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ABSTRACT

It is the intent of this thesis to investigate atel/elop a simulation model for
metabolic pathways; namely, Glycolysis and Krebdegythen to further improve it to a
complete virtual mitochondria. CD++ tool is choderbe used as the simulation tool for
this purpose. CD++ is a modelling tool for simidat of complex physical systems,
which can be used to simulate a variety of moddlse simulation client provides users
with the ability to create simulation models, s¢inel simulation model to a remote CD++
server for execution and visualize the results waphisticated and easy-to-use Graphical
User Interfaces (GUI) locally, support multiple wievisualization, run several models
simultaneously, and as a result improving the amlpf simulation models. The
simulation server can be used by various usersndrdhe world to perform multi-

observer simulation using remote execution of tioel@s.

Simulation of the known and proven biological madeill offer the confidence

to attack more complex biological problems and prihe practicality of this tool.
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CHAPTER 1 - INTRODUCTION

Simulation is becoming increasingly important in tlaalysis and design of
complex systems such as biological processes.sifindation process begins with
with any problem to be solved or understood, swlitha spread of a virus through a
group of cells. A model is an abstract represemtadf a real system. In most cases,
these models can be defined as mathematical repagisas of the real models and can
be analyzed using mathematical techniques. Howeber complexity of biological

systems sometimes makes it impossible to use &wlgtethods.

1.1 MOTIVATION

Many important problems in cell biology require tbense nonlinear interactions
between functional modules to be considered. Coenimulation tools are widely used
to study complex systems. For these complex systenformal specification of the
simulation model is necessary before its implenmtenta The conceptual simulation
model must be validated before its implementatioa simulation environment. Several
modeling paradigms have been developed to spegifgrdic systems formally; each one

is better suited to model different kind of systg].

The importance of computer simulation in undersiagaellular processes is now

widely accepted, and a variety of simulation altjonis useful for studying certain
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subsystems have been designed. Many of theselragelya widely used, and a large
number of models constructed on these existing dbsms are available. A significant
computational challenge is how we can integratéh sudb-cellular models running on

different types of algorithms to construct highester models.

This thesis addresses one solution for simulatioghpdex biological models:
Applying CD++ — a toolkit for M&S based on the DEM8rmalism — in models of

complex biological models [3].

1.2 OBJECTIVES

It is the objective of this thesis to propose textbgical research, and development
methods of modeling and simulation, and visual@atnethods for methabolic pathways.
The application of this paradigm is shown througbdeling of complex biological
systems developed in CD++. These complex apgmitsatcan be implemented in a
simple fashion, and they can be executed effegtivelThe simulation models of

glycolysis and Krebs cycle are highlighted in Cleap#d and 5 respectively.

The goal is to understand and control dynamics itdahondrial metabolism through
computer simulation in a whole organelle scaler ths purpose, a mitochondrial model
was constructed which included the biological patysv— the glycolysis and the Krebs
cycle and the electron transport chain at the immembrane. Currently, the model is
examined with emphasis on cellular metabolism andrgy production aspect of

mitochondria, based on the two biological pathw&jgcolysis and Krebs cyle.
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The DEVS formalism was proposed to model discregnes systems. Basic DEVS
models, called atomic models, are specified akldages and several DEVS models can
be integrated together forming a structural modalled a coupled model. The CD++
tool implements the DEVS models, which provideseaagal framework to define and

simulate complex generic models [3].

Given this analysis of the subject, the contrimsiof this thesis are the proposed
modeling and simulation tool for complex biologicistems, and it is believed that

existing applications can benefit from these rasult

1.3 THESIS PLAN

To reach the objectives of this thesis, two chaptee dedicated to general discussion
on mitochondria, and different simulation toolsheTnext chapters explain modeling of
the two biological pathways: glycolysis and Krelgsle. Chapter 6 will shortly touch the
electron transport chain as a research in progassschapter 7 will explain the graphical

user interfaces. The detailed organization ofhiesis is as follow:

- Chapter 2 is a background for non-biologists andsitdivided in following

sections: Mitochondria, Glycolysis, Krebs cycleddtiectron Transport Chain.

- Chapter 3 is intended for non-engineers and digsusge basics of Modeling and
Simulation in general first, and then CD++ tool ahiis used as the simulation

tool.
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Chapter 4 presents the modeling and simulationlyddBysis using CD++ tool.

Chapter 5 presents the Krebs cycle modeling andlatian using CD++ tool.

Chapter 6 gives an introduction to Electron tramspzhain and oxidative
phosphorylation, and the future work in progressdémplete the simulation of

mitochondria.

Chapter 7 describes all the graphical user inted@available for this tool.

Chapter 8 presents conclusions, and suggestsrewidn for future work.

Appendix A includes the code for Glycolysis model.

Appendix B includes the code for Krebs cycle model.
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CHAPTER 2 —- BACKGROUND

M itochondria are small double-membrane organellesdan the cytoplasm of
eukaryotic¢ cells. Mitochondria are responsible for convetimutrients into
the energy yielding molecule, Adenosine TriPhospiAITP), to fuel the cell's activities.
This function is the reason why mitochondria aegjfrently referred to as the powerhouse

of the cell [5].

2.1 MITOCHONDRIA

Mitochondria are unusual organelles in that thewnta@io their own DNA
(deoxyribonucleic acid), and ribosomes (proteindoi@ng organelles). Within the
mitochondria, the DNA directs the ribosomes to pi proteins, many of which
function as enzymes (biological catalysts) in ATPRoduction. The number of
mitochondria in a cell depends on the cell's functiCells with particularly heavy energy

demands, such as muscle cells, have more mitociacthéin other cells [13][15][25].

2.1.1MITOCHONDRIAL STUCTURE

A mitochondrion is typically bean shaped rangingire from 0.5-1 micrometer
in length. Mitochondria can be divided into fousngponents: outer membrane, inter-

membrane space, inner membrane, and the matrixfi(gee 2.1). The smooth outer

! Eukaryote: Cells with a nucleus
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membrane holds numerous transport proteins, whhcittle materials in and out of the

mitochondrion. The components between the outéiiramer membranes have important
roles in electron transport and oxidative phosplatign. The inner membrane has many
folds called cristae. Cristae are the sites of AyRthesis, and their folded structure
greatly increases the surface area where ATP ssistteecurs. Transport proteins,

molecules in the electron transport chain, and mesythat synthesize ATP are among
the molecules embedded in the cristae. The crestatse a liquid-filled region known

as the inner compartment, also called matrix, wigishtains mitochondrial genome and
the majority of gene products contained within thikochondria. These gene products
include various enzymes involved in the processenbbic respiration, proteins necessary
for the import of proteins into mitochondria, anefeins and nucleic acids required for

the mitochondrial genome [14][25].

It is important to note that cristae have a verghhimportance in not only
containing and organizing the electron transpodirchand the ATP pumps, but also
separating the matrix from the space that contdieshydrogen ions (protons), allowing

the gradient needed to drive the pump [5].
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Figure 2.1 - 2-D Model of Mitochondria

2.1.2MITOCHONDRIAL FUNCTION

The chief function of the mitochondria is to createergy for cellular activity by
the process of aerobic respiration. In this precgticose is broken down in the cell's
cytoplasm via a process called, glycolysis, to fayruvic acid, which is then transported
into the mitochondrion. In a series of reactiquart of which is called Krebs cyélethe
pyruvic acid reacts with water to produce carbooxidie and ten hydrogen atoms. The
electron transport chain separates the electronpamitn in each of the ten hydrogen
atoms. The ten electrons are sent through thetretedransport chain and some

eventually combine with oxygen to form water.

2 The Krebs cycle was named after Sir Hans Adolf Krebs (1900-1981), who proposed the key elements of this pathway in
1937 and was awarded the Nobel Prize in Medicine, for its discovery in 1953. See chapter 4 for more details.
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Energy is released as the electrons flow from thenzymes down the electron
transport chain to the oxygen atoms, and this gniergapped by the components of the
electron transport chain. As the electrons floarfrone component to another, the
components pump random protons from the matrixh® d@uter compartment. The
protons cannot return to the matrix except by theyme ATPase which is embedded in
the inner membrane. As the protons flow back theomatrix, ATPase adds a phosphate

group to Adenosine DiPhosphate (ADP) in the mdtriform ATP.

Aerobic respiration is an ongoing process and rhidadria can produce hundreds
of thousands of ATP molecules each minute in acglpiell. The ATP is transported to
the cytoplasm of the cell where it is used foruatty all energy-requiring reactions it
performs. As ATP is used, it is converted into ADich is returned by the cell to the

mitochondrion and is used to build more ATP [15][25

2.1.30RIGIN OF MITOCHONDRIA

Mitochondria have significant features that resemlbihose of prokaryotes,
primitive cells that lack a nucleus. MitochondriaNA is circular, like the DNA of
prokaryotes, and its ribosomes are also similgsrtkaryotic ribosomes. Mitochondria
divide independently of the cell through binansi®, the method of cell division typical

of prokaryotes.

The prokaryote-like features of mitochondria leadng scientists to support the
endosymbiosis hypothesis. This hypothesis stat@snhillions of years ago, free-living

prokaryotes capable of aerobic respiration wereiked) by other, larger prokaryotes but
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not digested, possibly because they were ablesistréigestive enzymes. The two cells
developed a symbiotic, or cooperative, relationsimipwhich the host cell provided
nutrients and the engulfed cell used these nusrientarry out aerobic respiration, which
provided the host cell with an abundant supply ®PA The engulfed cells evolved into
mitochondria, which retain the DNA and ribosomesrelteristic of their prokaryotic

ancestors.

A recent comparison of samples of human mitocha@hddNA suggests that
humans have descended from a woman who lived iicaAft40,000 to 290,000 years
ago. Genetic samples taken from African, AsianstAalian, European, and New
Guinean ethnic groups revealed a specific numbeamnitdchondrial DNA types. The
African mitochondrial DNA occupies the longest asidest of the branches, giving rise

to the other ethnic groups [13][23].

2.1.4IMPORTANCE OF MITOCHONDRIA

The DNA in mitochondria is used to track certaimegec diseases, and to trace
the ancestry of organisms that contain eukaryo@tisc In many animal species,
mitochondria tend to follow a pattern of maternaiaritance. When a cell divides, the
mitochondria replicate independently of the nuclelibe two daughter cells formed after
cell division each receive half of the mitochondss the cytoplasm divides. When an
egg is fertilized by a sperm, the sperm's mitochiandre left outside the egg. The

fertilized zygote inherits only the mother's mitoadria. This maternal inheritance
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creates a family tree that is not affected by ymcal shuffling of genes that occurs

between a mother and father [17].

While the DNA within mitochondria directs the sya#iis of enzymes for aerobic
respiration, it also codes for proteins importanthe nervous system, circulatory system,
and other body functions. A number of genetic dissa including diabetes mellitus,
deafness, heart disease, Alzheimer's disease nBarkdisease, Leber's Hereditary Optic
Neuropathy (a condition of complete or partial Bhess) are associated with mutations
in mitochondrial DNA. A relatively new medical spalty, mitochondrial medicine,

seeks to understand the role of mitochondrial DNAations in genetic diseases [17].

Recently, the mitochondrion has also been idedtifis an important component
in the pathway of programmed cell death, apoptodis.response to certain signals,
mitochondria swell and release cytochrome c, winicturn is another apoptotic pathway
coactivator. Those mitochondria also serve asuacsdfor reactive oxygen species that

contribute to cell death during apoptosis [17].

Another use of mitochondrial DNA analysis is indosic science. For example,
the identities of the skeletons alleged to be tlofsSesar Nicholas Il, the last Russian tsar,
and his family were recently established using afitmdrial DNA. The mitochondrial
DNA of a living maternal relative of the tsar's filynwas found to be an exact match to

the suspected remains of the tsar's wife, Alexgradrd three children [13][25].
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2.2 GLYCOLYSIS

Glycolysis, also called Embden-Meyerhof pathwayg sequence of reactions used by
virtually all cells to metabolize glucose. It ifves ten steps during which glucose is
broken down to two molecules of pyruvate. In thiscess, a net of two molecules of

ATP are formed. [12]

The role of glycolysis (Glyco=sweet, sugar; lysssplit) is to produce energy.
Glycolysis takes place outside mitochondria, indi®sol. This produces about 15% of
the energy of aerobic respiration. Glycolysis he tasis for energy metabolism in
virtually all the living creatures in a sequencet@i reactions which converts a glucose
molecule into two pyruvate molecules with the prctcan of NADH and ATP. Specific
enzymes control each of the different reactionsis process happens in two phases,
where in the first phase glucose is converted imo Glyceraldehyde-3-Phosphate
molecules (GDP), and the second phase two pyruwatecules. There is a net gain of 2

ATP at the end of glycolysis. Glycolysis itselfedonot require oxygen. [12]

2.2.1THE PATHWAY OF GLYCOLYSIS

The first step in glycolysis is phosphorylatiaf glucose by hexokinase. This
reaction consumes one ATP molecule. Glucose 6gitats is then rearranged to form
fructose 6-phosphate by phosphoglucoisomerase spRbéructokinase (PFK) then uses

another ATP molecule to form fructose 1,6-bisphasph(also called fructose 1,6-

3 Phosphorylation: The addition of a phosphate group to a compound is called phosphorylation [P.172 Chapter7/Harvesting
the Energy in Nutrients].
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diphosphate).

At this point the molecule splitgoin2 molecules by aldolase:

Dihydroxyacetone phosphate (DHP), and Glyceraldet8xqbhosphate (GDP or PGAL).

Isomerase converts dihydroxyacetone phosphate imatedd into glyceraldehyde 3-

phosphate. After this step, everything takes ptatee, once for each GDP derived from

original glucose (see table 1) [12].

Step 1

Step 2

Step 3

Step 4

Step 5

Table 1 - First Phase: Preparatory Steps

Glucose enters the cell and
phosphorylated on the number ¢
carbon.

An isomerase catalyzes tt
rearrangement of  glucose-
phosphate to its isomer, fructos
6-phosphate.

Carbon one of fructose-¢
phosphate is phosphorylated.

Aldolase cleaves the six-carbc
sugar into two isomeric three
carbon sugars.

An isomerase catalyzes tt
reversible conversion between t
two three-carbon sugars.

This ATP coupled reaction:

Is catalyzed by hexokinase. (Kinase is an enzymelved in
phosphate transfer.)

Requires an initial investment of ATP.
Makes glucose more chemically reactive.
Produces glucose-6-phosphate. Since the plasma raeents

relatively impermeable to ions, the addition of elactrically
charged phosphate group traps the sugar in the cell

This reaction:

Required an investment of still another ATP.

Is catalyzed by phosphofructokinase, an allostemzyme that
controls the rate of glycolysis.

This is the reaction for which glycolysis is named.

For each glucose molecule that begins glycolyberet are two
product molecules for this and each succeeding step

This reaction:

Never reaches equilibrium because only one isomer,
glyceraldehyde phosphate, is used in the nextdstglycolysis.

Is thus pulled towards the direction of glyceralghidh
phosphate, which is removed as fast as it forms.
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. Results in the net effect that, for each glucoséecute, two
molecules of glyceraldehyde phosphate progressudghro
glycolysis.

Each of glyeraldehyde 3-phosphate can then bezeddby a molecule of NAD
in the presence of glyceraldehyde 3-phosphate debgdase, to form 1,3-
bisphosphoglycerate. Next, phosphoglycerate kigaserates a molecule of ATP while
forming 3- phosphoglycerate. This is where forhe& molecules of ATP used, 2
molecules of ATP have been synthesiszed. It isoitapt to note that the phosphate
needed to generate 1,3-bisphosphoglycerate, commes fnorganic phosphate JP
dissolved in the cell's cytoplasm, and not from ATRs substrate level phosphorylation
requires ADP, when ADP is missing, and there isitglof ATP, this reaction does not
occur, making this step an important regulatory npoiof the pathway.
Phosphoglyceromutase then forms 2-phosphoglycerd&bosphoenolpyruvate is then
formed in the presence of enolase. Here anothustrste-level phosphorylation produces
a molecule of ATP, and pyruvate in the presencpyafivate kinase. This serves as an

additional regulatory step (see table 2) [12].

Table 2 - Second Phase: Oxidative Steps

Step 6 An enzyme catalyzes tw s  Glyceraldehyde phosphate is oxidized and NA®reduced to
sequential reactions: NADH + H*.

0 This reaction is very exergonic (Delta G = -10.3
kcal/mol) and is coupled to the endergonic
phosphorylation phase.

o For every glucose molecule, 2 NADH are produced.

e Glyceraldehyde phosphate is phosphorylated on oanbhmber
one.

0 The phosphate source is inorganic phosphate, which
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Step 7

Step 8

Step 9

Step 10

is always present in the cytosol.

0 The new phosphate bond is a high energy bond at
least as energetic as the phosphate bonds of ATP.

ATP is produced by substra ¢ In a very exergonic reaction, the phosphate groitip thie high

level phosphorylation.

energy bond is transferred from 1, 3-diphosphoglgczcid to
ADP.

e For each glucose molecule, two ATP molecules aoelymred.
The ATP ledger now stands at zero as the initibit @ two
ATP from steps one and three is repaid.

e In preparation for the next reaction, a phosphataimg on
carbon three is enzymatically transferred to cartiamn

Enzymatic removal of a wate « Creates a double bond between carbons one and fiite o

molecule:

substrate.

¢ Rearranges the substrate's electrons, which trensfdahe
remaining phosphate bond into an unstable highggrisond.

In this last step of glycolysis « In a highly exergonic reaction, a phosphate greutpainsferred
ATP is produced by substra from PEP to ADP.

level phosphorylation.

¢ For each glucose molecule, this step produces th@. A

After the formation of fructose 1,6 bisphosphateangn of the reactions are

energetically unfavorable. The only reactions trat favorable are the 2 substrate-level

phosphorylation steps that result in the formatdéMTP. These two reactions pull the

glycolytic pathway to completion. [12]

Steps

a b w N PP

6 (X2)

Table 3 - Inputs, Outputs, and Enzymes involved in Glycolysis

Inputs

Glucose, ATP

Glucose 6-phosphate
Fructose -phosphate, ATI
Fructose 1,-diphosphatt
Fructose 1,6-diphosphate

Glyceraldehyde 3-phosphate,

Pi, NAD*

Outputs Enzyme
Glucose 6-phosphate, ADP Hexokinase
Fructose 6-phosphate Phosphogluco-isomerase
Fructose 1,-diphosphate, AD Phosph-fructokinase

Dihydroxyacetone phosphate (Db Aldolase

Glyceraldehyde 3-phosphate (GDF Triose phosphate isomerase
(PGAL)

1,3-diphosphoglycerate, NADH,'H Glyceraldehyde-3P-
dehydrogenase
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7 (X2)  1,3-biphosphoglycerate, ADP 3-phosphoglycerate, ATP Phosphoglycerate kinase

(PGK)
8 (X2)  3-phosphoglyceric acid 2-phosphoglyceric acid Phophoglycerate mutase
9 (X2) 2-phosphoglyceric ac Phosphoenolpyruvic acid,,O Enolas:
10 (X2) Phosphoenolpyruvic acid, AL Pyruvic acid, AT} pyruvate kinas

Under standard condition, reactions 1, 3, 7, 10exergonic. Under cellular
conditions, reactions 1, 3, and 10 are exergorttxergonic reactions are the site of

regulation of glycolysis.

2.3 KREBS CYCLE

During glycolysis, glucose is broken down into pyxate. Each reaction is
designed to produce some hydrogen ions (electritrag) can be used to make ATP.
However, only 4 ATP molecules can be made by onkecate of glucose through this

pathway. That is why mitochondria and oxygen arevgportant.

