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The Biological Problem: Cell Cycle

BioinfoGRID

Cell Cycle:

repeated sequence of events which leads the division of a mother cell into
daughter cells;

Biological process frequently studied in correlation to tumour disease;

It is considered a valuable target for drug discovery in the context of
cancer and neurodegenerative disease.

The cell cycle is a frequently investigated
process in systems biology, especially
through mathematical modelling, to verify
the impact differently regulated genes can
have in normal and cancer cells.
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Systems Biology Approach

BioinfoGRID

Systems biology studies how biological functions emerge from the
Interactions between components of living systems;

The complexity of this biological process lies in the high number of
genes and networks of protein interactions involved;

The quantification of the behaviour of each cell cycle component has
a crucial role in understanding the complex mechanism of cell cycle

regulation.
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Cell Cycle Modelling
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What is modelling?

The act of describing something in a schematic representation, usually on a
smaller scale (general definition);

Design and analysis of a mathematical representation of a biological
system to outline unknown properties of that system, the emergent
properties (systems biology definition).
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BioinfoGRID

Cell Cycle Modelling

Mathematical representation of a biological process:
Set of kinetic equations to define biochemical reactions

System of Ordinary Differential Equations to describe the dynamic behaviour of
the model components

Initial parameters for kinetic equations

Initial concentration of the model species

tine
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Problems related to modelling

BioinfoGRID

Simulation of an ODE system is possible on a single workstation:
the numerical integration of an ODE system Is not very time
consuming;

Parameter estimation, the evaluation of the best set of parameters
which define the model relating to a specific experimental dataset;
requires High Performance Computing techniques since the
computational load needed in finding the best model is very great;

The estimation of the kinetic parameters in silico is performed by
computing a number of ODE systems with different parameters
and verifying the best solution.
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BioinfoGRID

Cell Cycle Database

Cell Cycle Database: relational database which integrates information
about genes and proteins involved in yeast and mammalian cell cycle
process;

Database section dedicated to cell cycle mathematical models

Model publication data (information on the published models, such as the
detailed publication data, authors, PubMed ID, abstract, journal information,
diagram of the model, protein involved in the model, XML file, where
available);

SBML data structure (SBML components of the model, including its
mathematical expressions);

Simulation section (model simulation using XPPAUT, direct results retrieval in
graphical formats).
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BioinfoGRID

Simulation Engine Workflow
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o* s Simulation Pipeline

BioinfoGRID

The pipeline is composed of a series of PHP scripts and allows the visualization
and the computation of SBML models through:

Data retrieval from Cell Cycle Database;

SBML parser;

MathML to HTML converter: pipeline for the translation of the SBML
mathematical expression for their visualization on web interface;

XPPAUT which is the simulation software chosen:

allows the solution of differential equations using many different options
for the numerical algorithm;

widely used for the modelling of different biological pathways;

requires simply formatted input file.
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Cell Cycle Database Model Section

C C D B Cell Cycle Database

Home page
Gene search
Protein search
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Pubblication paper | SBML components - formulas | Simulate this model |

Bifurcation analysis of the regulatory modules of the mammalian G1/S transition.

(*) Swat M, Kel A, Herzel H - 2004 - Bioinformatics

Abstract:

MOTIVATION: Mathematical models of the cell cycle can contribute to an understanding of its basic mechanisms. Modern simulation tools make the analysis of key components and their interactions
very effective. This paper focuses on the role of small modules and feedbacks in the gene-protein network governing the G1/8 transition in mammalian cells. Mutations in this network may lead to

uncontrolled cell proliferation. Bifurcation analysis helps to identify the key components of this extremely complex interaction network. RESULTS: We identify various p

and neg

loops in the network controlling the G1/5 transition. It is shown that the positive feedback regulation of E2F1 and a double activator-inhibitor module can lead to bistability. Extensions of the core module
preserve the essential features such as bistability. The complete model exhibits a transcritical bifurcation in addition to bistability. We relate these bifurcations to the cell cycle checkpoint and the G1/5
phase transition point. Thus, core modules can explain major features of the complex G1/5 network and have a robustdecision taking function.
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Simulation Section

BioinfoGRID

Species¥*
|Species il:I|| Value ||S|Jecies il:I|| Value ||S|Jecies il:I|| Value ||Species il:I|| Value ||Species id|| Value |
| pRE_1 ||U.'| mole” pRER_1 ”U.'I mole” E2F1_1 ||D.1 mole” CycDi_1 ||D.1 mole” CycDa_1 ||D.1 ITID|E|
| aP1_1 ||D.1 mole” pREpp_1 ”0.1 mole” CyeEi_1 ||IJ.1 mole” CycEa_1 ||El.1 ITID|E|
Parameters
Parameter id Value Parameter id Value Parameter id Value Parameter id Value Parameter id Value

ki_1 1.0 Kmil_1 0h 111 1 0h 611 5.0 ki16_1 0.4

kG1_1 03 phi_prRe_1 ||0.0050 kp_1 0.05 kz_1 16 a_1 0.04

km2_1 |[40 12 1 50 162 1 8.0 phi_E2F1_1 ||01 k3 1 0.05

k23 1 03 113 1 0.0020 1631 2.0 k34_1 0.04 Kmd_1 ||03
|phi_Cchi_1 ||n.023 || ka3_1 ||D.D1 ||phi_C\,rcDa_1||D.DS || Fri_1 ||D.DDED || kes_1 ||n.9 |
| 15 1 ||D.DD1D || 185_1 ||E.D || phi_ap1_1 ||D.D1 || k67_1 ||D.? || k76_1 ||D.1 |
|phi_pRBpp_1||D.D4 || phi_pREp_1 ||D.DE || keg 1 ||D.DE || 118_1 ||D.E || 1681 ||?.D |
| kea_1  |oo7 | kms_1 |[oooso | kea_1 |pomo | ehi_cycei_1 |[0.08 |[ohi_cycea_1|[o05 |
XPPAUT internal options setting

total dt method tolerance |minimum step”maximum step delay .
500 0.1 s + [[lo.001 Te-12 IIE 0 Users can:
(Submit | DReset |

