Dynamical and Electronic Simulation of Genetic
Networks: Modelling and Synchronization

by Alexandre Wagemakers and Miguel A. F. Sanjuan

Cells can be considered to be dynamical systems that possess a high level of complexity due to the
quantity and range of interactions that occur between their components, particularly between

proteins and genes. It is important to acquire an understanding of these interactions, since they are
responsible for regulating fundamental cellular processes.

The climax of the genome project, the
most notable success of which, has been
the complete sequencing of the human
genome, was the identification of all the
genes that comprise the genetic material
of an organism. This achievement led to
a new phase of the project: the postge-
nomic era. Research is now focusing on
understanding the organization of, and
interactions between proteins, the
product of gene expression. Each pro-
tein is in charge of a function which can
induce changes in other molecules in the
cell, such as enzymes or even hormones.
These molecules can be viewed as the
nodes of a network where the interac-
tions are the links. Thus we can view the
system as a complex network of regula-
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tion interaction which is responsible for
the functioning of the cell.

Recently, the design and the construc-
tion of artificial networks has been pro-
posed as a means of studying biological
processes, such as oscillations of the
metabolism. These networks, simpler
than the natural ones, can contribute to
the understanding of the molecular
basis of a specific function. Simple
mathematical models can be con-
structed in order to perform qualitative
and numerical analyses, and synthetic
genetic networks can even be synthe-
sized in a laboratory. These works,
among others, gave birth to the so-
called synthetic biology which inte-
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Figure 1: Genetic networks in living cells can firstbe identified with molecular genetics

techniques. Once the network is identified a mathematical model is developed and analysed

using nonlinear dynamics methods and electronic modelling.
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grates several scientific fields such as
nonlinear dynamics, physics of com-
plex systems and molecular bioengi-
neering. This is a newly emerging field
with a strong interdisciplinary compo-
nent in which the future advances seem
very promising.

The paradigmatic examples of synthetic
genetic networks are the genetic toggle
switch and the represilator. The genetic
toggle switch is the combination of two
mutually repressing genes forming a
bistable system whose state can be
changed with an external signal. One
can say that this genetic switch has
memory, since it remains in its current
state until an external inducer acts
again. The second paradigmatic system
is the repressilator, which is in fact, a
genetic oscillator. In this system three
repressor genes are placed in a ring,
with each repressor inhibiting the pro-
duction of the following protein with a
given delay. This configuration leads to
oscillations in the expression of the
three proteins.

Our work in this field, in the Nonlinear
Dynamics, Chaos and Complex
Systems Group at the Universidad Rey
Juan Carlos (URJC), consists mainly of
the application of nonlinear dynamics
techniques to the modelling and simula-
tion of genetic networks. The evolution
of the protein concentration of a partic-
ular gene can be represented mathemat-
ically with a set of ordinary differential
equations. Once these equations are
defined, we can apply methods from
nonlinear dynamics such as phase space
analysis, bifurcation diagrams and sta-
bility analysis to understand and predict
the behavior of any synthetic genetic
network. Furthermore these tools are
useful for the design and study of labo-
ratory experiments.

We also have proposed an alternative
way to design and analyse the genetic
networks with analog electronic cir-

39



Special Theme: Computational Biology

40

cuits. The dynamics of a regulatory
genetic network can be simulated with
very simple nonlinear circuits based on
MOSFET transistors. Our circuits
allow a one-to-one correspondence
between the structure of the genetic
and electronic networks, and their
analog character extends this corre-
spondence to the full dynamical
behavior. An obvious benefit of this
approach is that the electronic circuits
are easier to implement experimentally
than genetic circuits. We have applied
this technique successfully in studies
of the dynamics and synchronisation of

populations of genetic networks, such
as the repressilator and the toggle-
switch. Synchronisation of a popula-
tion of such units has been thoroughly
studied, with the aim of comparing the
role of global coupling with that of
global forcing on the population. We
have also analysed a method for the
prediction of the synchronisation of a
network of electronic repressilators,
based on the Kuramoto model. Our
research indicates that nonlinear cir-
cuits of this type can be helpful in the
design and understanding of synthetic
genetic networks.
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The human immune system fights pathogens using an articulated set of strategies whose function is
to maintain in health the organism. A large effort to formally model such a complex system using a
computational approach is currently underway, with the goal of developing a discipline for engineering
"synthetic" immune responses. This requires the integration of a range of analysis techniques
developed for formally reasoning about the behaviour of complex dynamical systems. Furthermore, a
novel class of software tools has to be developed, capable of efficiently analysing these systems on

widely accessible computing platforms, such as commodity multi-core architectures.

Computational  approaches to
immunology represent an important area
of systems biology where both multi-
scale and time and spatial dynamics play
important roles. In order to explore how
different modelling and computational
techniques can be better integrated to
support in silico experiments, a collabo-
ration amongst researchers of Italian and
British institutions has been established.
In the long term we anticipate that this
will lead to the engineering of synthetic
immune responses.

In silico experiments involve the repro-
duction of the dynamics occurring
between the immune system and
pathogens. These models can be used to
simulate the mechanisms and the
emerging behaviour of the system, to
test new hypotheses and to predict their
effects, hence, they will need to be able
to measure, analyse and formally reason
about the system behaviour. By means
of such a virtual lab one can try to design
novel "synthetic" responses and drug
treatments that may then be imple-
mented in the organic world.

We are exploring the feasibility of com-
bining two research trends, which will
certainly be further developed in the near

future. The first trend draws from formal
methods, ie a set of description tech-
niques that allows qualitative and quan-
titative aspects of system behaviour to
be described and formally analysed.
Generally, models consist of populations
of agents/entities, or aggregate abstrac-
tions of them, eg viruses or lympho-
cytes. These play a part in the economy
of the whole system by means of the
possible behaviour they exhibit. The
overall behaviour of the system emerges
from the interaction between agents and
can be observed by means of simula-
tions that account for either probabilistic
or averaged evolutions from given ini-
tial conditions. Also, the system can be
observed in its transient or equilibrium
dynamics, and its properties, when pre-
cisely expressed in a formal language,
can be verified (model checked) against
the system behaviour. In particular the
formal analysis can be tightly coupled
with stochastic simulations in order to
improve the information obtained from
the simulation results. These
approaches, particularly the stochastic
ones under certain hypotheses, are
extremely computationally expensive.

The second trend aims to enhance the
precision and effectiveness of these vir-

tual labs. A good opportunity to achieve
this is provided by the recent design
shift towards multi-core architectures
that make high computational power
diffusely available. To exploit this
power, however, software tools need to
be redesigned to match the new archi-
tectures, which may suffer from ineffi-
ciencies of the shared memory sub-
system due to poor memory access hot-
spots and caching behaviour. Within the
FastFlow programming framework [1],
which provides a cache-aware, lock-
free approach to multi-threading, we
have developed StochKit-FF (see appli-
cation page at [1]), an efficient parallel
version of StochKit, a reference sto-
chastic simulation tool-kit.

In our reference scenario we use aspects
of the HIV dynamics within a patient, as
a model infectious disease. Many dif-
ferent viral strains contribute to infec-
tion progression; they use different cell
receptors (CCRS and CXCR4) and con-
sequently several anti-HIV therapies
target these receptors. Progression of
the disease (AIDS) is dependent on
interactions between viruses and cells,
the high mutation rate of viruses, the
immune response of individuals and the
interaction between drugs and infection

ERCIM NEWS 82 July 2010


http://www.fisica.escet.es
mailto:wagemakers@urjc.es