The breakdown process continues through the K@k inside the mitochondria in
order to get enough ATP. Pyruvate is carried itht® mitochondria and there, it is
converted into Acetyl Co-A which enters the Krebgtle. This first reaction produces

carbon dioxide because it involves the removalraf carbon from the pyruvate [11].

Table 4 - Summary of Kreb’s Cycle

Reactants/| Products/

Molecule Enzyme Reaction Type Coenzymes| Coenzymes
1. Citrate Aconitast Dehydratiol H,O
2. CIS-Aconitate  [Aconitast Hydratior H,O
3. Isocitrat: Isocitrate Dehydrogena Oxidatior NAD* NADH+H"
4. Oxalosuccinate| Isocitrate Dehydrogenase Decgtaioon
Oxidative NAD* NADH+H*

5. a-Ketoglutarate |o-Ketoglutarate Dehydrogenas

Becarboxylatio CoA-SH CC,
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6. Succinyl-CoA | Succinyl-CoA Synthetase Hydrolysis SiDP SIE-SH
7. Succinat Succinate Dehydrogen: Oxidatior FAD FADH,

8. Fumarat Fumaras Addition (H,0) |H,O

9. L-Malate Malate Dehydrogena Oxidatior NAD* NADH+H"
10. Oxaloaceta |Citrate Synthas Condensatio

11. Acetyl-CoA

2.3.2REGULATION OF KREBS CYCLE

The Krebs cycle is regulated at the steps catalymeditrate synthase, isocitrate
dehydrogenase and-ketoglutarate dehydrogenase via feedback inhibitoy ATP,
citrate, NADH and succinyl COA, and stimulationisécitrate dehydrogenase by ADP.
Pyruvate dehydrogenase, which converts pyruvatacétyl CoA to enter the cycle, is
inhibited by acetyl CoA and NADH. This enzyme Iltses inactivated by
phosphorylation, catalyzed by pyruvate dehydrogen&mase. A high ratio of
NADH/NAD+, acetyl CoA.CiA or ATP/ADP stimulates piphorylation of pyruvate
dehydrogenase inactivating the enzyme. Pyruvéiibiis the kinase. Dephosphorylation

by a phosphate reactivates pyruvate dehydrogenase.

Overall, the cycle speeds up when there is a lomceotration of ATP and NADH,
and high concentration of ADP, and slows down a® Adnd then NADH, succinyl CoA

and citrate accumulates [11].
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2.3.3ENERGY YIELD

From each turn of Krebs cycle, a total of 12 ATPlenoles are produced: One
directly from the cycle, 9 from three NADH, andr@rh one FADH molecules produced

by the cycle by the oxidative phosphorylation.

2.4 ELECTRON TRANSPORT CHAIN

The final metabolic pathway of cellular respirati@iter glycolysis and the Krebs
cycle, is Electron Transport Chain. Most of ATP lecoiles generated from a single
glucose molecule during cellular respiration commmf oxidative phosphorylation. In

eukaryotes, this process takes place in the ineenltmane of mitochondria.

The synthesis of ATP is a simple matter of stoiofetry*. Most of the ATP is
generated by the proton gradient that developssadiee inner mitochondrial membrane.
Three ATPs are generated from each NADH, while onty ATPs are generated by each
FADH,. There is never 38 ATP produced in real cond#ioft probably never increases

30 ATP [15][18].

2.4 1COMPLEXES I, II, Ill, IV, AND V

The respiratory chain consists of five complexesntégral membrane proteins and

two freely diffused molecules that shuttle elecsrdnom one complex to the next:

4 Stoichiometry: The fixed ratios of reactants to products in a chemical reaction.
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Ubiquinone (Coenzyme Q), and Cytochrome c. Theeedomplexes associated with the

electron transfer chain are shown in the followtalgle:

Table 5 - 5 Complexes of Inner Membrane

Enzyme Name
NADH dehydrogenase (or)

Complex | NADH-CoQ oxidoreductase
Succinate dehydrogenase (or)

Complex Il Succinate-CoQ oxidoreductase
Cytochrome b-c1 complex (or)

Complex il CoQ-Cytochrome c oxidoreductase

Complex IV Cytochrome c oxidase

Complex V ATP synthase (orpiR Particle

Complexes 1, lll, and IV transport protons acrosstoaoihondria membrane.

Coenzyme Q and Cytochrome c are only mobile electarriers transferring electrons

between complexes. All four complexes operatepeddently from each other.

Complex I, (NADH dehydrogenase complex, or NADH-Cafdidoreductase),

catalyzes the transfer of electons from NADH to i&ayme Q (CoQ):
NADH + CoQ + H" — NAD* + CoQH,

In the process of reducing CoQ, it also translecatons, helping to provide the

electrochemical potential used to produce ATP.
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Complex lll, (CoQ-Cytochrome c reductase complextochrome bg¢ complex),
catalyzes the reduction of cytochrome c by accgptiaducing equivalents from

Coenzyme Q (CoQ):
CoQH, + 2Fe*3-cytochrome ¢ — CoQ + 2 Fe*?-cytochrome c

Complex IV, (cytochrome c oxidase), is the termiekgctron acceptor in the chain,
taking four reducing equivalents from cytochromand converting molecular oxygen to
water. In this process, it translocates protoredpihg to establish a Chemiosmotic

Potential that ATP Synthase then uses to synthédiie

Complexes |, lll, and IV are proton pumps. A profmump is an integral membrane
protein that is capable of moving protons acrossntiembrane of a cell, mitochondrion,
or other sub-cellular compartment, thereby creatindjfference or gradient in both pH
and electrical charge (ignoring differences in buffapacity) and tending to establish an

electrochemical potential.

Complex 1l is part of the Krebs cycle and does pmp protons, and Complex V
uses the electrochemical potential generated &te®TP. Complex IV is the terminus
of the electron transfer chain, consuming oxyget mmaking water. Cytochrome is
also an essential part of the electron transfeinchdt is a soluble protein loosely
associated with the inner mitochondrial membrand &mansfers electrons between

Complexes lll and IV [1].
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Figure 2.2 - Oxidative Phosphorylation using 5 Complexes
[Source: http://www.gwu.edy/~mpb/oxidativephos.htm]

2.4.20XIDATIVE PHOSPHORYLATION

Oxidative phosphorylation simply means the procidmsd couples the removal of
hydrogen ions from one molecule and giving phosphaslecules to another molecule

As the Kreb’s cycle runs, hydrogen ions (or elew$joare donated to the two carrier

5 Cytochrome C is a small heme protein found loosely associated with the inner membrane of the mitochondrion. It is a
soluble protein, unlike other cytochromes and is an essential component of the electron transfer chain. It is capable of
undergoing oxidation and reduction, does not bind to oxygen. It transfers electrons between complexes III and IV [8].

6 When you take hydrogen ions or electrons away from a molecule, you “oxidize” that molecule. When you give hydrogen
ions or electrons to a molecule, you “reduce” that molecule. When you give phosphate molecules to a molecule, you
“phosphorylate” that molecule.
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molecules in 4 of the steps. They are picked upither NAD or FAD and these carrier

molecules become NADH and FADH as they now calnydrogen ion.

These electrons are carried chemically to the mlactransport chain in the
mitochondrial cristae. The NADH and FADH esseligkerve as a ferry in the lateral
plane of the membrane diffusing from one complextite next. At each site is a
hydrogen (or proton) pump which transfers hydroffem one side of the membrane to
the other. This creates a gradient across the meenbrane with a higher concentration
of Hydrogen ions in the inter-membrane space. dlhetrons are carried from complex

to complex by ubiquinone and cytochrome C.

The third pump in the series catalyzes the trarsdféine electrons to oxygen to make
water. This chemiosmotic pumping creates an @eb&mical proton gradient across the
membrane which is used to drive the energy produciachine: The ATP synthase. This
molecule is found in small elementary particles firaject from the cristae. This process
requires oxygen which is why it is called aerobietabolism. The ATP synthase uses the
energy of the hydrogen ion gradient (also callemt@r gradient) to form ATP from ADP
and Phosphate. It also produces water from theolygsh and the oxygen. Thus, each

compartment in the mitochondrion is specializeddioe phase of these reactions [1][18].
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Figure 2.3 - Flow of Electrons During Oxidative Phosphorylation
[Source: Source: 2001 M.W.King]

2.5 SUMMARY

Cellular respiration is the process of oxidizingdanolecules, like glucose, to carbon
dioxide and water. The energy released is trappéide form of ATP for use by all the
energy-consuming activities of the cell. Mitochaadare membrane-enclosed organelles
distributed through the cytosol with the main fuoctof converting the potential energy
of food molecules into ATP. Mitochondria have: Aater membrane that encloses the

entire structure, an inner membrane that enclosflsidfilled matrix, and the area
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between the two is called inter-membrane spacee ifher membrane is elaborately

folded named cristae projecting into the matrix.

The whole idea behind having mitochondria is toaggemuch ATP out of glucose or

other food products, as possible. If we have ngger, we get only 4 molecules of ATP

energy packets for each glucose molecule in glgtelprocess.

However, if we have

oxygen, then through the Krebs cycle we can prodogey more ATPs. From the Krebs

cycle we get 24-28 ATP molecules out of one mokeailglucose converted to pyruvate

(plus the 4 molecules out of glycolysis). So, caa see how much more energy we can

obtain from a molecule of glucose in presence abchiondria and oxygen [1][15].

Table 6 - A summary of Steps, Location, Inputs, and Outputs

Phase Location Summary Startm 9 End Products
Materials
Glucose is degraded to pyruvate,
Glycolysis Cytoplasm producing 2 ATP molecules and Glucose, + Pyruvate, ATP,
: . ATP, NAD NADH
hydrogens; can proceed anaerobic
Pyruvate is degraded and combined with Acetyl CoA,
Acetyl . . . Pyruvate, S
coenzvme A Mitochondria | coenzyme A to form acetyl CoA; enzvme A carbon dioxide,
y hydrogens and carbon dioxide are releag egPen?y NADH
L . Series of reactions in which the acetyl Carbon Dioxide,
g'tgﬁeAC'd Mitochondria | portion of acetyl CoA is degraded to C\;:aetgrl CoA, NADH, FADH,,
Y carbon dioxide; hydrogens are released ATP
Chain of several electron transport
e e e s ng e oo
Transport Mitochondria 9y ) . . P FADH,, ATP, Water
. gradient; ATP is synthesized as protons
Chain I . Oxygen
move across the gradient; oxygen is the
final H-acceptor
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Figure 2.4 - Metabolic Pathways from Glycolysis to Electron
Transport Chain [Source: Source: Natural Toxins Research
Center at Texas A&M University - Kingsville]

Table 7 - Total ATPs Generated in the process of the Oxidation of One Molecule of
Glucose [12]

In the Cytoplasm

Glycolysis: 2 ATP 2 ATP

In the Mitochondrion

Glycolysis: 2NADH— 6 ATP | 6 ATP

Respiration: x2

Pyruvic acid— Acetyl CoA: | 1 NADH— 3 ATP 6 ATP

1 ATP
Krebs cycle: 3 NADH — 9 ATP| 24 ATP
1 FADH2 — 2 ATP

Total 38 ATP

7 In some cells, the energy cost of transporting the electrons from the NADH molecules formed in glycolysis across the

inner mitochondrial membrane lowers the net yield from these 2 NADH to 4 ATP, thus the total maximum yield in these
cells is 36 ATP.



CHAPTER 3 — MODELING AND
SIMULATION TOOLS

This chapter begins with a general discussion olukition and biosimulations.
Then it jJumps to the DEVS formalism, atomic modelsupled models, and cell-
DEVS models. Later, CD++ toolkit is introduced lvthe reasons why it is chosen as our

development toolkit for this biomedical application

3.1 SIMULATION

Simulation includes physical, mathematical, and potar models. Although
simulation predates computers, the practice of kitimn has highly increased in
importance with the arrival of digital computerdlowadays, Computer simulations are
being used in business, economics, engineeringcespachnology and medicine.
Computer simulation is a powerful technique withraad range of applications. It is a
tool that can provide solutions to many complextesys. Simulation involves models

that represent the subject under investigation.

Simulation is a powerful tool for analyzing and ergtanding a wide variety of
complex systems. The simulation process begins aviproblem to be solved, such as a
network performance, the spread of a virus throaggroup of cells, or a biological

process. By observing the real system, differenities are identified. A model is an
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abstract representation of such system that istremted accordingly. The execution of
the model is carried by a simulator. The simulatonsists of a computer system that
executes the instructions of that model to gendtatbehaviour. Finally, the obtained

results are compared to those of the real systeraf@ation [37].

3.2 SYSTEMS AND MODELS

A system is a collection of independent objecttedatomponents, with a defined
purpose. A model is a representation of a systemmapmponent of that system. There
are many types of models. To be useful, the maouedt represent the entity being
investigated with regard to characteristic undeesgtigation. Sometimes the behaviour
of the model is of interest. At other times thed®lois analyzed for specific answers

[48].

A system (reality) is usually defined as any ordeset of interrelated physical (or
abstract) objects. Our interest in a specific sysimay be in one or more of these
activities: analysis, design, control, or improvedderstanding or performance. By
modeling we mean the study of the mechanisms irsslestem, and using basic physical
(biologic, economic, and so on) laws and relatigmsha model is inferred. Models are
therefore not reality, and a model, no matter hamglex, is only a representation of
reality and should never be confused with it. Thenputerized model is an operational
computer program that implements a system’s mo8ekcord of predicted behaviour of

the system is obtained from computer run(s). Modgification is defined as the
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“substantiation that a computerized model represtrd system’s model within specified
limits of accuracy’. The level of agreement betwee observed and predicted
behaviour of the physical system is the essenceanfel validation. Validating a model
requires comparing its behaviour (simulation regulvith that of the real system

(measured or observed data).

3.3 BIOSIMULATION

Computer simulation is the discipline of designaghodel of an actual or theoretical
physical system, executing the model on a digibahguter, and analyzing the execution
output. Bio-Simulation aims at developing informattechnology with which we can
easily represent and simulate complex biologicatesys and apply the technology to
medicine and biology. It is the use of mathematiezhniques for simulation of

biological phenomena, including programming teches

Medical simulation is the quantitative descriptiminbiophysical behavior in terms of
mathematical equations. The reasons for performsingulations include the desire to
replicate the function of living organisms, to te§tour understanding, and to investigate

conditions that are difficult or even impossiblecteate experimentally.

The level of complexity in biological systems exdg¢hat of many other engineering
applications. For instance, analysis of experimlergsults from the ionic currents from
cardiac cell membranes suggest that there are geetbas of different types of channels

all carrying potassium in and out of the cell, eagith different kinetic behavior.
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Software to deal with problems of this complexitillvalways lag behind a complete
description of reality, but coming as close as fmssequires specialized algorithms and

code and high performance computers.

Modeling is the geometric counterpart to simulationhat the goal is not to describe
function, but to quantitatively capture anatomy g@hgsical locations of objects in space.
From the locations of points in space, modelingkse® define connections between
these points in order to define areas, surfacevotmmes. Models in biomedical
applications define anatomy of tissues and orgarnise body by means of discrete points
joined to form polygonal elements such as rectangleiangles, hexahedra, and
tetrahedra. There is a natural synergy betweerelmgdand simulations in that many
simulations require a geometric description of tiesue whose function is to be

simulated.

Another category of computer applications is sdilentisualization. Visualization is
an essential component of virtually any problem g@mdvides a means for viewing
geometric models, experimental results, simulatesults, and clinical observations. For
example, visualizing a three-dimensional head matteig with the MRI scans from the
patient and the results from a source localizasionulation requires the integration of
many different types of visualization techniquessualization of the geometrical mesh,
visualization of the MRI data using volume rendgrivisualization of the potentials and

currents from the simulation using surface shadiad) integrated into a single frame.
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Modeling, simulation, and visualization have beererded towards independent,
sequential processing. In contrast, recent dewadops in software development are
aimed at providing more integration and interatyiwvithin the software system,
allowing communication between elements of theesgseind a high degree of user

control over the function of the program.

3.3.10THER RELATED WORK

This unit is an introduction to the concepts andhoés used in modeling and
simulating biological systems. Biological systeans composed of many subsystems and
components, each having its own unique charadteyiahd behaviour while contributing
to the overall form and function of an entire sgsteThese systems are highly complex;
many components interact simultaneously and exhibit-linear behaviour. These
interactions and non-linearities must be taken edoount when attempts are made to
understand or predict their behaviour. Becausethafse complexities, classical
mathematical methods used to study non-living miayser chemical systems have been
inadequate for living systems. Simulation, basedqoantitative models of biological
processes and their interactions, can provide derable insight into the behaviour of

living systems and into ways of managing them tueae specific goals.

It is becoming increasingly difficult to apply tiéidnal theoretical methods to the
formulation of coherent pictures of cell and orgamction because it is no longer
possible for a human theorist to integrate all lnd tvailable information. Instead,

computer technologies must now be used to perfbrsnrtegration.
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Limitations in computer power have been a majottatds for biomedical modeling,
but there are strong arguments that High Performademputing will bring about a

dramatic change in making modeling more accuratenaore useful.

Simulation is a tool that enables a better undedstg of complex physical and
natural systems. In the past few years, sevemailllation models of real biological
systems have been developed such as: E-cell frpanJa&irtual mitochondria in Europe,

Cyber-cell, and virtual-cell.

3.3.1.1 E-CELL PROJECT

E-cell project was started 1996 to model and sateularious cellular processes
with the aim of simulating the whole cell. E-cetit only models metabolic pathways but
also protein synthesis and signal transductionis & virtual cell made of 127 genes
sufficient for self-support. The metabolisms ir#uranscription, translation, membrane
transport, glycolysis pathway, and the phosphollpmsynthesis pathway for membrane
structure. They claim that the major bottleneclcall modeling is lack of quantitave
data, and their system is a useful tool to condueintitative simulation based on those

data obtained by mass-production of those quastitastabolic data [27].

This model combines the Gillespie-Gibson stochasdtorithm and deterministic
differential equations. Dramatic improvements irrf@enance were obtained without
significant accuracy drawbacks [27]. A modular,jegboriented simulation meta-

algorithm based on a discrete-event scheduler archite polynomial interpolation has
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been developed and implemented. It is shown tstnew method can efficiently handle

many components driven by different algorithms diffiérent timescales?B].

3.3.1.2 QUANTITATIVE SIMULATION OF MITOCHONDRIAL ENERGY METABOLISM USING
E-CELL SIMULATION ENVIRONMENT

A kinetic model of mitochondrial energy metabolissing E-cell systefrhas been
designed. This mitochondrial model includes theciEbn Transport Chain and the Krebs
cycle. Kinetic parameters for all the enzymeshie mmodel are estimated. They continue
to refine their model till the overall behaviour ofitochondrial energy metabolism
becomes consistent with experimental data. Ttimias goal is to apply this system for

analyses of human mitochondrial diseases [36].

3.3.1.3 VIRTUAL MITOCHONDRIA: METABOLIC MODELLING AND CONTROL

In this Model, Oxidative Phosphorylation was moeéelin a quantitave way. Several
kinetic and thermodynamic models of this processeHhseen developed, and tested for a
broad range of experimentally-measured prarametleles and system properties. This
model was used to predict new properties of th@éesysand the existence of new
phenomena. They concluded that the basic knowledgthe kinetic parameters of
enzymes or enzymatic complexes will enable us #alipt the metabolic fluxes, their

regulation and their control. Their goal was tplgpto mitochondria, the method

8 A simulation environment developed for whole-cell simulation
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developed for whole cells in the post-genomic area,to construct and to analyse the

metabolic maps from the genes [21].

