ADVANCES IN NUMERICAL SIMULATION OF KINETICS REACTIONS EQUATIONS

by

BOANERGES ALEMAN-MEZA

B.E., Instituto Tecnologico de Chihuahua II - Mexico, 1998

A Technical Report Submitted to the Graduate Faculty
of The University of Georgia in Partial Fulfillment
of the

Requirements for the Degree

MASTER OF APPLIED MATHEMATICAL SCIENCE

ATHENS, GEORGIA

2001



ADVANCES IN NUMERICAL SIMULATION OF KINETICS REACTIONS EQUATIONS

by

BOANERGES ALEMAN-MEZA

Approved:

Major Professor: Thiab R. Taha

Committee: *Committee member IT*
*Committee member IT*
*Committee member IIT*

Electronic Version Approved:

*Dean’s Name*

Dean of the Graduate School
The University of Georgia
July 2001



ACKNOWLEDGMENTS

I would like to thank first all parties who sponsored me for this degree. Thanks to
the National Council for Science and Technology of Mexico (CONACYT), and the
Encyclopedia Britannica for the BARSA Scholarship, and the Graduate School at
the University of Georgia for the Out—of-State Tuition Waiver Award, and to the
Fulbright-Garcia Robles program administered in the United States by the Interna-
tional Institute of Education and in Mexico by Comexus (U.S.-Mexico Commission
for Educational and Cultural Exchange).

Thanks to my Major Professor, Dr. Thiab R. Taha, and the members of my
committee Dr. Jonathan Arnold, and Dr. Eileen Kraemer.

Thanks for their friendship and support to Dr. Hector De Los Santos Posadas,
Dr. Rodolfo Ramirez Valverde, and Mike and Teresa Shirley, among others. Back
home, every person of my family, specially my parents: thanks. Finally, thanks to

God.

iii



TABLE OF CONTENTS

ACKNOWLEDGMENTS

CHAPTER

1 INTRODUCTION

2 MOTIVATION
2.1 STARTING POINT

2.2 (OBJECTIVE

3 BiloLoGicAL MODEL
3.1 FroM KINETIC REACTIONS TO DIFFERENTIAL EQUATIONS
3.2 INPUT FOR THE KINETICS SOLVER

3.3 RELATED WORK

4 GRAPHICS OF THE SOLUTION
4.1 INTRODUCTION
4.2 PrLoTS OF CONCENTRATION OF SPECIES vs. TIME
4.3 PrLoTs OF THE CONCENTRATION OF A SPECIES vs. THE

CONCENTRATION OF ANOTHER SPECIES

5 NUMERICAL IMPLEMENTATION .
5.1 INTRODUCTION
5.2 EULER METHOD

5.3 MODIFIED EULER METHOD

v

Page

iii

11
16

19
19
21

25

27
27
27
28



5.4 RUNGE-KUTTA METHOD OF ORDER 4

5.5 ADAPTIVE RUNGE-KUTTA-FEHLBERG METHOD

5.6 BACKWARD DIFFERENTIATION FORMULAE METHOD .

5.7 NUMERICAL EXPERIMENTS .

6 PARALLEL IMPLEMENTATION . .
6.1 INTRODUCTION
6.2 PREVIOUS PARALLEL IMPLEMENTATIONS
6.3 IMPLEMENTATION .

6.4 NUMERICAL EXPERIMENTS .

7 FUTURE WORK

8 CONCLUSIONS

BIBLIOGRAPHY

APPENDIX

A UskE oF THE KINETICS SOLVER

28
29
30
33

40
40
40
42
43

45

46

47

o1



CHAPTER 1

INTRODUCTION

Models that represent biochemical signaling networks permit an understanding of
biochemical reactions that occur in a cell. Many distinct signaling pathways allow
the cell to receive, process, and respond to information. Often, when components of
different pathways interact results in signaling networks [1]. Computational methods
can be built to implement and analyze models that represent biochemical signaling
networks.

