site number for RFMXs
and RFMYs in the RFMNTP in Example 7.3.6. Solid lines and symbols denote
numerically simulated REMNTP and Monte Carlo simulations, respectively.

7.4 Analyzing a network with multiple pools

Consider a network consisting of M pools and N RFMs having interconnections
via the pools. One can extend the analysis done in the section §7.3.1 to show that
the network admits a continuum of steady-state points. The following example

demonstrates the dynamic behavior of the network with three pools.

Example 7.4.1. Consider a network of three RFMs, each with dimension 2, having
three pools. Suppose RFM #1 receives its input from Pool #1 and supplies its
output to Pool #2, RFM #2 receives its input from Pool #2 and supplies its output
to Pool #3, and RFM #3 receives its input from Pool #3 and supplies its output
to Pool #1. Assume that A} = 0.8, A\l =1, Ml =2, X2 =1, M = 1.2, \3 = 0.1,
A3 =0.1, A} = 05, A3 = 1, Gi(21) = tanh(z1), Ga(22) = tanh(zy), and G3(23) =
z3. There exist an unique equilibrium point e in L, and after calculation we have
e = [0.09514 0.04541 0.8249 0.9082 0.1998 0.0908 0.12613 0.5745 1.1350]".
Figures 7.7a and 7.7b depict trajectories of REMNTP for initial conditions in the
level set Ly: [0.50.50.50.50.50.500 1] and [0000 00 1.5 1.5 1], respectively.

It can be observed that each of these trajectories converges to e.

Next, we understand the effect of modifying a transition rate of a site in an RFM
on the entire network by analyzing the steady-state densities.

Eq. (7.4) at steady-state e is given as:

ANGrles)(T—ekf )y =Mek (1—ef)=---=\ e . (7.28)

g Ty,
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Figure 7.7: Trajectories of the network with three pools in Example 7.4.1: (a)
For initial condition [0.5 0.5 0.5 0.5 0.5 0.5 0 0 1} and (b) For initial condition
000000 1.51.51].

Eq. (7.5) at steady-state e is given as

k'eT’ kel

Rewriting the above equation we get,

k'el’ kel

WLOG, we assume that Pool #1 is feeding the RFM #1 and there is an increment
in the rate A}, of RFM #1. Let & represent the steady state of the modified
network. Then by arguing similarly as in the proof of the Theorem 7.3.3, we get
the information that €; < e, and e, < ¢, forall j € {k+1,...,n}. The
steady-state densities of the RFMs and the pools associated directly with Pool #1
follow the cases mentioned in the Theorem 7.3.3 depending on the various parameter
values. The change in the steady-state densities of the other pools depends on the
total input it is receiving from the RFMs and can be analyzed through Eq. (7.30).
Also, the case when e, < €., and €., < e, for any j € {1,2,..., M} is not possible
as argued in Theorem 7.3.3. This is a brief outline to gain an understanding of how
the network with multiple pools behaves as the exact scenario will be more clear

when we know the interconnections between the RFMs via the pools.

In order to verify that the high correlation between the model and Monte Carlo
simulations holds for a large set of parameters, we ran 250 tests, wherein each test

a new set of rates are drawn randomly.
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Example 7.4.2. Consider a network with M = 3 pools and N = 3 RFMs having
dimensions n; = 20, ny = 30, ng = 40, where REM #1/RFM #2/RFM #3 receives
its input from Pool #1/Pool #2/Pool #3 and supplies its output to Pool #2/Pool
#3/Pool #1. Assume that A = 1, /\; = 0.5+0;, /\5 =240, )\;’ = 140, where 0; is
a random variable uniformly distributed in the interval (0, 1), G;(z;) = z;, and first
integral having value 6. Fig. 7.8 depicts the correlations between the steady-state
mean densities (p) of the RFMs and the steady-state mean densities (o) calculated
through Monte Carlo simulations. It can be seen that the correlation between the
two is high (r ~ 0.919633).
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Figure 7.8: Steady-state mean densities (numerically simulated p and Monte Carlo
simulated o) , and the corresponding Pearson’s correlation coefficient r and p-value
in Example 7.4.2.