3.3.1.4 THE SILICON CELL: COMPUTING THE LIVING CELL

Applying a computationally-based methodology to elod) cellular metabolism and
regulation that captures the physical and chenzioaktraints inherently placed on cells,
which limit cellular behavior. In silico approadhcorporates experimental data about
individual components of organisms to derive hightgurate models of cellular systems
centered around metabolism — the chemical engiak dhves the living process and
forms the basis for much of human disease. Farget organism, genomic data is
combined with biochemical and physiological datdatermined through today's high-
throughput technologies, and then assembled imidwal model in silico. Within these
in silico models, the function of genetic circugan be characterized: the coordinated
activity of multiple genes, proteins and metabslit& he in silico model incorporates the

known pattern of these reactions into a related/owt of pathways.

In silico modeling technology can be used to adelygredict the cellular functions,
behavior, fitness and performance characteristicelts under changing environmental,

physiological and genetic conditions [2].
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3.4 THE DEVS FORMALISM

DEVS (Discrete EVent System Specification) is aotkéical approach, which
allows the definition of hierarchical models thaincbe easily reused [49]. One of the
main advantages of DEVS framework is that it searanodeling from simulation. A
real system modeled using DEVS can be describedsa$ of communicating atomic or
coupled submodels. The atomic model is the lowegel and contains structural
dynamics, while the coupled model is composed & onmore atomic and/or coupled

models.

3.4.1ATOMIC DEVS MODEL
An atomic DEVS model is defined by input ports, puit ports, state variable,

state transition functions, output function, amddiadvance function:

M =< X; S) Y16int1 Sext, }\'1 ta>

Where:

X: external input events set;

S: sequential state set;

Y: external output events set;

dint: internal transition function; S—S

dout. €Xternal transition function; X*Q — X

A: output function; S—Y
t. time advance function; ts S>> R, U o]
Q: total state set; Q={(s,e) |s= S, e€ [0, t(s)]}, e: elapsed time
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Each atomic model is provided with input and outparts that allow the model to
communicate with other models. The input eventsssenade up of all possible inputs
that may occur on the input ports, similarly thepoi set consists of all possible outputs
the atomic model may have. The external transitioction is invoked when an event
occurs on an input port; this function determindmtirstate change if any is required as a
result of the event and the current state. TheehmeEmains in its current state for an
amount of time determined by the time advance fanctwhen this time has expired the
output function is invoked, which sends output ésdrom the output set on the output
ports based on the current state. Following thvedation of the output function, the
internal function is immediately invoked, which eehines state change if any is required

as a result of the current state.

3.4.2COUPLED DEVS MODEL

A coupled DEVS model is composed of a set of ataniand coupled submodels

(internal couplings, external input couplings, axternal output couplings):

CM=<X,Y,D,{M},{li}, {Z ij}1 select >

Where:

X: external input event set;
Y: external output event set;

D: an index for the components of the coupled model
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Mi: V i € D, M;is a basic DEVS model (an atomic or coupled modietined

by: Mi =< X, S, Yi, Sinti, Oextis M, tai >

li: the set of influencees of model | (the models daa be influenced by outputs

of model i),

Zi: V j € D, Zjis the i to j translation function;

Select: tie-breaking selector.

Coupled models are defined by a set of basic coemsn which are
interconnected through their model interfaces. Titfeiences set determines which
components should receive the outputs of each coemio The translation function

converts the outputs of one component to the inpiutgsher components [21].

3.5 THE CD++ TOOLKIT

The CD++ toolkit was developed in order to impleinre theoretical concepts
already specified by the DEVS formalism. (Wai@602) is a tool???7???. The toolkit
has been built as a set of independent softwacegjeeach of them independent of the
operating environment chosen. The defined modelsbailt as a class hierarchy, and
each of them is related with a simulation entitgttis activated whenever the model
needs to be executed. New models can be incogubiato this class hierarchy by
writing DEVS models in C++, overloading the basiethods representing DEVS
specifications: external transitions, internal siions and output functions. CD++

employs a virtual time simulation approach, whidbves skipping periods of inactivity.
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The abstract simulation technique enables defiaimjusing different simulation engines

without affecting existing models [26] [30].

3.5.1CD++ ATOMIC AND COUPLED MODEL DEFINITION

Atomic models are created within the CD++ toolkjtdyeating C++ classes that are
derivatives of the class Atomic. Atomic is an abst class that declares a model's API
(Application Program Interface) and defines somwise functions the user can use to
write the model. The atomic class then providegtaof services and requires a set of
functions to be redefined. The following primitsveare used to define the Atomic

model's behaviour:

holdIn(state,time): Instructs the model to remain in state for thecHjgel time,
following which the output and internal transitiomethods will be invoked. It

corresponds to the(s) function of DEVS.

- passivate(): It is equivalent tdholdIn(passive, infinity). It sets the next internal
transition time to infinity. The model will onlyebactivated again if an external

event is received.

- getCurrentState(): It returns the current model’s phase.

- sentOutput(time, port, value): Sends a message out on pgwott at timetime

with valuevalue

- state(): returns the current state of the model.
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The new class must overload thetFunction, externalFunction, internalFunction
andoutputFunction methods within the Atomic class. Each Atomic madstantiates
ports which are unidirectional either input or aitp These ports are used to exchange

event messages between different atomic models.

Initialization method is invoked when the simulatistarts; it performs the method
body as well as setting the model state to passnck setting the time for the next

schedule event to infinity.

- initFunction(): method invoked by the simulator at the beginnirgggimulation.

- externalFunction(ExternalMessage &): method invoked when an external event

arrives to a port. It corresponds to the dext fiomcof the DEVS formalism.

- internalFunction(InternalMessage &): method defining the dint function of the

DEVS formalism.

- outputFunction(const CollectMessage &): in charge of transmitting the output

events of the model. It corresponds to the | fumctf the DEVS formalism.

After creating a new Atomic model class, the classst be registered with the
simulator by invoking theSingleModelAdm::Instance().registerAtomic method from
within the MainSimulator::registerNewAtomics() method. Following registration the
new atomic model should be added to the simulaaefile, and this makefile should be
executed. This will compile the simulator and a#lw atomic models. Following
compilation, the new atomic model may be instaatlavithin a model (MA) file, which

defines a coupled DEVS model. Once an atomic mzddefined, it can be combined
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with others into a multicomponent model using ac#fation language specially defined
for this purpose.
A model (MA) file consists of components, atomic dabinstances and links. A

sample model file is listed below:

Table 8 - A CD++ Sample Model File [Source: Step6 of Glycolysis]

([top]
components : step6@ Step6

out: 13 BPG NADHH

in : GDP NAD P G3PD

Link : GDP GDP @step6

Link : NAD NAD@step6

Link : P P@step6

Link : G3PD G3PD@step6

Link : _13 BPG@step6 _13 BPG
Link : NADH@step6 NADH

Link : H@step6 H

[step6]
preparation : 00:00:05:0

The model file is made up of components that cantastances of Atomic models.
There must always be at least one component irMiA€file; the [top] model always
defines the top level component. In formal speatfons, four properties must be
configured: components, output ports, input pomsl dinks between models. The

following syntax is used:

Components: A component is specified by inserting a line witle component name

surrounded by square brackets. It describes treelmantegrating a coupled model and
lists the components of the coupled model (atomicaupled). For atomic models, an
instance and a class name must be specified, allpavicoupled model to use more than

one instance of a given atomic class. For coupledels, only the model name must be
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given, and it must be defined as another groufppénsame file. The example above has
the two componentsdp] and tep6]. The syntax isnodelName@classNarralowing
more than one instance of the same model withrdiftenames. Atomic model instances
have syntax:Instance_name@atomic_model_nanwehile component instances have
syntax:Instance_name@component_name

Out: The keyword out is followed by a list of outputrfgofor the component.

In: The keyword in is followed by a list of input peifor the component.

Link: It describes the internal and external couplingeste. It specifies links between
ports on any two of the following: ports on atormodel instances, ports on component
instances, ports on the component to which the lhelongs. The syntax of a link is:
source_port@model, dest_port@modd&lhe name of the model is optional and, if it is

not indicated, the coupled model being definedsesdl{23] [24].

3.6 SUMMARY

DEVS is an increasingly accepted framework for wsi@dading and supporting the
activities of modeling and simulation. DEVS is @usd formal framework based on
generic dynamic systems, including well definedpiimg of components, hierarchical,
modular construction, support for discrete evergraximation of continuous systems
and support for repository reuse. DEVS theory ples a rigorous methodology for
representing models, and it does present an abstagoof thinking about the world with

independence of the simulation mechanisms, unaerlyardware and midware [25].
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DEVS allows modular description of models that che integrated using a
hierarchical approach. DEVS has been successfisky in previous efforts in model

interoperability providing ease for reuse of sintiola models.

Another advantage of using DEVS is that differemisiting techniques such as
cellular automata, Petri Nets, State Charts, andu@ng models have been mapped to
DEVS. This permits sharing information at the lewe¢ the model, and different
submodels can be specified using different tecleggwhile keeping independence at the
level of the simulation engine. Existing DEVS wdlave shown their ability to execute
such wide variety of models with high performange standalone or distributed

environments [25].

-51-



CHAPTER 4 - A SIMULATION
MODEL OF GLYCOLYSIS

Glycolysis, also called Embden-Meyerhof pathwayg sequence of reactions used
by virtually all cells to metabolize glucose. tvblves ten steps during which
glucose is broken down to two molecules of pyruvata this process, a net of two

molecules of ATP are formed [1].

This pathway has been discussed in detail in chapte but an over overview of the

pathway will be given before getting into a simidatmodel of glycolysis.

4.1 INTRODUCTION

The role of glycolysis (Glyco=sweet, sugar; lyss=split) is to produce energy.
Glycolysis takes place outside mitochondria, indi®sol. This produces about 15% of
the energy produced by aerobic respiration. Gygislis the basis for energy metabolism
in virtually all the living creatures in a sequeradgen reactions which converts a glucose
molecule into two pyruvate molecules with the prctcan of NADH and ATP. Specific
enzymes control each of the different reactionsis process happens in two phases,
where in the first phase glucose is converted imo Glyceraldehyde-3-Phosphate
molecules (GDP), and the second phase two pyruwatecules. There is a net gain of 2

ATP at the end of glycolysis. Glycolysis itselfedonot require oxygen [1].
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4.2 THE PATHWAY

As mentioned in chapter two, the first step in glysis is phosphorylaticrof
glucose by hexokinase. This reaction consumes B #blecule. Glucose 6-phosphate
is then rearranged to form fructose 6-phosphate p#osphoglucoisomerase.
Phosphofructokinase (PFK) then uses another ATPeecnt# to form fructose 1,6-
bisphosphate (also called fructose 1,6-diphosphaejhis point the molecule splits into
2 molecules by aldolase: Dihydroxyacetone phospfatéP), and Glyceraldehyde 3-
phosphate (GDP or PGAL). Isomerase converts dihxydrcetone phosphate
immediately into glyceraldehyde 3-phosphate. Aftdas step, everything takes place

twice, once for each GDP derived from original gise [1].

Each of glyeraldehyde 3-phosphate can then bezeddby a molecule of NAD
in the presence of glyceraldehyde 3-phosphate debgdase, to form 1,3-
bisphosphoglycerate. Next, phosphoglycerate kigaserates a molecule of ATP while
forming 3- phosphoglycerate. This is where forhe& molecules of ATP used, 2
molecules of ATP have been synthesiszed. It isoitapt to note that the phosphate
needed to generate 1,3-bisphosphoglycerate, commes forganic phosphate JP
dissolved in the cell's cytoplasm, and not from ATRs substrate level phosphorylation
requires ADP, when ADP is missing, and there isitglef ATP, this reaction does not

occur, making this step an important regulatory npoiof the pathway.

° Phosphorylation: The addition of a phosphate group to a compound is called phosphorylation [P.172 Chapter7/Harvesting
the Energy in Nutrients].
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Phosphoglyceromutase then forms 2-phosphoglycerd&bosphoenolpyruvate is then
formed in the presence of enolase. Here anothustrste-level phosphorylation produces
a molecule of ATP, and pyruvate in the presencpyafivate kinase. This serves as an

additional regulatory step.[1]

After the formation of fructose 1,6 bisphosphateangn of the reactions are
energetically unfavorable. The only reactions tirat favorable are the 2 substrate-level
phosphorylation steps that result in the formatd®ATP. These two reactions pull the

glycolytic pathway to completion. [1]

Table 9 - Inputs, Outputs, and Enzymes involved in Glycolysis

Steps Inputs Outputs Enzyme
1 Glucose, ATP Glucose 6-phosphate, ADP Hexokinase
2 Glucose 6-phosphate Fructose 6-phosphate Phosphogluco-isomerase
3 Fructose 6-phosphate, ATP Fructose 1,6-diphosphate, ADP Phospho-fructokinase
4 Fructose 1,-diphosphatt Dihydroxyacetone phosphate (Dt Aldolase
5 Fructose 1,6-diphosphate Glyceraldehyde 3-phosphate (GDF Triose phosphate isomerase
(PGAL)
6 (X2)  Glyceraldehyde 3-phosphate, 1,3-diphosphoglycerate, NADH,"H Glyceraldehyde-3P-
Pi, NAD* dehydrogenase
7 (X2)  1,3-biphosphoglycerate, ADP 3-phosphoglycerate, ATP Phosphoglycerate kinase (PGK)
8 (X2)  3-phosphoglyceric acid 2-phosphoglyceric acid Phophoglycerate mutase
9 (X2)  2-phosphoglyceric ac Phosphoenolpyruvic acid,,O Enolas
10 (X2) Phosphoenolpyruvic acid, AL  Pyruvic acid, ATl pyruvate kinas

Under standard condition, reactions 1, 3, 7, 10exergonic. Under cellular
conditions, reactions 1, 3, and 10 are exergorfitxergonic reactions are the site of

regulation of glycolysis.
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Glucose ATP
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Glucose-6-phosphate

Step2l

Fructose-6-phosphate ATP

Step3l

Fructose-1,6-bisphosphate

Step4
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Dihydroxyacetone phosphate 3, G'YCGTag%hgdeégztOSphate
) Step4to5 (GDP) (PGAL) NAD*

Step6
NADH

1,3-Diphosphoglycerate
(DPGA)

ADP

ADP

ADP

Step?l
ATP

3-Phosphoglycerate
(3-PGA)

StepSl

2-Phosphoglycerate
(2-PGA)

Stele

Phosphoenolpyruvate
(PEP)

Step10l

Pyruvate

ADP

ATP

Figure 4.1 — Glycolysis Reactions

X2
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4.3 ATOMIC MODELS

The glycolysis pathway was completely implementsthgt CD++. The source
code for the step one of glycolysis is includedeaction 4.3.1 along with pseucode, while

the the source code for the steps two to ten aserdented in appendix A.

4.3.1STEP 1

Glucose is phosphorylated by ATP to form glucosgh6sphate and ADP. This

reaction is catalyzed by the enzyme hexokinase.

H —‘|:=0 H —(T','.=
H —q: -0OH H —? -0OH
HO —q: -H HO —? -H
H-C-OH > H-C-OH
H "|3 -0OH H —tT'! -0OH
H-C-0H H-C-0-
I ] ®
H ATP ADF H
Glucose Glucose 6-phosphate

Figure 4.2 - Step1 of Glycolysis [Source: Dept Biochemistry &
Molecular Biology, The University of Leeds, U.K.,
http://www.jonmaber.demon.co.uk/glysteps/step01b.htm]
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Glucose ——
Hexokinase ——————) STEP1
ATP —————

t———> Glucose 6-phosphate
——> ADP
——SH

Figure 4.3 - Atomic Model for Step1 of Glycolysis

Glycolysis modeled using DEVS can be described asmaposition of atomic and

coupled components. The atomic model is defined by

Stepl =< S, X, Ydint, Jexs ta, 4 >

Where

S ={atpc, glucosec, ifhex, counter, phase, sigma}

X = {glucose, ATPi, hexokinase}

Y = {glucose_6_phosphate, ADP, H}
Sint = Internal function

Sexi= External function

ta = Sigma

A = Output function

Table 10 - External Function for Step1 of Glycolysis (Oext)

Bex( 'S, € %) {
if (x=glucose)

glucosec=glucosec+x;

if (atpc>0 and ifhex=true)
holdin(active);

else
holdin(passive);

}

elseif (x=ATPi)
{
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atpc=atpc+x;

if (glucosec>0 and ifhex=true)
holdin(active);

else
holdin(passive);

}

elseif (x=hexokinase)

{

ifhex=true;

if (glucosec>0 and atpc>0)
holdin(active);

else
holdin(passive);

}
}
Table 11 - Internal Function for Step1 of Glycolysis (Oint)
dint (s, €){

counter=0;
if (s=passive)

passivate;
}
else
{
if (atpc>1 and glucosec>1 and ifhex=1)
{
if (atpc>glucosec)

{
atpc=atpc-glucosec;
counter=glucosec;
glucosec=0;

}

elseif (atpc<glucosec)

{
glucosec=glucosec-atpc;
counter=atpc;
atpc=0;

elseif (atpc==glucosec)

counter=atpc;
atpc=0;
glucosec=0;

}

holdin(passive);
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else

{
}

passivate;

Table 12 - Output Function for Step1 of Glycolysis (A)
A(s){

if (counter is not zero)
send outputs through the ports: glucose_6_phosgkiaP, H;

Table 13 - Source Code for Step1 of Glycolysis: Stepl.h

/*******************************************************************

* DESCRIPTION: Atomic Model Step1l of Glycolysis
* AUTHOR: Roxana Djafarzadeh

* EMAIL: mailto://rdjafar@site.uottawa.ca
* DATE of Creation: 21/10/2003

* Modified: 12/11/2003

*******************************************************************/

#ifndef _ STEP1_H
#define __STEP1_H

#include <list>
#include "atomic.h" // class Atomic

class Step1l : public Atomic
{
public:
Step1( const string &name = "Stepl" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:

// inputs
const Port &glucose;
const Port &ATPi;
const Port &hexokinase;

// outputs
Port &glucose_6_phosphate;
Port &ADP;
Port &H;

Time preparationTime;
double atpc;
double glucosec;
bool ifhex;
double counter;

59 _



¥; // class Stepl

// ** inline ** //

inline
string Step1l::className() const
{
return "Stepl" ;
b

#endif // STEP1 H

Table 14 - Source Code for Step1 of Glycolysis: Stepl.cpp

/***************************************************************

* DESCRIPTION:  Atomic Model Stepl of Glycolysis
* AUTHOR: Roxana Djafarzadeh

* EMAIL: mailto://rdjafar@site.uottawa.ca
* DATE of Creation: 21/10/2003

* Modified: 24/11/2003

* Modified: 08/12/2003

*****************************************************************/

/** include files **/

#include "stepl.h" // class stepl

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

/****************************************************************

* Function Name: Stepl

* Description: Stepl of Glycolysis
*****************************************************************/
Stepl::Stepl( const string &name )

: Atomic( name )

, glucose( addInputPort( "glucose" ) )

, ATPi( addInputPort( "ATPI" ) )

, hexokinase( addInputPort( "hexokinase" ) )

, glucose_6_phosphate( addOutputPort( "glucose_6_phosphate" ) )
, ADP( addOutputPort( "ADP" ) )

, H( addOutputPort( "H" ) )