This Technical Report explains the representation of biological models for bio-
chemical reaction networks and their equivalent mathematical representation by a
system of ordinary differential equations. The differential equations describe the
reactions in the model, and it is of particular interest to solve them numerically to
find the best parameter values that would fit experimental data. A plotting tool has
been created to help researchers or students with the refinement of the model, and
it is accessible in a Web Browser and shows graphically the solution of a model as a
Web page. This report focuses mostly on the study of different numerical methods
that simulate the time-course of the model and a comparison of their advantages
and disadvantages. Parallel numerical methods are designed and implemented for
solving the system of differential equations and numerical experiments are performed

to compare the parallel methods with their sequential ones.



CHAPTER 2

MOTIVATION

2.1 STARTING POINT

How do cells work? Information stored on the DNA (deoxyribonucleic acid) molecule
can be replicated directly to form a second identical molecule that is passed onto a
daughter cell [32]. Further, segments of information on the molecule can be tran-
scribed to yield RNAs (ribonucleic acid), and this information is translated into
proteins. Proteins then perform a structural or enzymatic role in the cell. Proteins
mediate almost all the metabolic functions in the cell.

Models that represent biochemical signaling networks permit an understanding
of the interactions that occur in a cell by means of chemical reactions. For most
reactions, mass balance leads to a specification of a system of differential equations
that describes a particular reaction network [1]. A Kinetics Solver created for an
arbitrary biochemical network satisfying mass balance was developed by Dr. H.
B. Schuttler, Department of Physics and Astronomy at the University of Georgia.
The Kinetics Solver is a computer program that performs numerical computations
to simulate the time-course behavior of a biological model. It was built for the
ongoing project “Computing Life” in the Genetics Department at the University of
Georgia [10].

Computing Life is a research project whose goal is to compute emergent prop-
erties of fungal systems like biological clocks, carbon metabolism, development,

mating, and pathogenicity from kinetics models of DNA, RNA, and proteins [1, 34].
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Figure 2.1: Kinetics model of quinic acid metabolism represented as a biological
circuit.
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The kinetics models will be used to engineer the process of gene-validated product
discovery, thus transforming medicine, industry and agriculture. To achieve this, it
is necessary to develop new computational tools to design adaptively experiments to
identify de novo arbitrary biological circuits like the one presented in Figure 2.1 by
perturbing the system genetically, chemically, or environmentally and measuring the
system response with RNA and protein profiling experiments. Models represented as
formal “biological circuits” that capture the known biochemical reactions have been
created. Figure 2.1 shows a model designed graphically to represent the chemical
reactions of quinic acid (qa) metabolism [9]. The term biological circuit refers to
a model in biochemistry and molecular biology, includes efforts to account fully for
the effects of concentrations of each component, the time evolution of biochemical
events, and the accumulation of transient intermediates, etc. [27].
This Kinetics Solver is the Starting Point for this Technical Report project.
Initially the Kinetics Solver consisted of a Fortran 77 code capable of doing the

following:

e reads an input file that is a representation of the chemical reactions of an

arbitrary model satisfying mass balance, like the one in Figure 2.1

e translates such reactions into an internal representation of its equivalent system

of Ordinary Differential Equations (ODE)

e solves such a system of ODE’s by a numerical integration method, which is

either

— Euler method, or

— Modified Euler method

e generates a dense output file of the solution of the system of ODE’s
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These features are the starting point for the work developed as part of this
Technical Report. The scope of the continuation of the original project is explained

in the next section.

2.2 OBJECTIVE

The original computer code was written in Fortran 77 by Dr. Berndt Schuttler
(Physics Dept., UGA). A decision was made to translate the code to C++ so that
it would be easier to modify/improve by a larger number of people in the future.

Methods implemented in the original version are low—order precision solution
methods. There is an interest in higher—order methods that could speed—up the time
to compute the solution. This improvement in speed is considered very important
because this Kinetics Solver is to be run hundreds of thousands of times by a module
that implements a Monte Carlo simulation.