7.5 Discussion

Various transport phenomena involve the movement of particles along some tracks,
for example, there is movement of RNA polymerases along DNA molecules,
movement of ribosomes along mRNA molecules, motor proteins move along
microtubules in order to transport cargo from one location to another, data packets
move along buffers, there is the movement of vehicles along roads and many more.
In all these systems, the particles are moving on a network of interconnected lanes in
several transport systems. A common attribute in such phenomena is the presence of
finite resources generating a closed network. The RFM was developed for analyzing
the excluded flow of particles along a one-dimensional isolated track and it provides
a useful and versatile modeling component that helps to understand the complex

networks of the cellular as well as physical processes.
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The network models consisting of a single pool are used to describe the behavior
of the system when the particles are distributed uniformly throughout the system.
These single-pool models, however, do not take into account the distribution of
particles in a local neighborhood and hence are not been able to model the movement
of resources between different pools, for instance, the movement of cars (resources)
between the two cities (pools). We introduced a new network model, REMNTP,
composed of several RFMs that focused on analyzing how the network behaves
when only the nearby resources impact the entry rates of its target. The REMNTP
is a closed network consisting of RFMs strategically connected to two pools such
that Pool I (Pool II) feeds the input of some of the RFMs (remaining RFMs) and
the output of them is fed into Pool II (Pool I). In other words, the first sites of some

of the lanes and the last sites of the remaining lanes are connected to the same pool.

Understanding the stability of a system is a fundamental and foremost aspect
of analyzing systems in various fields of study. In this context, it is important to
understand the stability of our network to predict its long-term behavior. We prove
that the REMNTP is a cooperative irreducible dynamical system that admits a
non-trivial first integral and thus enjoys several dynamical properties. In particular,
The REMNTP admits a continuum of steady-state points and it entrains to periodic
excitations in the parameters. Our theoretical analysis shows that an increase in
the transition rate of a site in an RFM has a non-trivial effect on the output rates of
the other REMs. It can lead to any of the scenarios: the output rate of all the other
RFMs increase or decrease; an increase in output rates of some of the RFMs and a
decrease in output rates of the other RFMs. The specific outcome can be predicted
by simulating the REMNTP.

A noteworthy observation is that there could be a simultaneous increase in the
output rates of some of the RFMs and a decrease in the output rates of the other
RFMs. In the previous network model [49], we have seen that an increase in a
transition rate in an RFM in the presence of a bottleneck rate leads to a decrease
in the output rate of the other RFMs, whereas we can see in Example 3.4 that this
may not hold due to aspect of local sharing of particles incorporated through two
pools. Next, we have illustrated how to gain an understanding of how the changes
in an RFM affect other RFMs and the overall behavior of the network with multiple

pools.

The model described here can be generalized to capture more complicated
features. For example, the output of the shorter lanes can be fed back into the
same pool. This phenomenon may be studied by adding its output rate to the same
pool. The RFM also provides an analytical framework for modeling and analyzing

linear communication networks [45]. In this context, the moving particles are data

189



packets, the chain of sites is a one-dimensional chain of ordered buffers, and the
decreasing entry rate to a fuller buffer represents a kind of decentralized backpressure
flow control. Another research direction is to analyze networks, comprising multiple
flows that share common nodes, using a set of interconnected RFMs, constraining
the link capacities in the communication networks. An applicability of our model
can be to analyze a network topology where a common source node is linked to
several chains of ordered buffers. The output of these chains at the destination node
can be a source node for other sets of chains of ordered buffers and so on. One
may also generalize RFMNTP by considering nearest-neighbor interactions in the
network as seen in molecular motor traffic. Another interesting direction is to try
and validate our predictions about the local behavior of the cellular environment

experimentally.

7.6 Appendix: Proofs

Proof of Proposition 7.3.2: For simplicity, we consider REMNTP with one RFMX

and one RFMY. Let z; = z; and y; = y;. Also, let zy = 21, Zp1 = 2,
Tpyjp1 =yjforj=1,2,... ,pand x_ == x44p11. Wenow show that the system with
state-variables zo, . .., x4 satisfies the cyclic boundary-repelling (CBR) property

described in Chapter 1 (i.e., for any § > 0 and any sufficiently small A > 0,
3 P = P(5,A) > 0 such that for each k = 1,...,/+ p+ 1 and each ¢t > 0 the
condition xx(t) < A and zy_1(t) > ¢ implies that @) > P).