, preparationTime( 0, 0, 10, 0 )

string time( MainSimulator::Instance().getParameter( description(),
"preparation" ) ) ;

if( time I="")
preparationTime = time ;

b

/*****************************************************************

* Function Name: initFunction

* Description:

* Precondition:
*****************************************************************/

Model &Step1::initFunction()

{
atpc = 0;
glucosec = 0;
ifhex = false;
counter = 0;
return *this ;
h:
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/*****************************************************************

* Function Name: externalFunction

* Description:
*****************************************************************/

Model &Step1l::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == glucose )
¢ glucosec = glucosec + msg.value() ;
if ( (atpc > 0 ) && (ifhex == true ) )
holdIn( active, Time::Zero );

else
holdIn(passive, Time::Zero );

else if( msg.port() == ATPi )
{
atpc = atpc + msg.value() ;

if ( (glucosec > 0 ) && (ifhex == true ) )
holdIn( active, Time::Zero );

else
holdIn(passive, Time::Zero );
¥
else if ( msg.port() == hexokinase )
ifhex = true ;
if ( (glucosec > 0 ) && (atpc > 0) )
holdIn( active, Time::Zero );
else
holdIn(passive, Time::Zero );
¥

return *this;

b

/*****************************************************************

* Function Name: internalFunction

* Description:
*****************************************************************/

Model &Step1l::internalFunction( const InternalMessage & )

{
counter = 0;
if ( state() == passive )
passivate();

else

if ( (atpc >= 1) && (glucosec >= 1) && (ifhex == true ) )
{
if (atpc > glucosec)
atpc = atpc - glucosec;

counter = glucosec;
glucosec = 0;
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else if (atpc < glucosec)

{
glucosec = glucosec - atpc;
counter = atpc;
atpc = 0;
¥
else if (atpc == glucosec)
{
counter = atpc;
atpc = 0;
glucosec = 0;
}
holdIn(passive, Time::Zero );
}
else
{
passivate();
¥

return *this ;

b

/*****************************************************************

* Function Name: outputFunction
* Description:
*****************************************************************/

Model &Step1l::outputFunction( const InternalMessage &msg )

{
if (counter!=0)
{
sendOutput( msg.time(), ADP, counter );
sendOutput( msg.time(), glucose_6_phosphate, counter );
sendOutput( msg.time(), H, counter );
¥
return *this ;
h:
4.3.2STEP 2

Glucose 6-phosphate is converted to fructose 6gitaie by phosphoglucoisomerase.
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I-II H
|
[Ho—CH_-O~ HC-OH

>, 5
shosphoglucoge lgomerage
H I phoeglu H g OH
P 3
OH H
glucose- fructose-
&-phosphate &-phosphate

Figure 4.4 - Step2 of Glycolysis [Source: SparkNotes LLC, Part
of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/]

Glucose 6-phosphate ———————»
Phosphoglucoisomerase ———»

STEP2 {———> Fructose 6-phosphate

Figure 4.5 - Atomic Model for Step2 of Glycolysis

Step2 =< S, X, Ydint, Jexs ta, 4 >
Where
S ={g6pc, ifpgisomerase, counter, phase, sigma}
X ={glucose_6_phosphate, phosphoglucoisomerase }
Y = {fructose_6_phosphate}
dint = Internal function
dext= External function

ta = Sigma



A = Output function

Table 15 - External Function for Step2 of Glycolysis (®ext)

6e><t( S, €, X) {
if( x = glucose_6_phosphate )
{
g6pc = gbpc + X ;
if (ifpgisomerase == true )
holdIn( active );
else
holdIn(passive );
}
else if ( x = phosphoglucoisomerase )
{
ifpgisomerase = true ;
if (g6pc >0)
holdIn( active );
else
holdIn( passive );
}
}

Table 16 - Internal Function for Step2 of Glycolysis (Oint)

6inl ( S, € ) {
counter=0;
if (s = passive )
{
passivate;
}
else
{
if (g6pc>=1 and ifpgisomerase=true )
counter = g6pc;
gépc = 0;
holdIn( passive );
}
else
{
passivate;
}
}
}

Table 17 - Output Function for Step2 of Glycolysis (A)

LA (s){
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if (counter is not zero)
send outputs through the ports: fructose_6_phdsepha

4.3.3STEP 3

Fructose 6-phosphate is phosphorylated by ATP uotdse 1,6-bisphosphate and

ADP, using enzyme phosphofructokinase (PFK).

i ¥ i ¥
E0—CH_-O~_HC-OH BEo—cu o~ _HC-0H

5 FFIE
R4 2TP
1 o/ by B
X E
OH H
fructose-
6 -phosphate

5

fructose-

1, 6-bisphosphate

Figure 4.6 — Step3 of Glycolysis [Source: SparkNotes LLC, Part
of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/]

Fructose 6-phosphate —————»
t———>Fructose 1,6 bisphosphate
ATP —m— —— STEP3
——>ADP
PFK ——8 >

Figure 4.7 - Atomic Model for Step3 of Glycolysis

Step3 =< Sy X) Yéint, 59Xt1 tayi >
Where

S = {f6épc, atpc, ifpfk, counter, phase, sigma}
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X = {fructose_6_phosphate, ATP, PFK}
Y = {fructose_16_bisphosphate, ADP}
dint = Internal function

dext= External function

ta = Sigma

A = Output function

Table 18 - External Function for Step3 of Glycolysis (®ext)

dext( S, €, X) {
if (x = fructose_6_phosphate )
{
fépc = fépc + x ;
if (atpc > 0 and ifpfk = true )
holdIn( active );
else
holdIn( passive );
}
else if( x = ATPi )
{
atpc = atpc + X ;
if (fépc > 0 and ifpfk = true )
holdIn( active );
else
holdIn( passive );
}
else if (x = PFK)
ifpfk = true ;
if (fépc > 0 and atpc > 0)
holdIn( active );
else
holdIn( passive );
}
}

Table 19 - Internal Function for Step3 of Glycolysis (Oint)

dint (s, €){
counter=0;
if (s = passive )




passivate;
}
else
{
if (atpc >= 1 and fépc >= 1 and ifpfk = true )
{
if (atpc > fépc)
{
atpc = atpc - fépc;
counter = fépc;
fépc = 0;
}
else if (atpc < fépc)
{
fépc = fépc - atpc;
counter = atpc;
atpc = 0;
}
else if (atpc = f6pc)
{
counter = atpc;
atpc = 0;
fépc = 0;
}
holdIn( passive );
}
else
{
passivate;
}
}

Table 20 - Output Function for Step3 of Glycolysis (A)

A(s){

if (counter is not zero)
send outputs through the ports: fructose_16 bsptate, ADP;

4.3.4STEP 4

Aldolase splits fructose 1,6-bisphosphate into dibyyacetone phosphate (DHP) and

glyceraldehydes 3-phosphate (GDP). This has bleewn in two steps (steps 4 and 5).
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fructose-
1, &-bisphosphate

Aldolase

Dihydroxyacetons Glyceraldehyde-
phosphate [(DHAFR) 3-phosphate (GAP)

H H

|

He O ¢z
=0 + HC—OH
HO—CH HC_O

H

| iy

Triosphosphate
isomerase (TIM)

Figure 4.8 - Step 4 and 5 of Glycolysis [Source: SparkNotes
LLC, Part of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/]

Fructose 1,6 Bisphosphate ———————>
Aldolase ——————>

STEP4 > DHP

Figure 4.9 - Atomic Model for Step4 of Glycolysis

Stepd =< S, X, Ydint, dexs ta, 4 >

Where
S = {f16pc, ifaldolase, counter, phase, sigma}
X = {fructose_16_bisphosphate, aldolase}

Y = {DHP}

_ 68 -



dint = Internal function
dext= External function
ta = Sigma

A = Output function

Table 21 - External Function for Step4 of Glycolysis (Oext)

6exl( S, €, X ) {
if( x = fructose_16_bisphosphate )
{
fl6pc =fl6pc + x ;
if (ifaldolase == true )
holdIn(active);
else
holdIn(passive);

}

else if (x = aldolase )

ifaldolase = true ;
if (f16pc >0)
holdIn(active);
else
holdIn(passive);

Table 22 - Internal Function for Step4 of Glycolysis (Oint)

dint (s, €){
counter=0;
if (s = passive )

{
}

else

passivate;

if (f16pc >= 1 and ifaldolase=true )

{
counter = f16pc;
fl6pc = 0;
holdIn( passive );
}
else
{
passivate;
}




B |

Table 23 - Output Function for Step4 of Glycolysis (A)
A(s)|

if (counter is not zero)
send output through the port: DHP;

4.3.5STEP 5

Glyceraldehydes 3-phosphate (GDP) is the other ymtodof fructose 1,6-

bisphosphate.

Fructose 1,6 Bisphosphate —————>
Aldolase ——————>

STEPS > GDP

Figure 4.10 - Atomic Model for Step5 of Glycolysis

Step5 =< S, X, Ydint, dexs ta, 4>
Where
S = {f16pc, ifaldolase, counter, phase, sigma}
X = {fructose_6_phosphate, aldolase}
Y = {GDP}
dint = Internal function
dext= External function
ta = Sigma
A = Output function

Table 24 - External Function for Step5 of Glycolysis (®ext)

Sexl( S, e! X) {
if (x = fructose_16_bisphosphate )
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fl6pc =fl6pc + x ;
if (ifaldolase == true )
holdIn( active );
else
holdIn( passive );

}

else if (x = aldolase )

ifaldolase = true ;
if (fL6pc >0)

holdIn( active );
else

holdIn( passive );

Table 25 - Internal Function for Step5 of Glycolysis (Oint)

dint (s, €){
counter=0;
if (s = passive )
{
passivate;
}
else
if (f1l6pc>=1 and ifaldolase=true )
{
counter = f16pc;
fl6pc = 0;
holdIn( passive );
}
else
{
passivate;
}
}
}

Table 26 - Output Function for Step5 of Glycolysis (A)
A(s){

if (counter is not zero)
send output through the port: GDP;
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4.3.6STEP4TO 5

Dihydroxyacetone phosphate (DHP) is converted tcaghldehydes 3-phosphate

(GDP) by triose phosphate isomerase (isomerase).

DHP———>
Isomerase ———————>

STEP4to5

——> GDP

Figure 4.11 - Atomic Model for Step4to5 of Glycolysis

Step3 =< S, X, Yéint, 5ext, ta,j. >

Where

S = {dhpc, ifisomerase, counter, phase, sigma}

X = {DHP, isomerase}
Y = {GDP}

dint = Internal function
dext= External function
ta = Sigma

A = Output function

Table 27 - External Function for Step4to5 of Glycolysis (®ext)

Sext( S, e! X) {
if( x = DHP )
{

holdIn(
else

}

else if ( x = isomerase )

{

dhpc = dhpc + x ;
if (ifisomerase = true )

active );

holdIn( passive );
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Table 28 - Internal Function for Step4to5 of Glycolysis (Oint)

4.3.7STEP 6

Glyceraldehydes 3-phosphate (GDP) is converted,3edipbhosphoglycerate.

ifisomerase = true ;
if (dhpc>0)
holdIn(active);
else
holdIn(passive);

6int ( S, € ) {
counter=0;
if (s = passive )
{
passivate;
}
else
if (dhpc>=1 and ifisomerase=true )
{
counter = dhpc;
dhpc = 0;
holdIn( passive );
}
else
{ .
passivate;
}
}
}

Table 29 - Output Function for Step4to5 of Glycolysis (A)
A(s){

if (counter is not zero)
send the output through the output port: GDP;

This

reaction is catalyzed by glyceraldehydes 3-phogptahydrogenase (G3PD), and uses P

and NAD'.
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Glyceraldehyde-

j-phosphate (GAP) 1,3-bisphoglycerate
H ol
¢=0 o
HC—OH + NAD + [§ HC—OH
H&—DE GAPDH Hé—DE

Figure 4.12 - Step6 of Glycolysis [Source: SparkNotes LLC, Part
of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/]

GDP— >
——> 1,3-Diphosphoglycerate
NAD — >
STEP6 ——— > NADH
p —
% H
G3PD —m8M8

Figure 4.13 - Atomic Model for Step6 of Glycolysis

Step6 =< S, X, Ydint, dexs ta,4 >
Where
S ={gdpc, nadc, pic, ifg3pd, counter, phase, sigma
X = {GDP, NAD, Pi, G3PD}
Y ={ 13_BPG, NADH, H}
dint = Internal function
dext= External function
ta = Sigma

A = Output function
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Table 30 - External Function for Step6 of Glycolysis (®ext)

6e><t( S, €, X) {
if(x = GDP)
{
gdpc = gdpc + x ;
if (nadc>0 and pc>0 and ifg3pd=true )
holdIn( active );
else
holdIn(passive);
}
else if( x = NAD )
{
nadc = nadc + X ;
if (gdpc>0 and pc>0 and ifg3pd=true )
holdIn( active );
else
holdIn( passive );
}
elseif(x=P)
{
pc=pc+X;
if ((gdpc > 0 and nadc > 0 and ifg3pd = true )
holdIn( active );
else
holdIn( passive );
}
else if (x =G3PD)
{
ifg3pd = true ;
if (gdpc > 0 and nadc >0 and pc >0)
holdIn( active );
else
holdIn( passive );
}
}

Table 31 - Internal Function for Step6 of Glycolysis (Oint)

dint (s, €){
counter=0;
if (s = passive )

{
}

else

passivate;

if (gdpc>=1 and nadc>=1 and pc>=1 and ifg3pd=)tru




if ( gdpc>=nadc and nadc>=pc )

gdpc = gdpc - pc;
nadc = nadc - pc;
counter = pc;
pc=0;

}

else if ( gdpc>=pc and pc>=nadc)

gdpc = gdpc - nadc;
pc = pc - nadc;
counter = nadc;
nadc = 0;

}

else if ( nadc>=gdpc and gdpc>=pc )
{

gdpc = gdpc - pc;

nadc = nadc - pc;

counter = pc;

pc=0;
}

else if ( nadc>=pc and pc>=gdpc )

{

nadc = nadc - gdpc;

pc = pc - gdpc;
counter = gdpc;
gdpc = 0;

}

else if ( pc>=gdpc and gdpc>=nadc )
{

gdpc = gdpc - nadc;

pc = pc - nadc;

counter = nadc;

nadc = 0;

}

else if ( pc>=nadc and nadc>=gdpc )

{

nadc = nadc - gdpc;

pc = pc - gdpc;
counter = gdpc;
gdpc = 0;

}
else if ( gdpc=nadc and gdpc=pc )

counter = gdpc;
gdpc =0
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nadc = 0;

pc =0;
holdIn( passive );
}
else
{
passivate;
}

Table 32 - Output Function for Step6 of Glycolysis (A)
A(s){

if (counter is not zero)
send outputs through the output ports: 13 BPG)NAH;

4.3.8STEP 7

Phosphoryl group from 1,3-diphosphoglycerate issfarred to ADP, generating ATP

and 3-phosphoglycerate. This reaction is catalygephosphoglycerate kinase (PGK).

1,3-bisphoglycerate 3 phosphoglycerate
o] D o
¢=D ¢=0
HC—OH |, app PG_;.K HC—OH  + ATP
HC—0 Mg HC—O

Figure 4.14 - Step7 of Glycolysis [Source: SparkNotes LLC, Part
of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/]
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1,3-Diphosphoglycerate —————>

ADP ———— STEP7

PGK ————>

+——> 3 Phosphoglycerate
———— > ATP

Figure 4.15 - Atomic Model for Step7 of Glycolysis

Step7 =< Sy X) Yéint, 56Xt1 tayi >

Where

S ={ 13bpgc, adpc, ifpgk, counter, phase, sigma}

X ={ 13 BPG, ADP, PGK}

Y ={_3_phosphoglycerate, ATPo}
dint = Internal function

dext= External function

ta = Sigma

A = Output function

Table 33 - External Function for Step7 of Glycolysis (®ext)

6exl( S, e! X) {
if(x=_13 BPG)
{
_13bpgc = _13bpgc + x ;
if (adpc > 0 and ifpgk = true )
holdIn( active );
else
holdIn( passive );
}
else if( x = ADP )
{
adpc = adpc + x ;
if (_13bpgc > 0 and ifpgk = true )
holdIn( active );
else
holdIn( passive );
}
else if (x=PGK
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ifpgk = true ;

if (_13bpgc >0 and adpc >0)
holdIn( active );

else
holdIn( passive );

Table 34 - Internal Function for Step7 of Glycolysis (Oint)

dint (S, €){
counter=0;
if (s = passive )

passivate;
}
else
if (_13bpgc>=1 and adpc>= 1 and ifpgk=true )
{
if (_13bpgc > adpc)
{
_13bpgc = _13bpgc - adpc;
counter = adpc;
adpc = 0;
}
else if (_13bpgc < adpc)
{
adpc = adpc - _13bpgc;
counter = _13bpgc;
_13bpgc = 0;
}
else if (_13bpgc = adpc)
{
counter = adpc;
adpc = 0;
_13bpgc =0;
}
holdIn( passive );
}
else
{
passivate;
}
}
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Table 35 - Output Function for Step7 of Glycolysis (A)
A(s)A

if (counter is not zero)
send outputs through the output ports: _3 phodpbexate, ATPO;

4.3.9STEP 8

3-phosphoglycerate is converted to 2-phosphoglyedrg phosphoglycerate mutase

(PGM).

3 phosphoglycerate 2 phosphoglycerate
o o
i 40
HC—OH _ HC—OE]

rheophoglycerate
H&?—DE I phogly HC—-OH

mitage

Figure 4.16 — Step8 of Glycolysis [Source: SparkNotes LLC, Part
of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/]

3 Phosphoglycerate—————>

STEPS t———> 2 Phosphoglycerate
PGM%

Figure 4.17 - Atomic Model for Step8 of Glycolysis

Step8=<'S, X, Ydint, Oexs ta, A >

Where
S ={ 3pgc, ifpgm, counter, phase, sigma}
X ={_3_phosphoglycerate, PGM}

Y = {_2_phosphoglycerate}
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dint = Internal function
dext= External function
ta = Sigma

A = Output function

Table 36 - External Function for Step8 of Glycolysis (Oext)

6exl( S, 6 X ) {
if( x = _3_phosphoglycerate )
{
_3pgc = _3pgc + X ;
if (ifpgm == true)
holdIn( active );
else
holdIn( passive );
}
else if (x=PGM)
{
ifpgm = true ;
if (3pgc>0)
holdIn( active );
else
holdIn( passive );
}
}

Table 37 - Internal Function for Step8 of Glycolysis (,)

dint (s, €){
counter=0;
if (s = passive )
{
passivate;
}
else
{

if (_3pgc >= 1 and ifpgm=true )
counter = _3pgc;

_3pgc = 0;
holdIn( passive );

passivate;




B |

Table 38 - Output Function for Step8 of Glycolysis (A)
A(s){

if (counter is not zero)
send outputs through the output ports: _2_phodpbete;

4.3.10STEP 9

Enolase catalyzes the dehydration of 2-phosphogliedo form phosphoenolpyruvic

(PEP). Water is released in this process.

2-Phosphoglvycerate Fhosphosnolpyruvate

o -
o

¢=0
- Enclase ¢:D
oH > ¢-oB + o
HG-OH E—I(l_j lwater)
H !