The need to speed—up the solution of the system of ODE’s brings into consider-
ation the use of numerical methods that exploit parallel computation.

As a tool in the Kinetics Solver, it would be desirable to visualize the solution of
the kinetics reactions of a given model. Individual researchers working on different
models will have access to such tool.

These factors make up the Objectives for the work explained through this Tech-
nical Report, which are a continuation of the original work described at the end of

section 2.1. Thus, the objectives are:
e translate the original Fortran code to C++

e implement higher-order methods in order to speed—up the computation of the

solution

e implement a parallel method that would give significant speedup



e provide a tool to visualize graphically the solution of the system



CHAPTER 3

BioLoGicAL MODEL

A kinetics model is a specification of reactions between known participants. Any
given model starts with a diagramatic representation, like Figure 2.1. The reactants
or products are represented as boxes. Reactants connect to other reactants by
reactions represented with circles. Arrows indicate the reactants entering a reaction,
and outgoing arrows indicate the products of a reaction.

For simplicity we will explain a model depicted in Figure 3.1. It is a simple
Hydrogen Combustion Model that we will refer to as Water Model I. It consists of
3 reactions with 6 participant species (H, Ho, O, O, OH, H50).

Such a model can be easily expressed as a series of chemical reactions or kinetics
reactions. These chemical reactions are of the form S; + S, = S3 + S; which are
“reversible chemical reactions”, where S; are the participant species. Reversible
chemical reactions explained in [31], are a chemical reaction in which one molecule
of A is transformed into one molecule of C' and may actually consist of two successive
reactions in which at first one molecule of A is transformed into one molecule of B
and then one of B is transformed into one of C; moreover, the intermediate product
B and the final product C may spontaneously revert to A, and B, respectively. This
can be written in two reactions A = B, B = C where the symbol “=” indicates
that it is a reversible chemical reaction with some forward and backward reaction
rate constants. Note that the backward reaction rate constants are usually much

smaller than the forward reaction rate constants, and in some cases are zero.



Figure 3.1: Water Model I.

In order to write down the chemical reactions from Figure 3.1, each reaction
(depicted with circles) is written independently. Take the reaction represented by
circle 1, arrows connecting reactant H; and reactant O to circle 1 indicate they are
inputs to the reaction. The outgoing arrows from reaction 1 towards H and OH
indicate these are the products. This is expressed as a chemical reaction Hy + O =
H+ OH.

Similarly, for reaction 2, H and O, are the input participants, and O and OH
are the products. This is written as H + Oy = O + OH.

For reaction 3, arrows from H; and OH connecting to circle 3 indicate they are
the input reactants, and the outgoing arrows to H,O and H depict them as products.
The chemical reaction is written as Hs + OH = H,O + H.

The three reactions of the Figure 3.1 can be written as:

reactiony, Ho+O+=H+OH
reactionn, H+0y =0+ OH

reactions Ho + OH = H,O+ H (3.1)
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The input file to the kinetics solver is a representation of equations 3.1, and is
explained in section 3.2.

The chemical reactions can be modeled with differential equations. This is

explained in the next section.

3.1 FroM KINETIC REACTIONS TO DIFFERENTIAL EQUATIONS

The kinetic reactions of a model can be represented as a system of differential equa-
tions. Note that the Kinetics Solver does not receive as input the system of differen-
tial equations. It receives such input file in plain-text format that is a representation
of the reactants, chemical reactions, and related parameter values.

The differential equations describe the time evolution of the concentrations of the
various chemical species: reactants, intermediaries, catalysts, and products. Every
participant species in the list of reactions participates in at least one ordinary dif-
ferential equation (ODE). Thus there will be as many equations as the number of
participant species in the chemical reactions to describe the change in concentration
of each species. Note that these equations can be further simplified as in [28, 31],
but this mathematical simplification was not considered because of the symbolic
computation involved.