For k = 0, we have &g = 1ny,Zopr1 — MG (x0)(1 — 1) > 10 — MG (D) (1 — ),

and we have G(0) = 0, G is a continuous function and thus &y > 7,0/2 for all A > 0

sufficiently small.

Now for k = 1, we have .fl = )\QG(Zl)(l - .Tl) - >\1I1(1 - .TQ) Z )\0G((5)(1 - A) -
MA(L = x3), so &1 > N\gG(0)/2 for all A > 0 sufficiently small.

For k£ € {2, R ,g}, we have z;, = )\k,lxk,l(l — SL’k) — )\ka:k(l — xk+1) > )\ké(l —
A) — MA(1 — 2x41), and therefore &, > A\.0/2 for all A > 0 sufficiently small.

For k = (+1, we have &py 1 = Axp—noH (xp41)(1—=2032) > Nd—noH (D) (1—2442),
and we have H(0) = 0, H is a continuous function and thus &,y > A/2 for

all A > 0 sufficiently small.

Now for k = ¢ + 2, we have @yp10 = noH(22)(1 — Zpr2) — Mmxpa(l — xpy3) >
noH (6)(1 —A) —=mA(1 —x443), 80 Eppe > noH (0)/2 for all A > 0 sufficiently small.

For k€ {{+3,...,0+p+1} we have @ = ng_125_1(1 — xg) — mexr (1 — 2p41) >
md(1 — A) — mpA(1 — xp41) , and therefore & > nd/2 for all A > 0 sufficiently
small. Thus, the REMNTP satisfies CBR.
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Also, observe that that if xx(t) > 0 and ¢t > 0 then zx(7) > 0 for all T > ¢. It
now follows from the result [Lemma 1] on repelling boundaries and persistence in
Ref. [49]) that for any 7 > 0 there exists €,(7) > 0, with ¢,(7) — 0 as 7 — 0, such
that for any non-zero initial condition and any ¢ > 7 the solution of the REMNTP

satisfies

e1 < mi(t), forallie{0,....,0+p+1}. (7.31)

For the other part of the equality, define u;(t) =1 —xp41_4(t) fori=1,2,...,¢
and v;(t) =1 —yp41-4(t) fori=1,2,...,p. From Eq. (7.31), we have z; > ¢ and
z9 > € for all t > 7. Note that the system with state variables wuq, us, ..., uy
are an RFM having time-varying exit rate A\gG(z1) and the system with state
variables vy, va, . .., v, are an RFM having time-varying exit rate 79 H (22). Therefore,
J e(7) > 0 and e3(7) > 0 such that any t > 7, we have e; < u;(t), for all i €
{1,...,0} and e3 < wv;(t), for alli € {1,...,p}. Combining this with the definition

of u; and v; completes the proof.

Proof of Theorem 7.3.1: We have that the RFMNTP is a cooperative
irreducible system on int(B) with a non-trivial first integral. Combining this with
Proposition 7.3.2 and the results in Ref. [153|[see Theorems 10 and 11| completes
the proof of this theorem.

Proof of Theorem 7.3.2: From the Proposition 7.3.2, it follows that ¢, € int(B)
and the results in Ref. [143] [see Theorem 3.1] prove this theorem.

Proof of Theorem 7.5.3: At steady-state we have

m ¥ n  pi
Z Z e;], + Z Z e;j +e, te,=r1 (7.32)
i=1 j=1 i=1 j=1

and this also holds for the modified network since the initial condition is the same

ie.,
m 4 n o pi

NN e +>Y Y E e, e, = (7.33)
i=1 j=1 i=1 j=1

Pick k € {1,2,...,¢; — 1}. Let us assume that

el <el . (7.34)

fEel — mgl

Then the Eq. (7.14) implies that

A6y, (11— égl%) < A;l_le;ﬁ_l(l —el ). (7.35)

Tpy — Ty
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From Eq. (7.34), the above equation implies that éiel_ < el . Continuing this

e

way, we have

el <el forall j=k+1,k+2,... 0. (7.36)