Figure 4.18 — Step9 of Glycolysis [Source: SparkNotes LLC, Part
of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/]

2 Phosphoglycerate—————> — Phosphoenolpyruvic
STEP9

Enolase —————— ——> H,0

Figure 4.19 - Atomic Model for Step9 of Glycolysis

Stepg =< S1 Xl Yéinh 5ext, talj‘ >
Where

S ={ 2pgc, ifenolase, counter, phase, sigma}
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X ={ 2 phosphoglycerate, enolase}
Y = {phosphoenolpyruvic, H20}

dint = Internal function

dext= External function

ta = Sigma

A = Output function

Table 39 - External Function for Step9 of Glycolysis (®ext)

dext( S, €, X) {
if( x = _2_phosphoglycerate )
{
_2pgc = _2pgc + X ;
if (ifenolase = true)
holdIn( active );
else
holdIn( passive );
}
else if (x = enolase )
{
ifenolase = true ;
if (_2pgc>0)
holdIn( active );
else
holdIn( passive );
}
}

Table 40 - Internal Function for Step9 of Glycolysis (Oint)

6int ( S, € ) {
counter=0;
if (s = passive )

passivate;
}
else
{
if (_2pgc >= 1 and ifenolase = true )
{
counter = _2pgc;
_2pgc =0;
holdIn( passive );
}
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else

passivate;

Table 41 - Output Function for Step9 of Glycolysis (A)
A(s){

if (counter is not zero)
send outputs through the output poptisosphoenolpyruvic, H20;

4.3.11STEP 10

In this step, pyruvate kinase catalyzes the transfethe phosphoryl group from

phosphoenolpyruvic (PEP) to ADP to form ATP andupwte.

FPhosphosnolpyruvate Pyruvate

O O
é=D ¢:|:|

|
::E—DE # BDP + H — = HC=D + ATP
E.I-;l_j pyruvate kinasge E-IéE-I

B

Figure 4.20 - Step10 of Glycolysis [Source: SparkNotes LLC,
Part of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/]
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Phosphoenolpyruvic ———————»
ADP ——48 —— STEP10
Pyruvate Kinase ———————>

——> Pyruvate
————>ATP

Figure 4.21 - Atomic Model for Step10 of Glycolysis
Stepl0 =< S, X, Wint, Jexs ta, 1 >
Where

S = {pepc, adpc, ifpk, counter, phase, sigma}
X = {phosphoenolpyruvic, ADP, pyruvate_kinase}
Y = {pyruvate, ATP}
dint = Internal function
dext= External function
ta = Sigma
A = Output function

Table 42 - External Function for Step10 of Glycolysis (Oext)

6exl( S, e! X) {
if( x = phosphoenolpyruvic )

pepc = pepc + X ;
if (adpc > 0 and ifpk = true )
holdIn( active );

else
holdIn( passive );
}
else if( x = ADP)
{
adpc = adpc + x ;
if ( pepc > 0 and ifpk = true )
holdIn( active );
else
holdIn( passive );
}

else if (x= pyruvate kinase
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ifpk = true ;
if (pepc >0 and adpc >0)
holdIn( active );
else
holdIn( passive );

Table 43 - Internal Function for Step10 of Glycolysis (Oint)

dint (S, €){
counter=0;
if (s = passive )

passivate;
}
else
{
if ( pepc >=1 and adpc >= 1 and ifpk = true )
{
if (pepc > adpc)
{
pepc = pepc - adpc;
counter = adpc;
adpc = 0;
}
else if (pepc < adpc)
adpc = adpc - pepc;
counter = pepc;
pepc = 0;
}
else if (pepc = adpc)
counter = pepc;
pepc = 0;
adpc = 0;
}
holdIn( passive );
}
else
{
passivate;
}
}
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Table 44 - Output Function for Step10 of Glycolysis (A)
A(s)A

if (counter is not zero)
send outputs through the output ports: pyruvaieR @

4.4 COUPLED MODEL

All the steps explained in the previous sectionensrplemented in CD++, as showed

in section 4.3.1 and the appendix. To do thisf tine behaviour of each component was

carefully specified with an analysis of inputs amatputs for each step as showed in

sections 4.3.1 to 4.3.10.

Each step was defined &EVS model following the

specification. Afterwards, each model was impleteeénn CD++, and tested separately.

Once every model was thoroughly tested, the maidainawas built as a coupled model

connecting all the submodels previously definedhisTmodel follows the design

presented in Figure 4.23, and its detailed definitan be found in table 45.

Table 45 - Glycolysis.MA

[top]

Link

Link
Link

Link

components : stepl@Stepl step2@Step2 step3@ StpdEsbtepd step4to5@ Step4to5
step5@Step5 step6@Step6 step7@Step7 step8@ Step@@StEp9 stepl0@Stepl0

out : H ADP NADH H20 pyruvate ATPo
in : glucose ATPi hexokinase phosphoglucoisomelPdd¢ isomerase aldolase G3PD NAD H
PGK PGM enolase pyruvate_kinase

: glucose glucose@stepl
Link :
Link :

ATPi ATPi@stepl
hexokinase hexokinase@stepl

: phosphoglucoisomerase phosphoglucoisomerass@
: ATPi ATPi@step3

Link :
Link :

PFK PFK@step3
aldolase aldolase@step4

: isomerase isomerase@step4to5
Link :
Link :
Link :
Link :

aldolase aldolase@step5
NAD NAD@step6

P P@step6

G3PD G3PD@stey
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Link

Link

Link
Link

Link

Link
Link

: ADP ADP @step7
Link :
Link :

PGK PGK@step7
PGM PGM@step8

: enolase enolase @step9
Link :
Link :
Link :
Link :
Link :
Link :

pyruvate_kinase pyruvate_kinase@step10
glucose_6_phosphate@stepl glucose_6_phas@isiep2
fructose_6_phosphate@step?2 fructose_6_plaisfistep3
fructose_16_bisphosphate@step3 fructose_isphbsphate @step4
fructose_16_bisphosphate@step3 fructose_isphbsphate @step5
DHP @step4 DHP @step4to5

: GDP@step4to5 GDP @step6
: GDP@step5 GDP@step6

Link :
Link :
Link :
Link :
Link :
Link :

_13 BPG@step6 _13 BPG@step7
_3_phosphoglycerate@step7 _3_phosphoglye@atep8
_2_phosphoglycerate@step8 _2_phosphoglye@atep9
phosphoenolpyruvic@step9 phosphoenolpyrustz@10
ADP@stepl ADP@stepl0

H@stepl H

: ADP@step3 ADP@step7
Link :
Link :

NADH@step6 NADH
H@step6 H

: ATPo@step7 ATPo
: H20@step9 H20

Link :
Link :

pyruvate@stepl10 pyruvate
ATPo@stepl0 ATPo

[stepl]

preparation : 00:00:00:000
[step2]

preparation : 00:00:05:000
[step3]

preparation : 00:00:15:000
[step4]

preparation : 00:00:05:000
[step4to5]

preparation : 00:00:05:000
[step5]

preparation : 00:00:05:000
[step6]

preparation : 00:00:05:000
[step7]

preparation : 00:00:05:000
[step8]

preparation : 00:00:05:000
[step9]

preparation : 00:00:05:000
[step10]

preparation : 00:00:05:0
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: -~/ Thesis,/Glycolysis =] E3

Aglycolysis
—CD++: A Tool to Implement n—Dimensional Cell-DEUS

ersion 2.8-R.45 December—19797

Daniel Rodrigue=, Gabriel Wainer. Amir Barylko, Jorge Bevoglonian
Departamento de Computacion. Facultad de Ciencias Exactas vy Maturales.
niversidad de Buenoz Aires. Argentina.

Loading models from glycolysis._ma
Loading events from glycolysis.ev
eszage log: gluycolusis.loyg
Output to: glucolysis.out
olerance set to: le—@A8
onfiguration to show real numbers:
Guantum: Mot used
Evaluate Debug Mode = OFF
Flat Cell Debuy Mode = OFF
Debug Cell Rules Mode = OFF
emporary File created by Preprocessor =
rinting parser information = OFF

Width = 12 — Preciszdion = 5§
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2 . 8aeaa
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T T

t@i:12 8868 p 7 2 _BBoBa
mulation ended!?

[

Figure 4.22 - Snapshot of Simulation Run for Glycolysis

Figure 4.22 shows a snapshot of cygishell where glycolysis simulation is being
run from the command line. Running the simulatmnGlycolysis model will generate a

log file that will look like the following table, lnere one can follow the details of

10 Cygwin is an open source collection of tools that allows Unix or Linux applications to be compiled and run on a Windows
operating system from within a Linux-like interface. The name Cygwin was created from a combination of Cygnus and
Windows. [Source: searchEnterpriseLinux.com]
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simulation where the inputs and outputs happenly @riragment of glycolysis.log has

been shown in table 44 (refer to Appendix A foulidescription of Glycolysis.log).

Table 46 - A Fragment of Glycolysis.log file

Mensaje */ 00:00:50:000 / top(01) para step2(03)

Mensaje D / 00:00:50:000 / step2(03) / ... pardGdbp

Mensaje D / 00:00:50:000 / top(01) / 00:00:00:0@eapR00t(00)

Mensaje */ 00:00:50:000 / Root(00) para top(01)

Mensaje */ 00:00:50:000 / top(01) para step10(12)

Mensaje D / 00:00:50:000 / step10(12) / ... papdGb)

Mensaje D / 00:00:50:000 / top(01) / ... para Re@)(

Mensaje X / 00:00:51:000 / Root(00) / phosphoglscoierase /  1.00000 para top(01)
Mensaje X / 00:00:51:000 / top(01) / phosphogluamisrase /  1.00000 para step2(03)
Mensaje D / 00:00:51:000 / step2(03) / 00:00:00:08€x top(01)

Mensaje D / 00:00:51:000 / top(01) / 00:00:00:0&@apR00t(00)

Mensaje */ 00:00:51:000 / Root(00) para top(01)

Mensaje */ 00:00:51:000 / top(01) para step2(03)

Mensaje D / 00:00:51:000 / step2(03) / 00:00:00:08€x top(01)

Mensaje D / 00:00:51:000 / top(01) / 00:00:00:0@eapR00t(00)

Mensaje */ 00:00:51:000 / Root(00) para top(01)

Mensaje */ 00:00:51:000 / top(01) para step2(03)

Mensaje Y / 00:00:51:000 / step2(03) / fructose bgphate /  2.00000 para top(01)
Mensaje D / 00:00:51:000 / step2(03) / ... pargGbp

Mensaje X / 00:00:51:000 / top(01) / fructose_6 g@imte /  2.00000 para step3(04)
Mensaje D / 00:00:51:000 / step3(04) / 00:00:00:08€x top(01)

Mensaje D / 00:00:51:000 / top(01) / 00:00:00:0&@apR00t(00)

Mensaje */ 00:00:51:000 / Root(00) para top(01)

The output file from Glycolysis model can be chetlke verify the validity of the
model. In this case, since glycolysis is a wetiyen biological model, one can easily
compare the results of the simulation with the expental results to verify the correct
amount of outputs at the correct times.

Table 47 - Glycolysis.out: The Output File

00:00:50:000 h 2
00:01:12:000 nadh 2
00:01:12:000 h 2
00:01:12:000 atp2
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00:01:12:000 h2o 2
00:01:12:000 atpo 2
00:01:12:000 pyruvate 2

The coupled model consists of the following atormodels: stepl, step2, step3,
step4, step4tob, step5, step6, step7, step8, saepOsteplO. Since the steps 6 to 10
happen two times, a separate coupled model carefiged for atomics models: step6,
step7, step8, step9, and stepl0 to further simpigymodel. In this case our model will
have two coupled models consisting of steps 6 taf@ atomic models for stepsl, 2, 3,
4, 4105, and 5. In this paper, only the simulafimnthe first model has been shown. See

figure 3.3 for a drawing of the glycolysis model.
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The CD++ Modeler graphical user interface was usegkpresent the DEVS model

for glycolysis that shows the execution resultthef model (see Figure 4.23).

& CD++ Modeler
File Edit Execute Animate Help

-15]x]

I 0| || B |neme [etema (| @]

E]

=] Coupled biodsl =
S roris |
1 Modets
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- Slept
@ Stepdtos
® Step?
® Steplo
 Steps
® Steps
..
L4
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Step2 -
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...... ® n GOP
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...... & hp
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& OutH
B Links
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(DHP) -= (DHP)
(fructose_16_bisphosphate) =
(GDP) > (GDP)
(GDP) = (GDP)
(13 BPG) -= (_13_BPG)
(_3_phosphoglycerate) - {_3_
(_2_phosphoglycerate) -= {_2_
(phosphoenalyruvic) -» (phosy
(ADP) > (ADP)
(ADP) = (40P
(glucose) - (glucose)
(hexckinass) -» (hexokinase)
(ATR) -= (ATPY)
(phosphogluctisomersse) -= (p

(PP = (PFK) <
e — | LI-J

[ R R R R R R R R R R E R R

glucose

bexokipase

pyruyate

ﬁIdUIQT

somewlase

Step2@stena ptepamstepa eLd@Stepd Mepdto5@Stepdtos
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Figure 4.24 — Glycolysis.GCM
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Figure 4.25 - Coupled Animation of Glycolysis

4.5 SUMMARY

The CD++ tool, based on the formalism allows théniteon of complex biological
models using a high-level specification languagm this way, the construction of

simulations can be improved greatly.

The sum of all reactions in the glycolysis can besarized as follow:
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Glucose + 2ATP + 4ADP + 2P; + 2NAD™ —

2Pyruvic Acid + 2ADP + 4ATP + 2NADH + 2H" + 2H,0 (4-1)

Therefore, one molecule of glucose, results in twolecules of ATP and two

molecules of NADH as energy.

Table 48 - Products of Glycolysis

Products of Glycolysis
2 Pyruvate (Pyruvic Acic
2 H,0
2 ATP
2 NADH

As a well known pathway, this model can be usedadsasis to prove the
practicality of this approach, and eventually, mooeipled models can be added to this

model to build a more complex biological system.
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CHAPTER 5-A SIMULATION
MODEL OF KREBS' CYCLE

he Krebs cycle, also called the Tri-Carboxylic ACIICA) cycle and the Citric
TAcid Cycle (CAC), oxidises pyruvate formed durirgetglycolytic pathway into
CO, and HO. This cycle is as series of chemical reactions otre¢ importance in all
living cells that utilize oxygen. The citric acoycle takes place within the mitochondria
in eukaryotes, and within the cytoplasm in prokéego Acetyl-CoA produced during
glycolysis, is the main input to Krebs cycle. &i& is both the first and the last product

of the cylce, which is regenerated by both oxaltateeand acetyl-CoA.

For each trun of the cycle, 12 ATP molecules acelpced, one directly from the
cycle and 11 from the reoxidation of the three NARHd one FADH molecules
produced by the cycle by oxidative phosphorylatidrich will be described in the next

chapter.

5.1 THE CYCLE

The Krebs cycle (see figure 5.1), as described ataidin chapter 2, has a

preparatory stage plus a total of eight stageg: [11

1. The production of citrate from oxaloacetate andyh¢2oA catalyzed

by citrate synthase
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Isomerization of citrate to isocitrate catalyzedaspntinase

Oxidation of isocitrate too-ketoglutarate catalyzed by isocitrate

dehydrogenase (the reaction requires NAD

Oxidation of a-ketoglutarate to succinyl CoA catalyzed by the

ketoglutarate dehydrogenase complex (the reactignires NAD)

Conversion of succinyl CoA to succinate catalyzgdsbccinyl CoA

synthetase (the reaction requiresuR®d GDP)

0. Oxidation of succinate

dehydrogenase (the reaction requires FAD)

to fumarate catalyzed by ceute

7. Hydration of fumarate to malate catalyzed by fureara

8. Oxidation of

malate

dehydrogenase (the reaction requires NAD

Table 49 - Summary of Kreb’s Cycle

to oxaloacetate catalazied byalate

Molecule Enzyme Reaction Type LEEERE) | | ReeEs
Coenzymes | Coenzymes
. Citrate Aconitase Dehydration H,O
2. CIS-Aconitate |Aconitase Hydration H,O
. Isocitrate Isocitrate Oxidation NAD* NADH-+H*
Dehydrogenase
. Isocitrate :
. Oxalosuccinate Dehydrogenase Decarboxylation
) a-Ketoglutarate |Oxidative NAD* NADH+H*
- a-Ketoglutarate Dehydrogenase |Decarboxylation |CoA-SH CO,
. Succinyl-CoA . GDP GTP
. Succinyl-CoA Synthetase Hydrolysis P CoA-SH
. Succinate succinate Oxidation FAD FADH,
Dehydrogenase
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8. Fumarate Fumarase Addition (H,0) H>O
9. L-Malate Malate Oxidation NAD* NADH-+H*
Dehydrogenase
10. Oxaloacetate |Citrate Synthase |Condensation
11. Acetyl-CoA
Pyruvate
NAD*
StepA NADH
co,
Acetyl_CoA
StepB1
Oxaloacetate Citrate
NADH
StepB8
Malate Isocitrate
NAD*
StepB7
StepB3 NADH
FADH, Fumarate co,
StepB6 o-Ketoglutarate
FAD .
Succinate NAD*
GTP StepB5 StepB4
Sy~———Succincyl_CoA NADH

GDP

*

Figure 5.1 - Kreb’s Cycle Reactions
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5.2 ATOMIC MODELS

The Kreb’s cycle was completely implemented usimi+€. The source code for
the step A of Krebs cycle is included in sectioB.5.along with pseucode, while the

source code for the steps B1 to B8 are documentagdpendix B.