»Change parameter values and protein

* when not provided in the original paper we suggest possible values

The simulation software is XPPAUT - Bard Ermentrout, 2002

# Ot = sets step size used by the fixed step integrators and the output step for Gear and Stiff
* total = sets total time

+ tolerance = sets the error tolerance for adaptive methods

¢ cets the minimum allowable time step for adaptive methods

+ sets the maximum allowable time step for adaptive methods

* delay = sets the upper bound for the maximum delay, for use with Delay Differential Equation

http://www.bioinfogrid.eu

initial concentration

» Select the ODE solver
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Simulation Section

BioinfoGRID

Simulation results

Swat M, Kel A, Herzel H: Bifurcation analysis of the regulatory modules of the mammalian G1 /S transition.

- 2004

Download XPPAUT input file

Download results file®

Select species to show on 2D plot
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2D plot: image exported in png using GnuPlot
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Parameter estimation

Estimate the model which fits with real biological data the best

I

Find the best parameter set which describes the real biological system

Possible approaches to parameter estimation:
Deterministic mathematical methods

Stochastic mathematical methods
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State of the art for parameter estimation
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Deterministic approach

Algorithm of parameter estimation using ODRPACK: an estimation for
the rate constant is given by minimizing the weighted orthogonal
distance between the experimental data set and the calculated model,

Zwolak et al, Parameter estimation for a mathematical model of the cell
cycle in frog eggs, J. Comput Biol. 2005

Stochastic approach

Parameter estimation through an Adaptive Swarm Algorithm based on
simulation of social behaviour in a flock of birds. This algorithm is
highly suitable for constrained multi-objective optimization problems.
The models are simulated over the grid through GridX meta scheduler
and Globus.

P.K. Dhar et al., Grid Cellware: the first grid-enabled tool for modelling
and simulating cellular processes, Bioinformatics, 2005
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Stochastic methods

BioinfoGRID

Evolutionary algorithms: population-based stochastic methods
relying on the idea of biological evolution:

Iterative creation of new generations of individuals (relying on the

recombination of the best individuals of the previous generation) in

numerical forms to find solutions close to optimum (experimental data);
Three groups of evolutionary methods:

Genetic Algorithm

Evolutionary Programming

Evolutionary Strategies: the most efficient and robust especially for

continuous problems, like ODE systems resolution (. saravanan, 199).
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Simulation Time Estimation
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Model example: 9 species, 41 parameters, 22 reactions, 9 ODEs

(Swat et al, 2004)

Evolutionary

COMIPYUFATT ION DIEV (€= Computation for
Single Numerical Parameter
Simulation Estimation (50000

individuals for 100
generations)

A second
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BioinfoGRID

The distributed approach

The use of a High Performance Computing platform like grid for the

computation of a large number of independent ODE systems solution is

possible;

The porting of the ODE solver system on the grid has been successfully

performed by the creation of an infrastructure able to distribute the

computation efficiently;

The parameter estimation engine works on the top of a set of scripts for:

Job submission;
Monitoring of the computation;

Retrieval and integration of the results.
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Parameter estimation and grid

BioinfoGRID

Development of a system for the parameter estimation in order to find the
best parameter set by computing many different simulations with the
Evolutionary Strategy algorithm using the grid platform to overcome the

computation complexity coming from:
the high number of parameter combination values;
the high number of simulations needed to fit data;

Difference from the other grid-based parameter estimation approaches:
type of algorithm used: Evolutionary Strategy Algorithm

grid platform on which the computation is performed: grid platform based

on gL.ite.
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Distributed Approach Advantages
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Key parameter for distribution: number of simulations for each job;

The number of equations which have to be simulated in a specific job Is

related to the computation time needed for each simulation:

To better exploit the computation resources we set the number of
simulations for each job to 500 ODE systems;

The estimated time for each job is about 30 minutes and considering the
queue time the global computation needs almost a week.
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BioinfoGRID

Grid Deployment

The parameter estimation is controlled by a set of scripts that are
responsible for the submission, the monitoring and the retrieval of the
results for each job;

The system works for generation step:
All the jobs of a generation are sent to the grid;

When the results are retrieved the software integrates them in order to create
a new generation;

The new generation is re-submitted to grid,;
The ODE solver system is deployed on the grid node at job

execution time and the results are retrieved from the User Interface
where the data are integrated to generate following populations.
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Conclusion

BioinfoGRID

We present a grid-oriented approach to solve ODE systems describing
cell cycle models, in order to make the numerical simulations of the
biological process easier and more accurate;

We choose to perform parameter estimation using a High Performance
Computing platform like the grid because the system is designed with the

aim to estimate the best model by computing many different simulations of
each model,

The implemented system is useful to manage the mathematical

iInformation related to cell cycle models and to simulate the whole process
using the grid platform.
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