Ty — T

Now, from Eq. (7.14) consider

Ay, (1 — éikﬂ) < ey (L—ep ). (7.37)

Th+1

We have A\l < AL, thereby Eq. (7.37) implies that

ey, (L—éy ) <Mer (1—eb ). (7.38)

Th+1 Th+1

which implies e} < el . From Eq. (7.14) we have

Nealy,  (1—e) ) <N_jes (1—ey). (7.39)

Tr—1 Tr—1

. _1 1 _1 1 . . . .
Now, since €, < e, , we must have €, ~ <e, . Continuing in this way, we get

T x

&, <e, forallj=1,2 . k-2 (7.40)

This also implies that e,, < e,,. Since RFMX is a monotone control system and

therefore we have

i i
€, " <e, .

foralli=2,3,...,m and j =1,2,....¢;. (7.41)

Note that all the REMYs are interconnected through the pool variable z5 and hence
all are affected in the same manner. From Eqs. (7.17),(7.34) and (7.41), we have

é;lj <e;lj foralli=1,2,...,n and j =1,2,...,p;. (7.42)

and this implies €,, < e,, which yields the contradiction to the Eq. (7.33). Hence,

€, < &, Now if g < &, this implies that e, < €, which further implies

eze_ < é;e_ forallv=1,2,...,n and j =1,2,...,p; and e,, < €,,. This is again
J J

a contradiction to Eq. (7.33). Also, note that the case e,, is increasing and e,, is

decreasing is not possible as this will lead to the contradiction to Eq. (7.17).

Now, consider k£ = 0. Let us assume that

égl% < 691%. (7.43)
Continuing as above we have
el <el! forallj=1,2,...,0; —1. (7.44)

Ty — T
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Now, from Eq. (7.14) consider

MG ) (1 —er,) < NGilex ) (1 —ey,). (7.45)

1

We have A} < A} and thereby Eqs. (7.44) and (7.45) implies €., < e.,. Again using
the above arguments we get the contradiction to Eq. (7.43).

Now, consider £ = ¢;. Then we have to show that églcé1 < e}%. Seeking a
contradiction, assume
€a,, < Cy. - (7.46)
Then Eq. (7.14) with the fact that A} < A}, implies that
Nyo1€g, (L—ez, ) <N, 18, (1-E,). (7.47)

From Eq. (7.46), the above equation implies that eiel_ < &, . Continuing this

1 Iel
way, we have

el <el forallj=1,2,...,0,—2. (7.48)

Zj Zj
This also implies that e,, < €,,. Since RFMX is a monotone control system and
therefore we have

e <e  foralli=2,3,....m and j=1,2,....,4;. (7.49)

o, Ty,

Note that all the REMYs are interconnected through the pool variable z; and hence
all are affected in the same manner. From Eqgs. (7.17), (7.46), (7.49) and the fact
that \j, <A}, , wehave e} <@ foralli=12_..,n andj=12,... p;. This
implies e, < €,, which yielc]ls the contradiction to the Eq. (7.33). Hence, &, <e,, .
This completes the proof of this theorem.

Proof of Proposition 7.3.3: The network considered in part (a) has identical
RFMXs and hence the steady-state density profile of the RFMXs are same and
similarly this holds for REMYs. Without loss of generality, consider the steady-state
equations for the RFMX #1 in (a):

XoGlex)(1—ey) = Ney (L—ep) == \e, (7.50)

Ty)

and the steady-state equation for the REMY #1 in (a) is as follows:

noH (e,,)(1 — 6;1) = 7]16;1(1 — 6;,2) =... = npe;p. (7.51)
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Similarly, the steady-state equation for REMX in (b):
mAG(€,,)(1 — €,) = My, (1 —&,) = -+ = Ny,

and the steady-state equation for the REMY in (b) is as follows:
mnoH (€.,)(1 — €y,) = meéy, (1 —€y,) = -+~ =npéy, .

Now, consider Egs. (7.50) and (7.52), suppose we have

/\361

0 = )\gew

—> e, =&, forall i

and also
/\OG(621>(1 - ealcl) = m)‘OG(é?q)(l - étﬂ1)

= €, = ME,,.
Similarly, we get

1~ . . ~
e,, = €y, forall i and e,, =meé,,.