5.2.1STEP A: THE BRIDGING STEP

A major source of energy is glucose which is cotegeby glycolysis into pyruvate.
Pyruvate enters mitochondria, linking glycolysis tdreb’s cycle. Pyruvate
dehydrogenase — a complex composed of three enzgmdive coenzymes — then
oxidizes the pyruvate using NAD+ to forma acetylACand CQ. The formation of

Acetyl-CoA from Pyruvic Acid is as follow:

2Pyruvate + 2NAD" + 2CoA — Acetyl-CoA + 2NADH + (5.1)
2CO,
Pyruvate is degraded and combined with coenzynefaArtm acetyl coenzyme A. As
we can see, NADH and G@re released in the process. Since this reaictimives both

and oxidation and a loss of GGt is also called ‘oxidative decarboxylation’.
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Coh Coz
WaDt  MaDH

coon A\ 4 9
=0 CHz-C-Coa
CHz

Figure 5.2 - StepA of Kreb’s Cycle [Source: Dept Biochemistry &
Molecular Biology, The University of Leeds, U.K.,
http://www.jonmaber.demon.co.uk/glysteps/step01b.htm]

Pyruvate ——————— ———> Acetyl CoA
Pyruvate dehydrogenase —————) —>cCo,
STEPA
NAD* —— 8 > ——> NADH
HSCoA ——m8 8 > —> H

Figure 5.3 - Atomic Model for StepA of Kreb’s Cycle

Krebs cycle modeled using DEVS can be describeda @smposition of atomic and

coupled components. The atomic model is defined by

StepA =< S, X, Ydint, Oexs ta, 4 >
Where
S = {pyruvatec, ifpyruvateDehydrogenase, hscoadcncounter, phase, sigma}
X = {pyruvate, pyruvateDehydrogenase, HSCoAi, NAD}
Y = {acetyl CoA, NADH, H, CO2}
dint = Internal function
dext= External function
ta = Sigma

A = output function
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Table 50 - External Function for StepA of Kreb’s Cycle (Oext)

68)(1( S, 6 X ) {

if (X = pyruvate )
{
Pyruvatec = pyruvatec + X ;
if (hscoaic>0 and nadc>0 and ifpyruvateDehydrogemrasue)
holdin(active);
else
holdin(passive);
}

dise if (x = HSCoAI )

{
hscoaic = hscoaic + x;
if (pyruvatec>0 and nadc>0 and ifpyruvatef@rbgenase = true)
holdIn(active);
else
holdIn(passive);
}
else if (x = NAD )
{
nadc = nadc + msg.value();
if (pyruvatec>0 and hscoaic>0 and ifpyruvasbidrogenase= true
holdIn(active);
else
holdIn(passive);
}

else if ( x = pyruvateDehydrogenase )

ifpyruvateDehydrogenase = true;

if (pyruvatec> 0 and hscoaic>0 and nadc>0 )
holdIn(active);

else
holdIn(passive);

Table 51 - Internal Function for StepA of Kreb’s Cycle (Oint)

6inl(S!e){

counter=0;
if (s=passive)

passivate;

}

else
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if (pyruvatec >= 1 and hscoaic>=1 and nadcard ifpyruvateDehydrogenase = tru

{

if (pyruvatec>=hscoaic arstdaic>=nadc )

pyruvatec=pyruvatec-nadc;
hscoaic=hscoaic-nadc;
counter=nadc;

nadc=0;

else if ( (pyruvatec>=nadd) (nadc>=hscoaic) )
{
pyruvatec=pyruvatec-hscoaic;
nadc=nadc-hscoaic;
counter=nadc;
hscoaic=0;

}

else if ( (hscoaic>=nadc) &8adc>=pyruvatec) )
{
nadc=nadc-pyruvatec;
hscoaic=hscoaic-pyruvatec;
counter=pyruvatec;
pyruvatec=0;

}

else if ( (hscoaic>=pyru\gt&& (pyruvatec>=nadc) )
{
pyruvatec=pyruvatec-nadc;
hscoaic=hscoaic-nadc;
counter=nadc;
nadc=0;

}

else if ( (nadc>=pyruvatéd) (pyruvatec>=hscoaic) )
{
pyruvatec=pyruvatec-hscoaic;
nadc=nadc-hscoaic;
counter=hscoaic;
hscoaic=0;

}

else if ( (hadc>=hscoaic) &8scoaic>=pyruvatec) )
{
hscoaic=hscoaic-pyruvatec;
nadc=nadc-pyruvatec;
counter=pyruvatec;
pyruvatec=0;

}

else if ( (pyruvatec==hs@a&& (hscoaic==nadc) )
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counter=pyruvatec;
pyruvatec=0;

nadc=0;
hscoaic=0;
}
holdin(passive);
}
else
{
passivate;
}

Table 52 - Output Function for StepA of Kreb’s Cycle (A)

A(s){
if (counter is not zero)
send outputs through the ports; //Acetyl CoA, NAZO2, H

Table 53 - Source Code for StepA of Krebs Cycle: StepA.h

/****************************************************************

* DESCRIPTION: Atomic Model StepA of Krebs Cycle
* AUTHOR: Roxana Djafarzadeh

* EMAIL: mailto://rdjafar@site.uottawa.ca

* DATE of Creation: 30/12/2003

* Modified: 28/07/2004

****************************************************************/

#ifndef __STEPA_H
#define __STEPA_H

#include <list>
#include "atomic.h" // class Atomic

class StepA : public Atomic

{
public:
StepA( const string &name = "StepA" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
// inputs
const Port &pyruvate;
const Port &pyruvateDehydrogenase;
const Port &HSCoAI;
const Port &NAD;
// outputs
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Port &acetyl_CoA;
Port &NADH;

Port &C0O2;

Port &H;

Time preparationTime;

double pyruvatec;
double ifpyruvateDehydrogenase;
double hscoaic;
double nadc;
double counter;

¥; // class StepA
// ** inline ** //
inline
string StepA::className() const
{
return "StepA" ;
+

#endif //_STEPA_H

Table 54 - Source Code for StepA of Krebs Cycle: StepA.cpp

/*******************************************************************

* DESCRIPTION:  Atomic Model StepA of Krebs Cycle
* AUTHOR: Roxana Djafarzadeh

* EMAIL: mailto://rdjafar@site.uottawa.ca

* DATE of Creation: 01/01/2004

* Modified: 17/01/2004

* Modified: 05/04/2004

*******************************************************************/

/** include files **/

#include "stepA.h" // class stepA

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

/*******************************************************************

* Function Name: StepA

* Description:
********************************************************************/
StepA::StepA( const string &name )

: Atomic( name )

, pyruvate( addInputPort( "pyruvate" ) )

, pyruvateDehydrogenase( addInputPort( "pyruvateDehydrogenase" ) )
, HSCoAi( addInputPort( "HSCoAi" ) )

, NAD( addInputPort( "NAD" ) )

, acetyl_CoA( addOutputPort( "acetyl_CoA" ) )

, NADH( addOutputPort( "NADH" ) )

, CO2( addOutputPort( "C0O2" ) )

, H( addOutputPort( "H" ) )

, preparationTime( 0, 0, 10, 0 )

{

string time( MainSimulator::Instance().getParameter( description(),
"preparation” ) ) ;

if( time 1="")
preparationTime = time ;
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/*******************************************************************

* Function Name: initFunction
* Description:
* Precondition:
********************************************************************/
Model &StepA::initFunction()
{
pyruvatec = 0;
ifpyruvateDehydrogenase = false;
hscoaic = 0;
nadc = 0;
counter = 0;

return *this ;

b

/*******************************************************************

* Function Name: externalFunction

* Description:
********************************************************************/

Model &StepA::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == pyruvate )
{
pyruvatec = pyruvatec + msg.value();
if ( (hscoaic > 0) && (nadc > 0) && (ifpyruvateDehydrogenase == true)
)
holdIn(active, Time::Zero);
else
holdIn(passive, Time::Zero);
¥
else if( msg.port() == HSCoAi )
{
hscoaic = hscoaic + msg.value();
if ( (pyruvatec > 0) && (nadc > 0) && (ifpyruvateDehydrogenase ==
true) )
holdIn(active, Time::Zero);
else
holdIn(passive, Time::Zero);
¥
else if( msg.port() == NAD )
{
nadc = nadc + msg.value();
if ( (pyruvatec > 0) && (hscoaic > 0) && (ifpyruvateDehydrogenase ==
true) )

holdIn(active, Time::Zero);
else
holdIn(passive, Time::Zero);

else if( msg.port() == pyruvateDehydrogenase )
ifpyruvateDehydrogenase = true;

if ( (pyruvatec > 0) && (hscoaic > 0) && (nadc > 0) )
holdIn(active, Time::Zero);
else
holdIn(passive, Time::Zero);
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return *this;

b

/*******************************************************************

* Function Name: internalFunction

* Description:
********************************************************************/

Model &StepA::internalFunction( const InternalMessage & )

{
counter = 0;
if ( state() == passive )
{
¥

else

passivate();

if ( (pyruvatec >= 1) && (hscoaic >= 1) && (nadc >= 1) &&
(ifpyruvateDehydrogenase == true) )

if ( (pyruvatec>=hscoaic) && (hscoaic>=nadc) )

pyruvatec=pyruvatec-nadc;
hscoaic=hscoaic-nadc;
counter=nadc;

nadc=0;

else if ( (pyruvatec>=nadc) && (nadc>=hscoaic) )

pyruvatec=pyruvatec-hscoaic;
nadc=nadc-hscoaic;
counter=nadc;

hscoaic=0;
¥
else if ( (hscoaic>=nadc) && (nadc>=pyruvatec) )
{
nadc=nadc-pyruvatec;
hscoaic=hscoaic-pyruvatec;
counter=pyruvatec;
pyruvatec=0;
¥
else if ( (hscoaic>=pyruvatec) && (pyruvatec>=nadc) )
{
pyruvatec=pyruvatec-nadc;
hscoaic=hscoaic-nadc;
counter=nadc;
nadc=0;
¥
else if ( (nadc>=pyruvatec) && (pyruvatec>=hscoaic) )
{

pyruvatec=pyruvatec-hscoaic;
nadc=nadc-hscoaic;
counter=hscoaic;
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hscoaic=0;

¥
else if ( (nadc>=hscoaic) && (hscoaic>=pyruvatec) )
{
hscoaic=hscoaic-pyruvatec;
nadc=nadc-pyruvatec;
counter=pyruvatec;
pyruvatec=0;
¥

else if ( (pyruvatec==hscoaic) && (hscoaic==nadc) )

counter=pyruvatec;
pyruvatec=0;

nadc=0;
hscoaic=0;
b
holdIn(passive, Time::Zero);
b
else
{
passivate();
b

return *this ;

b

/*******************************************************************

* Function Name: outputFunction
* Description:

Model &StepA::outputFunction( const InternalMessage &msg )

********************************************************************/

{
if (counter !=0)
sendOutput( msg.time(), acetyl_CoA, counter );
sendOutput( msg.time(), NADH, counter );
sendOutput( msg.time(), CO2, counter );
sendOutput( msg.time(), H, counter );
¥
return *this ;
h;
5.2.2STEP B1

The unstable bond of acetyl CoA breaks and thedawbeon acetyl group bonds to the

four-carbon oxaloacetic acid to form six-carbomiciacid (citrate).
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y  H0
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| C=0 HO— C—CO0
=0 + | I
| CH, CH2z
S— CoA I = HS-CoA |  _
cCoo coo
Acetyl CoA Oxaloacetate Citrate

Figure 5.4 - StepB1 of Kreb’s Cycle [Source: Dept Biochemistry
& Molecular Biology, The University of Leeds, U.K.,
http://www.jonmaber.demon.co.uk/glysteps/step01b.htm]

Acetyl_CoA —— 5

———> Citrate
Citrate Synthase ——————>
STEPB1 —————— HSCoA
H0 ———
—H
Oxaloacetate —————————)

Figure 5.5 - Atomic Model for StepB1 of Kreb’s Cycle

StepBl =< S, X, Yint, dexs ta, 4 >
Where
S = {acetyl _CoAc, oxaloacetatec, ifcitrateSynthde2mc, counter, phase, sigma}
X = {acetyl_CoA, oxaloacetate, H20O, citrateSynthi}ase
Y = {citrate, HSCoAo, H}
dint = Internal function

dext= EXternal function
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ta = Sigma
A = output function

Table 55 - External Function for StepB1 of Krebs Cycle (Oext)

Bext(S, € %) {
if (x=acetyl _CoA)
{
acetyl CoAc=acetyl CoAc+x;
if (oxaloacetatec>0 and h2oc>0 anifrédteSynthase=true)
holdin(active);
else
holdin(passive);
}
elseif (x=oxaloacetate)
{
Oxaloacetatec=oxaloacetatec+x;
if (acetyl_CoAc>0 and h2oc>0 and ifcitrateSynthageue)
holdin(active);
else
holdin(passive);
}
elseif (x = H20)
{
h2oc = h2oc + x;
if (acetyl_CoAc>0 and oxaloacetatec>0 and ifcitBgtethase = true)
holdIn(active);
else
holdIn(passive);
}
elseif ( x = citrateSynthase )
{

ifcitrateSynthase = true ;

if (acetyl_CoAc>0 and oxaloacetatec>0 and h20¢>0
holdIn(active);

else

}

holdIn(passive);
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Table 56 - Internal Function for StepB1 of Krebs Cycle (Oint)

Sint ( S, e ) {
counter=0;
if (s=passive)

}

else

{

passivate;

if (acetyl_CoAc>=1 and oxaloacetatetamd h2oc>=1 and ifcitrateSynthase =try

{

if (acetyl_CoAc>=oxaloacetated axxaloacetatec>= h20oc)

{

acetyl CoAc = acetyl_CoAc - h2oc;
oxaloacetatec = oxaloacetatec - h2oc;
counter = h2oc;
h2oc = 0;

}

else if ( (acetyl_CoAc >= h2oc) && (h2oc >= oxaletatec) )

{
acetyl_CoAc = acetyl_CoAc - oxaloacetatec;
h2oc = h2oc - oxaloacetatec;
counter = oxaloacetatec;
oxaloacetatec = 0;

}

else if ( (oxaloacetatec >= acetyl CoAc) && (acetybAc >= h20c) )
{

oxaloacetatec = oxaloacetatec - h2oc;

acetyl CoAc = acetyl_CoAc - h2oc;

counter = h2oc;

h2oc = 0;
}
else if ( (oxaloacetatec >= h2oc) && (h2oc >= ateBoAc) )
{
oxaloacetatec = oxaloacetatec - acetyl CoAc;
h2oc = h2oc - acetyl_CoAc;
counter = acetyl_CoAc;
acetyl CoAc =0;
}

else if ( (h2oc >= acetyl _CoAc) && (acetyl CoAc ®xaloacetatec) )
{

h2oc = h2oc - oxaloacetatec;

acetyl_CoAc = acetyl_CoAc - oxaloacetatec;

counter = oxaloacetatec;

oxaloacetatec = 0;

}

else if ( (h2oc >= oxaloacetatec) && (oxaloacetatecacetyl CoAc) )

e)
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h2oc = h2oc - acetyl_CoAc;
oxaloacetatec = oxaloacetatec - acetyl CoAc;
counter = acetyl CoAc;
acetyl CoAc = 0;
}

else if ( (acetyl_CoAc == oxaloacetatec) && (acetybAc == h20c) )

counter = acetyl CoAc;
acetyl CoAc =0;
oxaloacetatec = 0;
h2oc = 0;

holdin(passive);

else
{
passivate;
}
}
}
Table 57 - Output Function for StepB1 of Krebs Cycle (A)
A(s){
if (counter is not zero)
send outputs through the ports; // Citrate, HSGdAo
}
5.2.3STEP B2

Citrate is converted to isocitrate by isomerizatetalyzed by aconitase.

actually a two-step reaction with cis-aconitasammtermediate.

This is
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Figure 5.6 — StepB2 of Kreb’s Cycle [Source: SparkNotes LLC,
Part of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/]

Citrate —————————>
Aconitase —

STEPB2 f————> Isocitrate

Figure 5.7 - Atomic Model for StepB2 of Kreb’s Cycle

StepB2 =< S, X, Yint, dexs ta, 4 >
Where
S = {citratec, ifacontinase, counter, phase, sigma}
X = {citrate, acontinase}
Y = {isocitrate}
dint = Internal function
dext= External function
ta = Sigma

A = output function
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Table 58 - External Function for StepB2 of Krebs Cycle (®ext)

Sext( S, e! X) {

if ( x = citrate )
{
Citratec = citratec + X;
if (ifacontinase = true )
holdin(active);
else
holdin(passive);

}

else if ( x = acontinase )
{
ifacontinase = true ;
if (citratec > 0)
holdIin( active );
else
holdin(passive );

Table 59 - Internal Function for StepB2 of Krebs Cycle (Oint)

dnt (S, €){
counter=0;
if (s=passive)

{
}

else

{

passivate;

if ( citratec >= 1 and ifacontinaséree )

{

counter = citratec;
citratec = 0;

holdIn( passive );

}

else

{

passivate;
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Table 60 - Output Function for StepB2 of Krebs Cycle (A)

A(s)H

if (counter is not zero)

send outputs through the ports; // Isocitrate

5.2.4STEP B3

Isocitrate is oxidized ta-ketuglutarate and CQby isocitrate dehydrogenase. This

enzyme requires NADwhich is reduced to NADH.

(1)

(a3 a-
‘Jflzc' t=0
1oy HE—C—07
-’3{%1 + NAD ——> yi—pn  + NADH
C=0 E':D
,5— _
isocitrate intermediate
(2)
(o} o
t=0 g:::n
HCH HCH 6,
H'JI‘\_—D - H(JILH
= I

intermediate

Figure 5.8 — StepB3 of Kreb’s Cycle [Source: SparkNotes LLC,

alpha-ketaglutarate

Part of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/ ]

Isocitrate ——— ——3
Isocitrate Dehydrogenase ———
NAD —m8M8M8M8 ™ —

f———> a—ketoglutarate

STEPB3 f—————> NADH

——>co,

Figure 5.9 - Atomic Model for StepB3 of Kreb’s Cycle
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Where

StepB3 =< S, X, Wint, dexs ta, 4 >

S = {isocitratec, ifisocitrateDehydrogenase, nadeinter, phase, sigma}

X = {isocitrate, isocitrateDehydrogenase, NAD}
Y = {alpha_ketuglutarate, NADH, CO2}

dint = Internal function

dext= External function

ta = Sigma

A = output function

Table 61 - External Function for StepB3 of Krebs Cycle (Oext)

Bext(S, €, %) {
if ( x = isocitrate )
{
isocitratec = isocitratec + X ;
if ( nadc>0 and ifisocitrateDehydrogenase=true )
holdIn( active );
else
holdIn( passive );
}
else if (x =NAD)
{
nadc = nadc + x ;
if (isocitratec>0 and ifisocitrateDehydrogenasee )
holdIn( active );
else
holdIn( passive );
}
else if ( x = isocitrateDehydrogenase )
{
ifisocitrateDehydrogenase = true ;
if (isocitratec > 0 and nadc >0)
holdIn( active );
else
holdIn( passive );
}
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Table 62 - Internal Function for StepB3 of Krebs Cycle (dint)

6int ( S, e ) {
counter = 0;
if (s = passive )

passivate;
}
else
{
if(isocitratec>=1 and nadc>=1 and ifismtieDehydrogenase= true
{
if (isocitratec > nadc)
{
isocitratec = isocitratec - nadc;
counter = nadc;
nadc = 0;
}
else if (isocitratec < nadc)
{
nadc = nadc - isocitratec;
counter = isocitratec;
isocitratec = 0;
}
else if (isocitratec == nadc)
{
counter = isocitratec;
isocitratec = 0;
nadc = 0;
}
holdIn( passive );
}
else
{
passivate;
}
}

Table 63 - Output Function for StepB3 of Krebs Cycle (A)

A(s){
if (counter is not zero)
send outputs through the ports; // alpha_ketugdtea NADH, CO2
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5.2.5STEP B4

a-ketuglutarate is oxidized to succinyl CoA and LOy the a-ketuglutarate

dehydrogenase complex. This enzyme is a compléixreé enzymes and uses NA&s

a cofactor.
alpha-ketaglutarate sucdcinyl Cod
o _
¢=0 c=0
gy * MAD + CoR ————= iy + NADH + CO:
I:D '&:D + H
E— éoﬁ
Figure 5.10 - StepB4 of Kreb’s Cycle [Source: SparkNotes LLC,
Part of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/ ]
a—ketoglutarate ———————>» t——> Succinyl CoA
a-ketoglutarate dehydrogenase——————————> —_— Co,
STEPB4
NAD* —8 > f———> NADH
HSCoA ——8 > —— > H

Figure 5.11 - Atomic Model for StepB4 of Kreb’s Cycle

StepB4 =< S, X, Wint, dexs ta, 4 >
Where

S = {alpha_ketoglutaratec, ifalpha_ketoglutaratefdebgenase, nadc, hscoaic,
counter, phase, sigma}

X = {alpha_ketoglutarate, alpha_ketoglutarateDebgdnase, NAD, HSCoAi}

Y = {succinyl_CoA, NADH, CO2, H}
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dint = Internal function
dext= External function
ta = Sigma

A = output function

Table 64 - External Function for StepB4 of Krebs Cycle (Oext)