To obtain the system of differential equations from the kinetic reactions, a par-
ticipant species is viewed in terms of the changes it goes through in the series of
reactions. For the case of a reaction like A — B, the species A is converted into B
at some rate r,. This can be expressed as %4 = —r [A]. The negative sign on

dt

indicates that A is consumed/reduced in the reaction. For the same reaction, the

equation for B can be expressed as % = r1[A]. The sign is positive, which means

that B is produced from A at the rate given by r;
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For a reversible reaction, the input participants are consumed at a “forward
rate” and produced at a much lower “backward rate”. For the reversible reaction
Hy + O = H + OH of equations (3.1), the differential equation for H, can be
expressed as @ = —ks [H,][O] + kn [H][OH]. The concentration of H, is reduced
when reacting with O at the forward rate constant ks as indicated by the negative
sign. The final products H, OH revert back spontaneously to Hs, O at the rate
given by the backward constant k;;. This is expressed in the second term with a
positive sign for the backward rate constant.

Things are different when writing the differential equation for species that are
produced in the reaction. Take again the reversible reaction Hy + O = H + OH.
The species H is produced from the reaction of Hy and O at a forward rate ky;.
The products H and OH revert back to Hs and O at a backward rate ky; which is
a constant much smaller than the forward rate constant k¢,. The positive sign for
k¢1, and the negative sign for &y, indicate this in the equation % = +k s [Hy)[O] —
ky [H][OH].

When writing the equations for a set of reactions, each equation of a species

includes all reactions where such species appear. For the kinetic reactions (3.1) of

the simple model Water Model I the system of ODE’s can be expressed as:

d(;?) = —kp [Ho][O] + ki [H][OH) — k5[ Hy)[OH] + ky3[ H2O][H]
% = —k41[Ho)[O] + kot [H][OH] + kyo[H][Os] — kio[O)[OH]
% = —kgo[H][Oo] + ki2[O][OH]
% = +ks1[Ha][O] — kin [H][OH] — ko[ H][Os] + ko[ O][OH]
k3| Hp|[OH) — kys [ HyO][H]

d(OH

) = Lk [H)[0) — b [HIOH] + ko H](O5] — kg OJ[OH]
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Input file > Kinetics Output file

kin.i01 Solver kin.o01
Output file
kin.o02

Figure 3.2: Kinetics Solver Process.

—kg3[Ha)[OH| + ky3[H2O][H]
d(Hy0)
dt

= +kg3[Hy][OH| — ky3[HyO][H]

where ky; and ky; are the backward and forward reaction rate constants respectively,

for the reaction 1.

3.2 INPUT FOR THE KINETICS SOLVER

The Kinetics Solver receives an input file, solves the equations and generates an
output file, as indicated in Figure 3.2. The program receives an input file that is a
representation of the chemical reactions instead of the system of ODE’s equations.
The participant species have initial concentrations for an initial time %y, and the
system is to be solved for a final time ¢,. The parameters and initial conditions are
all part of the input file, which has a fixed format.

Here we illustrate a given input file for the model depicted in Figure 3.1 as a
simple representation of the three reactions in the equations (3.1). The input file
with arbitrary reaction constants, and arbitrary initial concentrations will be:

data set Hydrogen Combustion I: 2 H 2 + 0_2 -> 2 H_20
nspec  nreac

6 3
time0 timel ntime ntskip jtime
0.000 10.00000 1000 100 2

namespec/xspec0  jfix
H_2



0_2

OH
H_20
H_2+0: rkfor

1.0000
H_2

0_2+H: rkfor
1.0000
0_2

H

OH+H_2: rkfor
0.5000
OH

H_2

3.2.1

.000

.000

.000

.010

.000

.000

ata

rkbak

0.0200

OH

rkbak

0.0200

OH

rkbak
0.0100

STRUCTURE OF THE IN UT

ata

nipart
2

nipart
2

nipart
2

E

nopart
2

nopart
2

nopart
2
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jkin

jkin

jkin

kin.i01

































































































