Now, the steady-state Eq. (7.12) for the network (a) is

1
T2

+e +---+e;€)+m(ei + el

1 Y2
By Egs. (7.55), (7.57) and (7.58), we get
Coy T Cpy T+ Cpy +Ey + 6y +---+6E, +E, +E,=1/m.

and this completes the proof of the proposition.
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Chapter 8

Conclusion and future scopes

Numerous cellular processes involve the transportation of particles to different
locations for material transport or cellular product synthesis. Gene translation,
a fundamental process, entails ribosomes moving along mRNA molecules to
generate functional proteins, making it one of the most energy-consuming processes.
Predicting protein synthesis rates, ribosome densities, and related parameters has
garnered significant interest among theoretical biologists. Models for translation
analysis are introduced with diverse formulations at various levels of abstraction. A
recent approach, the ribosome flow model (RFM), is a deterministic, continuous-time
mathematical model for particle interaction flow. Its advantage lies in its
amenability to rigorous mathematical analysis using systems and control theory
tools, offering an improved predictive framework for systems and synthetic biology
applications. Additionally, it finds utility in describing biological and physical
processes such as molecular motor traffic, pedestrian dynamics, and vehicular traffic

flow.

While the RFM serves as a foundational model, numerous generalizations have
been developed to incorporate observed realistic features, including interactions
between molecular motors, particle abortion along tracks, finite resource availability,
extended particle size, and various stochasticity types within cells. However,
the scope for extending these models is extensive, as several realistic features
must be integrated to deepen our understanding of the process. Motivated by
several experimentally observed features, this thesis focuses on model development
and understanding the impact of these features on system dynamics. Dynamical
properties such as invariance, persistence, stability, and entrainment are studied
within this context, employing tools from cooperative dynamical systems,

contraction theory, and random matrix theory.

8.1 Summary of results

The contents of Chapter 2 consider the variability in rates in a generalized version
of RFM, called RFMD, which incorporates feature of different site sizes. The

RFMD analyzes the motion of particles along a lattice having different size capacities



through a system of ordinary differential equations. Firstly, we analyze stochasticity
in RFMD by assuming parameters as independent and identically distributed (i.i.d.)
random variables. In this context, we prove that given a constant homogeneous site
size [transition rate| as the dimension of the RFMD increases, the steady-state flow
rate depends only on the size |rate| and the minimal value of the random variables
modeling the transition rates [size sites|. Furthermore, in the case of finite dimension,
the bounds for the steady-state flow rate are provided when transition rates [site
sizes| are drawn from i.i.d. random variables and also in the most general case when

the transition rates or site sizes are drawn from different distributions.

The next model introduced in Chapter 3 is a deterministic framework to study
cellular phenomena involving interacting particles and is called the excluded flow of
extended interacting objects with drop-off effect (EFEIOD). This model incorporates
many biologically observed features including extended length of the particles,
nearest-neighbor interactions, and the fact that particles can detach along the lattice.
Using tools from contraction theory, we show that the model admits a unique steady
state and entrains to periodic excitations in the parameters. Simulations of the
EFEIOD demonstrate several useful observations. For instance, in the presence
of weak repulsions, increasing the length of the particles can increase the output
rate. Another observation is that an increase in detachment rates can increase the
output rate. In the absence of interactions, we analyze the effect of parameters
on the output rate through a theoretical framework and prove that increasing
transition [detachment| rates always increase the output rate. In this context further,
we consider the model as a control system after introducing two parameters that
represent the constant input source and recycling rate of particles, respectively. It
has been shown that increasing any of these parameters leads to an increase in the

output rate.

Next, Chapter 4 addresses the biological phenomenon of abortions of ribosomes
due to collision mechanisms in the gene translation process through a mathematical
model called ribosome flow model with extended length and abortions (RFMEOA).
It is a deterministic framework that also incorporates the fact that ribosomes cover
several codons. We show that the RFMEOA admits a unique steady-state using
tools from contraction theory. Furthermore, the effect of parameters in a special
case, in which trailing ribosomes undergo abortive termination, is investigated
through a theoretical framework. In this respect, we prove that increasing any
of the transition |detachment| rates always increases |decreases| the output rate.
Next, we observe that an increase in the initiation rate may sometimes lead to a

decrease in the output rate.