Bext('s, € %) {
if( x = alpha_ketoglutarate )
{
alpha_ketoglutaratec = alpha_ketoglutaratec + x ;
if (nadc>0 and hscoaic>0 and ifalpha_ketogluedahydrogenase=true)
holdIn( active );
else
holdIn(passive );
}
else if( x = NAD )
{
nadc = nadc + X ;
if (alpha_ketoglutaratec>0 and hscoaic>0 anglifal ketoglutarateDehydrogenase=tr
holdIn( active );
else
holdIn(passive );
}
else if( x = HSCoAI )
{
hscoaic = hscoaic + x ;
if (alpha_ketoglutaratec>0 and nadc>0 and ifalfdetoglutarateDehydrogenase=true)
holdIn( active );
else
holdIn(passive );
}
else if ( x = alpha_ketoglutarateDehydrogenase )
{
ifalpha_ketoglutarateDehydrogenase = true ;
if (alpha_ketoglutaratec>0 and nadc>0 and hsc@ji
holdIn( active );
else
holdIn( passive );
}
}

e)
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Table 65 - Internal Function for StepB4 of Krebs Cycle (Oint)

Sint ( S, e ) {
counter=0;
if (s=passive)

passivate;
}
else
{
if (alpha_ketoglutaratec>=1 and nadcand hscoaic>=1and ifalpha_ketoglutarateDehydraggrirue)
{
if (alpha_ketoglutaratec>=nadc and nadc>=hscoaic)
{
alpha_ketoglutaratec = alpha_ketoglutaratecoedis;
nadc = nadc - hscoaic;
counter = hscoaic;
hscoaic = 0;
}
else if (alpha_ketoglutaratec>=hscoaic and hsceaiadc)
{
alpha_ketoglutaratec = alpha_ketoglutaratedena
hscoaic = hscoaic - nadc;
counter = nadc;
nadc = 0;
}
else if (nadc>=alpha_ketoglutaratec and alphadketaratec>= hscoaic)
{
nadc = nadc - hscoaic;
alpha_ketoglutaratec = alpha_ketoglutaratecedis;
counter = hscoaic;
hscoaic = 0;
}
else if (nadc>=hscoaic and hscoaic>=alpha_ketagitec)
{
nadc = nadc - alpha_ketoglutaratec;
hscoaic = hscoaic - alpha_ketoglutaratec;
counter = alpha_ketoglutaratec;
alpha_ketoglutaratec = 0;
}
else if (hscoaic>=alpha_ketoglutaratec and alpéimglutaratec>= nadc)
{
hscoaic = hscoaic - nadc;
alpha_ketoglutaratec = alpha_ketoglutaratedena
counter = nadc;
nadc = 0;
}

else if (hscoaic>=nadc and nadc>=alpha_ketogltea)
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hscoaic = hscoaic - alpha_ketoglutaratec;
nadc = nadc - alpha_ketoglutaratec;
counter = alpha_ketoglutaratec;
alpha_ketoglutaratec = 0;

}

else if (alpha_ketoglutaratec=nadc and nadc=lscoa

{

counter = alpha_ketoglutaratec;
alpha_ketoglutaratec = 0;

nadc = 0;

hscoaic = 0;

}

holdIn(passive);

passivate;

Table 66 - Output Function for StepB4 of Krebs Cycle (A)
A(s){

if (counter is not zero)
send outputs through the portssiccinyl_CoA, NADH, CO2, H

5.2.6STEP B5

Succinyl CoA is converted to succinate by succi@glA synthetase. This reaction
uses the energy released by the cleavage of tlengll€oA bond to synthesize GTP

from B and GDP.
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Figure 5.12 - StepB5 of Kreb’s Cycle [Source: SparkNotes LLC,
Part of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/ ]

Succinyl CoA ——>

f——— Succinate
Succinyl CoA Synthetase ——————>
STEPB5 ——> HSCoA
P —
——>GTP
GDP —mm

Figure 5.13 - Atomic Model for StepB5 of Kreb’s Cycle

StepB5 =< S, X, VWint, dexs ta, 4 >
Where
S = {succinyl_CoAc, ifsuccinylCoA_Synthetase, mdpc, counter, phase,
sigma}
X ={succinyl_CoA, succinylCoA_Synthetase, Pi, GDP}
Y = {succinate, HSCoAo, GTP}
dint = Internal function
dext= External function
ta = Sigma

A = output function
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Table 67 - External Function for StepB5 of Krebs Cycle (®ext)

Sext( S! e! X ) {

if( X = succinyl_CoA)

{
succinyl_CoAc = succinyl_CoAc + X ;
if (gdpc>0 and pic>0 and ifsuccinylCoA_Synthetaseie)
holdIn( active );
else
holdin(passive );
}
else if(x = GDP)
{
gdpc = gdpc + x;
if (succinyl_CoAc>0 and pic>0 and ifsuccinylCoAyrhetase=true)
holdIn( active );
else
holdIn( passive );
}
else if(x=Pi)
{
pic = pic + X ;
if (succinyl_CoAc>0 and gdpc>0 and ifsuccinylC&ynthetase=true
holdIn( active );
else
holdIn( passive );
}
else if ( x = succinylCoA_Synthetase )
{
ifsuccinylCoA_Synthetase = true;
if ( succinyl_CoAc > 0 and gdpc > 0 and pic 3 0
holdIn( active );
else
holdIn( passive );
}
}
Table 68 - Internal Function for StepB5 of Krebs Cycle (dint)
6int ( S, € ) {

counter = 0;
if (s=passive)

passivate;

}

else

{
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if ( succinyl_CoAc>=1 and gdpc>= 1 and>gid )

{
if ( succinyl_CoAc>=gdpc and gdpc>=pic )
{
succinyl_CoAc = succinyl_CoAc - pic;
gdpc = gdpc - pic;
counter = pic;
pic = 0;
}
else if (succinyl_CoAc >= pic and pic>=gdpc )
{
succinyl_CoAc = succinyl_CoAc - gdpc;
pic = pic - gdpc;
counter = gdpc;
gdpc = 0;
}

else if ( gdpc>=succinyl_CoAc and succinyl_CoApis)

gdpc = gdpc - pic;
succinyl_CoAc = succinyl_CoAc - pic;
counter = pic;
pic = 0;
}

else if ( gdpc>=pic and pic>=succinyl CoAc )

gdpc = gdpc - succinyl_CoAc;
pic = pic - succinyl_CoAc;
counter = succinyl_CoAc;
succinyl_CoAc = 0;

}
else if ( pic>=succinyl_CoAc and succinyl CoAc=ipg )
{
pic = pic - gdpc;
succinyl_CoAc = succinyl_CoAc - gdpc;
counter = gdpc;
gdpc = 0;
}
else if ( pic>=gdpc and gdpc>=succinyl_CoAc )
{
pic = pic - succinyl_CoAc;
gdpc = gdpc - succinyl_CoAc;
counter = succinyl_CoAc;
succinyl_CoAc= 0;
}

else if ( succinyl_CoAc=gdpc and gdpc = pic)
{

counter = succinyl CoA
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succinyl_CoAc = 0;

gdpc = 0;
pic = 0;
}
holdIn( passive );
}
else
{
passivate;
}

Table 69 - Output Function for StepB5 of Krebs Cycle (A)
A(s){

if (counter is not zero)
send outputs through the ports; // succinate, HRCGTP

5.2.7STEP B6

Succinate is oxidized to fumarate by succinate defgenase. FAD is tightly bound

to this enzyme and is reduced to FADH

succinate fumarate

- =
E—I-.'%H HE

i
HCH  + FAD @ —— Hg + FADH
o sudcinatea =
d_ dehyvdrogenase &r

Figure 5.14 - StepB6 of Kreb’s Cycle [Source: SparkNotes LLC,
Part of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/ ]
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Succinate ——
Succinate Dehydrogenase ————) STEPB6

FAD —mm

t———> Fumarate
——> FADH,

Figure 5.15 - Atomic Model for StepB6 of Kreb’s Cycle
StepB6 =< S, X, Yint, dexs, ta, 4 >
Where
S = {succinatec, ifsuccinateDehydrogenase, fadeniaw, phase, sigma}
X = {succinate, succinateDehydrogenase, FAD}
Y = {fumarate, FADH2}
dint = Internal function
dext= External function
ta = Sigma
A = output function

Table 70 - External Function for StepB6 of Krebs Cycle (ext)

Sexl( S, e! X) {
if( X = succinate )
{
succinatec = succinatec + X ;
if ((fadc > 0 and ifsuccinateDehydrogenase = jru
holdIn( active );
else
holdin(passive );
}
else if (x = FAD)
{
fadc = fadc + x ;
if (succinatec > 0 and ifsuccinateDehydrogenasee:)
holdIn( active );
else
holdIn( passive );
}
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else if ( x = succinateDehydrogenase )

{
ifsuccinateDehydrogenase = true;
if ( succinatec > 0 and fadc = true )
holdIn( active );
else
holdIn( passive );
}

Table 71 - Internal Function for StepB6 of Krebs Cycle (Oint)

Sint (S, €) {
counter=0;
if (s=passive)
{
passivate;
}
else
{
if (succinatec>=1 and fadc>= 1 and ifsuccinate Rebgenase=true)
{
if ( succinatec > fadc )
{
succinatec = succinatec - fadc;
counter = fadc;
fadc = 0;
}
else if ( succinatec < fadc )
{
fadc = fadc - succinatec;
counter = succinatec;
succinatec = 0;
}
else if ( succinatec == fadc )
{
counter = succinatec;
succinatec = 0;
fadc = 0;
}
holdIn( passive );
}
else
{
passivate;
}
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Table 72 - Output Function for StepB6 of Krebs Cycle (A)
A(s)A

if (counter is not zero)
send outputs through the ports; // fumarate, FADH2

5.2.8STEP B7

Fumarate is converted to malate by fumarase. Tihia hydration reaction that

requires the addition of a water molecule.

L-malate

fumarate
o o
ko b0
H N — -
Hg H?H
I:D C=0
o= -

Figure 5.16 — StepB7 of Kreb’s Cycle [Source: SparkNotes LLC,
Part of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/ ]

Fumarate ————)
Fumarase ————> STEPB7 ————> Malate

H,0

Figure 5.17 - Atomic Model for StepB7 of Kreb’s Cycle

StepB7 =< S! X1 Ydinty 59th ta!j“ >
Where

S = {fumaratec, iffumarase, h2oc, counter, phagea}
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X = {fumarate, fumarase, H20}
Y = {malate}

dint = Internal function

dext= External function

ta = Sigma

A = output function

Table 73 - External Function for StepB7 of Krebs Cycle (Oext)

Bext(S, € %) {
if (x = fumarate )
{
fumaratec = fumaratec + X ;
if (h2oc > 0 and iffumarase = true )
holdIn( active );
else
holdIn(passive );
}
else if (x = H20)
{
h2oc = h2oc + x;
if (fumaratec > 0 and iffumarase = true )
holdIn( active );
else
holdIn( passive );
}
else if ( x = fumarase )
{
iffumarase = true ;
if ( fumaratec>0 and h2oc>0)
holdIn( active );
else
holdIn( passive );
}
}

Table 74 - Internal Function for StepB7 of Krebs Cycle (Oint)

6ih'( ( S, e ) {
counter = 0;
if (s = passive )
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{

passivate;
}
else
{
if (fumaratec>=1 and h2oc>=1 and iffumarase=jrue
{
if (fumaratec > h2oc )
{
fumaratec = fumaratec - h2oc;
counter = h20oc;
h2oc = 0;
}
else if (fumaratec < h2oc )
{
h2oc = h2oc - fumaratec;
counter = fumaratec;
fumaratec = 0O;
}
else if (fumaratec == h2oc )
{
counter = fumaratec;
fumaratec = 0;
h2oc = 0;
}
holdIn( passive );
}
else
{
passivate;
}
}

Table 75 - Output Function for StepB7 of Krebs Cycle (A)

A(s)A
if (counter is not zero)
send output ‘malate’ through the output port;
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5.2.9STEP B8

Malate is oxidized to oxaloacetate by the enzyméatmalehydrogenase. NADs

required by this enzyme to accept the free pagleftrons and produce NADH.

L-malate cxaloacetate
o o
¢=o i:c'

HCI—(;“_H + NAD ———> =0 4 NADH
= -

Figure 5.18 - StepB8 of Kreb’s Cycle [Source: SparkNotes LLC,
Part of the Barnes & Noble Learning Network,
http://www.sparknotes.com/biology/ ]

Malate ————> ————> Oxaloacetate
Malate Dehydrogenase ———— STEPBS —————> NADH
NAD ——— ——H

Figure 5.19 - Atomic Model for StepB8 of Kreb’s Cycle

StepB8 =< S, X, Yint, dexs ta, 4 >
Where
S = {malatec, ifmalateDehydrogenase, nadc, coupterse, sigma}
X = {malate, malateDehydrogenase, NAD}
Y = {oxaloacetate, NADH, H}

dint = Internal function
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dext= External function
ta = Sigma

A = output function

Table 76 - External Function for StepB8 of Krebs Cycle (®ext)

8E)(t( S, e! X) {
if( x = malate )
{
malatec = malatec + X ;
if (nadc > 0 and ifmalateDehydrogenase = true )
holdIn( active );
else
holdIn( passive );
}
elseif (x = NAD )
{
nadc = nadc + X ;
if ( malatec > 0 and ifmalateDehydrogenase = frue
holdIn( active );
else
holdIn( passive );
}
else if ( x = malateDehydrogenase )
{
ifmalateDehydrogenase = true ;
if ( malatec > 0 and nadc > 0)
holdIn( active );
else
holdIn( passive );
}
}

Table 77 - Internal Function for StepB8 of Krebs Cycle (dint)

Sint ( S, e ) {
counter=0;
if (s=passive)
{

passivate;

}

else

if (malatec>=1 and nadc>=1 and ifmalateDehydrogerasue)
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if ( malatec > nadc)

{
malatec = malatec - nadc;
counter = nadc;
nadc = 0;
}
else if ( malatec < nadc )
{
nadc = nadc - malatec;
counter = malatec;
malatec = O;
}
else if ( malatec == nadc )
{
counter = malatec;
malatec = 0;
nadc = 0;
}
holdIn( passive );
}
else
{
passivate;
}

Table 78 - Output Function for StepB8 of Krebs Cycle (A)
A(s){

if (counter is not zero)
send outputs through the ports; //oxaloacetateD)NAH

5.3 COUPLED MODEL

All the steps explained in the previous sectioneaadt implemented in CD++. To do
this, first the behaviour of each component wa®fadly specified with an analysis of
inputs and outputs for each step. Each step wiasedeas a DEVS model following the

specification. Afterwards, each model was impleteeénn CD++, and tested separately.
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Finally the main model was built as a coupled mocwhnecting all the submodels

previously defined. This model follows the desigresented in Figure 5.20, and its

detailed definition can be found in table 75.

Table 79 - Krebs.MA

[top]

Link

Link
Link
Link
Link

Link
Link
Link
Link

Link
Link

components : stepA@StepA stepBl@StepBl stepB2@ 3tsePB3@StepB3
stepB4@StepB4 stepB5@StepB5 stepB6@StepB6 stepp@BstepB8@StepB8

out : FADH2 GTP HSCoAo H NADH CO2
in : pyruvate pyruvateDehydrogenase HSCoAi NAD oaaktate H20 citrateSynthase
acontinase isocitrateDehydrogenase alpha_ketogtetaehydrogenase GDP Pi

succinylCoA_Synthetase FAD succinateDehydrogenasarase malateDehydrogena

. pyruvate pyruvate @stepA
Link :
Link :
Link :
Link :
Link :
Link :
: acontinase acontinase@stepB2

: NAD NAD @stepB3

: isocitrateDehydrogenase isocitrateDehydrege@stepB3
: HSCoAi HSCoAi@stepB4

Link :
Link :
Link :
Link :
Link :
Link :
: succinateDehydrogenase succinateDehydrogématepB6
: H20 H20 @stepB7

: fumarase fumarase@stepB7

: NAD NAD @stepB8

Link :

Link :
Link :
Link :
Link :
: H@stepB1 H

: NADH@stepB3 NADH
Link :
Link :
Link :
Link :
Link :

pyruvateDehydrogenase pyruvateDehydrogenased
HSCoAi HSCoAi@stepA

NAD NAD@stepA

citrateSynthase citrateSynthase@stepB1

H20 H20@stepB1

oxaloacetate oxaloacetate @stepB1

NAD NAD@stepB4
alpha_ketoglutarateDehydrogenase alpha_ketagteDehydrogenase @stepB4
GDP GDP@stepB5

Pi Pi@stepB5

succinylCoA_Synthetase succinylCoA_Synthet@stepB5
FAD FAD@stepB6

malateDehydrogenase malateDehydrogenase 88tep

NADH@stepA NADH
CO2@stepA CO2
H@stepA H
HSCoAo@stepB1 HSCoAo

CO2@stepB3 CO2
NADH@stepB4 NADH
H@stepB4 H
CO2@stepB4 CO2

HSCoAo@stepB5 HSCo/
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Link

Link

Link
Link
Link

Link :
Link :
Link :

GTP@stepB5 GTP
FADH2@stepB6 FADH2
NADH@stepB8 NADH

: H@stepB8 H

: acetyl_ CoA@stepA acetyl CoA@stepB1
Link :
Link :
Link :
Link :
Link :

citrate @stepB1 citrate @stepB2

isocitrate@stepB2 isocitrate @stepB3
alpha_ketoglutarate @stepB3 alpha_ketoglttsstepB4
succinyl_CoA@stepB4 succinyl_CoA@stepB5
succinate @stepB5 succinate @stepB6

: fumarate @stepB6 fumarate @stepB7
: malate @stepB7 malate @stepB8
: oxaloacetate @stepB8 oxaloacetate @stepB1

[stepA]
preparation : 00:00:05:000

[stepB1]
preparation : 00:00:10:000

[stepB2]
preparation : 00:00:25:000

[stepB3]
preparation : 00:00:40:000

[stepB4]
preparation : 00:00:45:000

[stepB5]
preparation : 00:00:55:000

[stepB6]
preparation : 00:01:05:000

[stepB7]
preparation : 00:01:20:000

[stepB8]
preparation : 00:01:35:000

Running the simulation for Krebs model will generatlog file that will look like the

following table. Only a fragment of the krebs.l@gshown in table 78 (for a full file,

refer to Appendix B).
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Table 80 - A section of Krebs.log file

Mensaje | / 00:00:00:000 / Root(00) para top(01)

Mensaje | / 00:00:00:000 / top(01) para stepa(02)

Mensaje | / 00:00:00:000 / top(01) para stepb1(03)

Mensaje | / 00:00:00:000 / top(01) para stepb2(04)

Mensaje | / 00:00:00:000 / top(01) para stepb3(05)

Mensaje | / 00:00:00:000 / top(01) para stepb4(06)

Mensaje | / 00:00:00:000 / top(01) para stepb5(07)

Mensaje | / 00:00:00:000 / top(01) para stepb6(08)

Mensaje | / 00:00:00:000 / top(01) para stepb7(09)

Mensaje | / 00:00:00:000 / top(01) para stepb8(10)

Mensaje D / 00:00:00:000 / stepa(02) / ... pargQtbp

Mensaje D / 00:00:00:000 / stepb1(03) / ... papdQi)

Mensaje D / 00:00:00:000 / stepb2(04) / ... papdQi)

Mensaje D / 00:00:00:000 / stepb3(05) / ... papdQi)

Mensaje D / 00:00:00:000 / stepb4(06) / ... papdQib)

Mensaje D / 00:00:00:000 / stepb5(07) / ... papdQi)

Mensaje D / 00:00:00:000 / stepb6(08) / ... papdGi)

Mensaje D / 00:00:00:000 / stepb7(09) / ... papdQib)

Mensaje D / 00:00:00:000 / stepb8(10) / ... papdQib)

Mensaje D / 00:00:00:000 / top(01) / ... para Ro@x(

Mensaje X / 00:00:10:000 / Root(00) / pyruvate /5.00000 para top(01)
Mensaje X / 00:00:10:000 / top(01) / pyruvate /5.00000 para stepa(02)
Mensaje D / 00:00:10:000 / stepa(02) / 00:00:00:0&@ top(01)

Mensaje D / 00:00:10:000 / top(01) / 00:00:00:088apR00t(00)

Mensaje * / 00:00:10:000 / Root(00) para top(01)

Mensaje * / 00:00:10:000 / top(01) para stepa(02)

Mensaje D / 00:00:10:000 / stepa(02) / ... pargQtbp

Mensaje D / 00:00:10:000 / top(01) / ... para Ra@)(

Mensaje X / 00:01:11:000 / Root(00) / pyruvatedebgdnase /  1.00000 para top(01)
Mensaje X / 00:01:11:000 / top(01) / pyruvatedebgenase /  1.00000 para stepa(02)
Mensaje D / 00:01:11:000 / stepa(02) / 00:00:00:08¢ top(01)

Mensaje D / 00:01:11:000 / top(01) / 00:00:00:0@8apR0o0t(00)

Mensaje * / 00:01:11:000 / Root(00) para top(01)

Mensaje * / 00:01:11:000 / top(01) para stepa(02)

Mensaje D / 00:01:11:000 / stepa(02) / ... parélbp

Mensaje D / 00:01:11:000 / top(01) / ... para Re@}x(

Mensaje X / 00:01:14:000 / Root(00) / citratesysthad  1.00000 para top(01)

The output file from Krebs model (see table 77) barchecked to verify the validity
of the model.