In Chapter 5, we investigate simultaneous mRNA translation in the cell through
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a mathematical network model that encapsulates important biological features such
as competition for shared resources and the possibility of attachment/detachment
of ribosomes at different sites along the mRNA. We utilize the powerful theory of
strictly cooperative dynamical systems with a first integral to prove that the model
always converges to a steady state that depends on the parameters and the total
number of ribosomes in the network. Furthermore, we study how this steady state
is affected by modifying various biological features. One of our findings is that when
the number of free ribosomes is small, increasing the drop-off rate in an mRNA
that is “jammed” by ribosomes can increase the total protein production rate in the
network. This is because the ribosomes that drop off from the jammed mRNA can

initiate translation in other mRNAs.

The contents of Chapter 6 describe two large-scale network models called
an RFMD network with a pool (RFMDNP) and a generalized network of
RFMDs (RFMDN). These models represent the fact that the entry rate of particles
into the lanes may be influenced indirectly due to finite resources or directly by
feedback /feed-forward mechanisms, respectively. We show that the RFMDNP
admits a continuum of linearly ordered steady-state points. Furthermore, an increase
in transition rates [site sizes| in an RFMD increases the output rate of this REMD
and the output rate in other RFMDs all increase or decrease. Next, utilizing tools
from cooperative theory we show that the RFMDN is globally asymptotically stable.
Determining the interconnection weights between the REFMDs to optimize the output

rate is a convex optimization problem.

The final Chapter 7 introduces a two-pool REM network (RFMNTP), where each
RFM competes for finite resources at nearby pools. We prove that the REMNTP is
a cooperative irreducible dynamical system that admits a non-trivial first integral.
Our theoretical analysis shows that an increase in a transition rate of a site in an
RFM has a non-trivial effect on the output rates of the other RFMs. It can lead
to any of the scenarios: the output rate of all the other RFMs increase or decrease;
an increase in output rates of some of the RFMs; and a decrease in output rates
of the other RFMs. Simulations reveal counterintuitive results such as altering
transition rates can simultaneously increase the output of some of the RFMs while
decreasing another. This emphasizes the non-trivial role of local particle sharing.
Finally, these analyses have been extended to understand the network of RFMs with

multiple pools.
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8.2 Future scopes

Integration of the ribosome flow model into systems biology frameworks can
enhance predictive modeling of cellular behavior. By incorporating ribosome
dynamics into mathematical models of cellular processes, researchers can gain a more
comprehensive understanding of cellular function and behavior. Advancements in
experimental techniques such as single-molecule imaging, ribosome profiling, and
high-throughput sequencing provide opportunities to validate the RFM and its

generalizations.

There are many open problems related to RFM dynamics. One can formulate
a more sophisticated mathematical model taking into account the programmed
frameshifting of ribosomes while moving along an mRNA template. In the
RFM, it has been shown that the steady-state output rate is related to the
maximal eigenvalue of a certain matrix with elements that are transition rates
of the ribosomes. An intriguing avenue of investigation involves determining if
RFMLK can similarly be analyzed using a linear algebraic methodology. One can
further generalize the RFMD model to capture more complicated features such as

attachment /detachment of particles.

Another possible avenue for further research is modeling a generalized network
of RFMs incorporating the feature of attachment/detachment of ribosomes. Prior
network models primarily adjusted the entry rate of particles based on pool
occupancy, leaving exit rates unchanged. Exploring this direction entails formulating
a model to examine network dynamics when RFM outflow to the pool is constrained
by pool capacities. Another research problem is assessing the impact of abortive
termination on overall production rates across the system. This analysis could
be pursued by integrating resource competition phenomena within the RFMEOA

framework.

In conclusion, the ribosome flow model holds promise for advancing our
understanding of protein synthesis dynamics, gene expression regulation, and
cellular behavior. Its future scope encompasses diverse areas of research with the
potential to impact various fields and contribute to the development of new therapies

and biotechnologies.
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