Table 81 - Krebs.out: An Example of Output File

00:01:11:000 nadh 1
00:01:11:000 co2 1
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00:01:11:000 h 1
00:02:01:000 hscoao 1
00:02:01:000 h 1
00:02:30:000 nadh 1
00:02:30:000 co2 1
00:02:30:000 nadh 1
00:02:30:000 co2 1
00:02:30:000 h 1
00:03:11:000 hscoao 1
00:03:11:000 gtp 1
00:03:28:000 fadh2 1
00:03:45:000 nadh 1
00:03:45:000 h 1

The coupled model for Krebs cycle consists of tiiing atomic models: stepA,

stepB1, stepB2, stepB3, stepB4, stepB5, stepBpBEteand stepB8. See figure 4.6 for a

drawing of the Krebs model.
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Figure 5.20 - Coupled Model of Kreb’s Cycle



CD++ Modeler graphical user interface was usedefwasent the DEVS model for

Kreb’s cycle that shows the execution results liermodel (see Figure 5.20).

& CD++ Modsler -2 ]

File Edit Execute Animate Help

I Dlﬁ:lﬁ mlmtemal externat | [ QIB”
=] Coupled Madel =1| atowie coupled |
B | Ports

1) Madels
(=11 Atoric
I be® SlepB4
# StepBi
i ~# Steps
i -# StepBs
@ StepB7 =

stepAtbStepd

stepBt @StepB1
ey M5 @stepsa

% Out fumarals =

~-# In FAD >

------ @ ol FapHz

B Links
o (acetyl_Coh) - (acetyl_Cok)
o (citrate) -= (citrate)
i@ (isocirate) = (isocitrats)
i ® (alpha_ketoglutarste) - (alpha_ket
@ (succinyl_CoA) -» (suceinyl_Cod)
io® (succinate) -» (succinate]
i@ (fumarate) -= (fumarate)
Lo (malate) = (malate)
Dow (NAD) -5 (NAD)
o (NAD) = (NAD)
P (pyruvete) = (pyruvete)
Low (H20) = (HRO)
o ® (FAD) = (FAD) stepB7@StepBT StepBGEStepBG st @StepBs
o (GDP) == (GDP)
Lo (P = (PD)
i ® (oxaloacetste)] -x (oxaloacetate)
Pt (MAD) -» (MAD)
Lo (CO2) - (002)
{o® (CO2) = (C0Z)

L (C02) > (CO2) e
1] | .g’i

Fort ID: GDF
Port In/Out: In
Port Type: Integer

Cleygwinthome DA TOThesisKrebs 2 krebs GOM saved

Figure 5.21 - krebs.GCM

5.4 SUMMARY

The CD++ tool, based on the formalism allows théniteon of complex biological
models using a high-level specification languagm this way, the construction of

simulations can be improved greatly.
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Krebs cycle is an aerobic process that oxidizesyates to C@

The sum of all reactions in the Kreb’s cycle carsbemmarized as follow:

Acetyl-CoA + 3NAD* + FAD + ADP + P, —

CoA-SH + 3NADH + H*™ + FADH, + ATP + 2CO, (5-1)

Therefore, one molecule of glucose, results in twolecules of ATP and two

molecules of NADH as energy.

Table 82 - Products of Kreb’s Cycle

Product of StepA
1 NADH
Products of StepB1-B8
1ATP
3 NADH
1 FADH,

At this point, this pathway can be added to glygolpathway, and tested. This
will present a coupled model of two completely ¢éessub-modules: Glycolysis, and
Kreb’s cycle. This is just the beginning. Our rabdan start growing to represent even

more complex biological system.
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CHAPTER 6-ELECTRON
TRANSPORT CHAIN AND
OXIDATIVE PHOSPHORYLATION

TP production via Glycolysis discussed in the prasichapters is only part of the
Astory, and everyone can see how much energy isedast this process.
Converting Pyruvate (the product of Glycolysis)G@®, and trap the released chemical
free energy in the form of ATP is the main challeng This problem itself was
decomposed into several problems: The pathway edking down carbon compounds,
called the Krebs Cycle, solved by H. Krebs whictswlascribed in the previous chapter,
and the oxidation of NADH and succinate by Electfoansport Chain, and the coupling
of electron transport to ATP synthesis, called @#ice Phosphorylation, resulting in the

“Chemiosmotic Hypothesis” of P. Mitchell [11].

Electron Transport and oxidative phosphorylatiooxidize NADH and FADH and trap
the energy released as ATP. In eukaryotes, electransport and oxidative

phosphorylation occur in the inner membrane of atmdria.

6.1 ELECTRON TRANSPORT CHAIN

The electron transport chain is a complex sequdauoad in the mitochondrial

membrane that accepts electrons from electron dosoch as NADH or succinate,
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shuttles these electrons across the mitochondrahlmane creating an electrical and

chemical gradient, and through the proton driveermistry of the ATP synthaSe(aka

the RF; particle) generates Adenosine TriPhosphate (ATP).

All of these are proteolipid complexes, with the first four containing eithdawins,

Iron-Sulfur clusters, Copper centers, or Heme neset Coenzyme Q collects electrons

from Complex | and Il and delivers them by diffusito Complex Ill. Cytochrome c is

water soluble from Complex Ill to Complex IV. Ihe process of electron transport,

proton gradient generated by electron transpodtesean enormous source of potential

energy, which is used to synthesize ATP as prdiomsback into the matrix.

1 An ATP synthase is a general term for an enzyme that can synthesize Adenosine Triphosphate (ATP) from Adenosine
Diphoshate (ADP) and inorganic phosphate by utilizing some form of energy. The overall reaction sequence is: ADP +
Pi— ATP. These enzymes are of crucial importance in almost all organisms, because ATP is the common “energy currency”
of cells.

2 A lipoprotein is a biochemical assembly that contains both proteins and lipids and maybe structural or catalytic in
function. Lipoproteins may be enzymes, proton pumps, or some combination of these functions. Examples include the
high density and low density lipoproteins of the blood and the transmembrane proteins of the mitochondrion and the
chloroplast. The lipids are often an essential part of the complex, even if they seem to have no catalytic activity
themselves. To isolate transmembrane lipoproteins from their associated membranes, detergents are often needed. [8]
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Harcourt, Inc. items and derived items copyright ® 2002 by Harcourt, Inc.

Figure 6.1 — Electron Transport Chain [Source: Harcourt, Inc.
items and derived items copyright © 2002 by Harcourt, Inc.]

A large protein complex called ATP synthase is eddled in that membrane and
enables protons to pass through in both directiangenerates ATP when the proton
moves with (down) the gradient, and it costs ATPptonp a proton against (up) the
gradient. Because protons have already been punmpedhe intermembrane space
against the gradient, they now can flow back i@ nitochondrial matrix via the ATP

synthase, generating ATP in the process.

The reaction iSADP** + H* + P; < ATP* + H,0

The electrochemical potentids a thermodynamic measure that reflects enexgy fr
entropy and electrostatics and is typically invokednolecular processes that involve
diffusion. It represents one of many interchanteeétrms of potential energy through
which energy may be conserved. In electrochemidtig typically applied in contexts

where a chemical reaction is to take place, sudhasransfer of an electron at a battery
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electrode. The gradient of protons formed acrbesriner membrane by this process of
active transport forms a miniature battery. Thatqums can flow back down this gradient,
reentering the matrix, only through another compbéxintegral proteins in the inner

membrane, the ATP synthase complex.

Figure 6.2 - Electrochemical Gradient, [Source: © 2000 ASM
Press and Sinauer Associates, Inc.]

Adenosine Triphosphate (ATP) is the nucleotide kmowv biochemistry as the
“molecular currency” of intracellular energy tramsf Chemically, ATP consists of
adenosine and three phosphate groups. ATP istabs#ore and transport chemical

energy within cells. ATP also plays an importaerin the synthesis of nucleic acids.
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| Cytosol

4 H 4 H 2 H* H*

@ 2000 ASM Press and
Sinauer Associates, e

Figure 6.3 — Electron Transport Chain (Complex I, III, IV, and
V), [Source: © 2000 ASM Press and Sinauer Associates, Inc.]

© 2000 ASM Fress and
Sinauer Associates, e

Figure 6.4 — Electron Transport Chain (Complex II, III, IV, and
V), [Source: © 2000 ASM Press and Sinauer Associates, Inc.]

The respiratory chain accomplishes the stepwisesfea of electrons from NADH

and FADH to oxygen molecules to form,B with the use of protons. Cytochrome c

144 -



transfers only one electron at a time, so cytocleraroxidase will wait till four electrons
are accumulated to react with oxygen. And twolyreiffused molecules that shuttle

electrons from one complex to the next.

Electron Transport Chain happens on Cristae mersbiaumps H+ out of matrix,
where NADH and FADH being fed to it from Kreb’s cycle, and large etechemical

proton gradient drives ATP Synthase (Complex \§ywothesise ATP.

6.2 CHEMIOSMOSIS IN MITOCHONDRIA

The energy released as electrons pass down thesigrdtbom NADH to oxygen is
harnessed by the three enzyme complexes of theatsy chain to pump protons {H
against their concentration gradient from the mainto the inter-membrane space of
mitochondria. As their concentration increasestf@ir pH decreases) there, a strong
diffusion gradient is set up. The only exit foese protons is through the ATP synthase
complex (complex V). The energy released as thestons flow down their gradient is

harnessed to the synthesis of ATP. This procesallisd chemiosmosis.

Chemiosmotic phosphorylation: The energized elestmeleased during the previous
steps are used to concentrate hydrogen ions inaceee to create a chemical gradient
between positively and negatively charged ionse(lik battery). The potential energy
resulting from this osmotic gradient is used toynéisesize ATP from ADP. After

electrons have been used, they must be transfieri@gd
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Figure 6.5 — Coupled Model of Electron Transport Chain

6.3 KEY POINTS IN ELECTRON TRANSPORT CHAIN

1. Protons are translocated across the membrane, fthemmatrix to the inter-

membrane space.

2. Electrons are transported along the membrane, ghraiseries of protein carriers.

3. Oxygen is the terminal electron acceptor, combininity electrons and Hions to

produce water.
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4. As NADH delivers more Hand electrons into the ETS, the proton gradient

increases, with Hbuilding up outside the inner mitochondrial menmaraand

OH inside the membrane.

NADH ——»

NADH
dehydrogenase

FADH,

(flavoproteins)

N

Figure 6.6 — Overview of Electron Transport Chain
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6.4 SUMMARY

NAD and FAD remove the electrons that are donatethd some of the steps of the

Kreb's or Citric acid cycle. Then, they carry tlectrons to the electron transport pumps

and donate them to the pumps. So, NAD and FAD'@elized” because they lose the

hydrogen ions to the pumps. The pumps then trah#pe hydrogens ions to the space

between the two membranes where they accumulaéehigh enough concentration to

fuel the ATP pumps. With sufficient fuel, they ‘@phorylate” the ADP. That is how

oxidation is coupled to phosphorylation.

The hydrogen that gets pumped back into the mhbgrithe ATP pump then combine

with the oxygen to make water. And that is verpariant because, without oxygen, they

will accumulate and the concentration gradient edet run the ATP pumps will not

allow the pumps to work.
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Electron transport and oxidative phosphorylatiorcuscin the inner membrane of
mitochondria. These processes reoxidize the NADHRADH?2 that are generated from
Krebs cycle and glycolysis, and trap the energyeastd as ATP. Oxidative

phosphorylation is by far the major source of AmRhe cell [11].
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CHAPTER 7 - WEB BASED
GRAPHICAL USER INTERFACE

This chapter is written in an attempt to explaia thols that visualize the results
of DEVS simulation. CD++ allows the execution dEY2S models and to visualize them

using a JAVA application

7.1 VISUALIZING THE RESULTS GRAPHICALLY

The users can use the CD++ simulator either asal &pplication or a remote server.
Once the simulation is done, the user can analyzesimulation results using different
visualization tools. Visualization tools are now iategral part of the CD++ modeling

and simulation toolkit [33].

The 2D visualization GUIs are used to visualizertgults of atomic models, coupled
DEVS models, and CELL-DEVS models. One of the aization facilities enables
users to analyze the input/output values transdhiftem/into each ports of an atomic
model by displaying these values on a graphicgllays The information transmitted
through each of them is collected in a result filging the simulation, storing all the
messages sent between the DEVS components. Tiaizi®n routines extract all the
messages related to the atomic models and theiltseso that the user can select any of

the atomic models for visualization.
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7.2 CD++ MODELER

The CD Modeler is a GUI, which is used for creatatgmic models and coupled
models for the CD++ tool. It is a tool for desiggiand executing DEVS Models in an
integrated environment. The basic function of @l includes create atomic model and
coupled model, exporting the models to differemtrfats and animating the simulations.
The GUI also includes a simple text editor to mpd@ell-DEVS models directly and the
RUN options to execute de simulation with the cént generate the draw information
with the drawlog. The GUI is coded in Java, whiamalge it to run on various
environments. The following sections explore thactions of the GUI with examples.
This GUI is developed with JDK 1.4.1, so it is fdan portable and can be run on

various environments such as Eclipse, JBuilder yidK1.4.1.

Once the GUI installed, DEVS models can be creatdfore creating the models,
the user should select the design space for camelspy atomic model or coupled model
by clicking on the right tabs. Once the spacecsetds chosen, a title is chosen, uinits

are added. Ports, links, and exportation come. next

The basic steps to create a coupled model arenas ga creating an atomic model
with the only difference that the coupled modeldset® be created on the coupled model
work place which can be selected by click on theufled” tab above of the work place.
The Coupled Models editor of CD++ Modeler applicatis composed by a central panel,

3 lateral panels and an upper button bar [33].
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Figure 7.1 — CD Modeler Panel for a coupled Model

This Panel contains five sections:

Objects of the Coupled Model are on teetral panel. Input Ports, Atomic Models,
Coupled Models and Links between them can be atldéds part. Objects to be added
for the definition of this model can be seen onfths /ateral panel. This part is divided
into Input Ports, Output Ports, predefined CoupMddels, and predefined Atomic
Models. Objects that form the Coupled Model tlsabéing defined can be seen on the
middle lateral panel. This part contains Units of the added AtomicCaupled Models,
Links between defined Models or Ports and Porthefadded Ports. On therd /ateral
panel, there is a description of the elements selectethe middle lateral panel. The
menu bar with the following buttons: New, Open, Save, Helipternal (Not used in
Coupled Models), External (Not used in Coupled MsjdéAdd new Atomic Model Unit,

and Add new Coupled Model Unit (see figure 7.1).

To visualize the result files of Cell-Atomic mode@Gell-DEVS models and Coupled

models, the user must select the animation optmmn the main menu (see figure 7.2).
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CellAnimate

AtamicAnimate

CoupledAnimate

Figure 7.2 — Animation Menu for Visualization: From this pull-
down menu, Atomic-DEVS model, Cell-DEVS model and
Coupled-DEVS model can be specified [source: CD++, A tool
for and DEVS and Cell-DEVS Modelling and Simulation User’s
Guide]

Every DEVS model includes at least one atomic modésually a coupled DEVS
model includes many atomic models. After the sirmoiafinishes, a log file will be
generated. The log file records all the messagesstetween DEVS components, that is,
all the messages sent and received by all the atoradels have also been saved in the
log file. Therefore, with this log file all the keges in the messages sent and received by a

specific atomic model can be extracted and visadliz

The visualization graph displays the model grapt #re output value of all the

output ports at the same time:
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Figure 7.3 - The Graphic Display of the Output of Atomic Model
Example [source: CD++, A tool for and DEVS and Cell-DEVS
Modelling and Simulation User’s Guide]

In the coupled-DEVS model, sometimes, it is ustfudisplay the graph of the model,

and the output values near the corresponding opttiiat the same time.

All the parameters are as follows: the coupled rm@te graph file of the model), log
file (the file used to record all the messages settveen DEVS components), and the
delay between continuous displays (which can bel usecontrol the speed of the

visualization) [33].

The following two figures are illustrations of tishoice components and the name of

the visualized models (glycolysis and Krebs cydiégplayed by the buttons [33].
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Figure 7.5 — Atomic Animation of Krebs Cycle

The users can select any of the models for visat@iz. The time-line lists all the
port names on the left and the times on the bott®he value is shown as a piecewise
constant signal whose height is related to theevdlaplayed. Each signal starts when the
input port receives, or the output port sends bat specific value, and ends when the
model generates a new output. With this graphdcsdlay, the user can check all of the

input/output values of an atomic model throughwihele simulation process.
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7.3 CD++ SIMULATION CLIENT

This tool is used for remote simulation, where mhedel and event files are sent to
the simulation server. After the model is executedhe server, the results (log and

output files) are sent back to the client machime @displayed in the window.

This GUI is a Client-Server approach with clierahical user interface:

Java-Capable Computer Unix computer running CD++
running CD++ Simulation Simulator in Server Mode
Client

Model Spec and

Event List > N
TCPIP =

Services

Log File

Figure 7.6 — Client-Server Approach [Source:CD++Simulation
Client, Peter MacSween]

CD++ is sitting in server machine waiting for a rebdpecification (.ma file) and and
external event list (.ev file) from the client maah to simulate the model. Once those
files received, simulator still binding to a TCPf®rt, will return the results (.log file)

and (.out file) through that port to the client riae.
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The GUI requirements for CD++ Simulation Client as=follow [33]:

Model editor Panel (load, edit, and save tooldtiermodel and input files)
- Simulation output panel
- Configuration dialog (server address and port)

- Menu and associated button bar (such as New Fpen(OClose, Save, Cut,

Copy, Edit, Simulate, and etc.)

B QUEUE.MA - Notepad
File Edit Faormat Wiew Help

COmponents @ queusBueus
out @ out

in : in done stop

Link @ in in@gueue

Link : out@gueue out
Link : done donef@queue
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[queue] ‘Files Sent to Simulation Server
preparation : 00:00:05:000 Cservenatm.ma

Clsenenatm.ey

add .| memove| e

Infarmation ! Simulation Result

Start RN .CEHEM|

- 158 -



Figure 7.7 — CellDEVS Simulation Client, Implementation 1

[Source:CD++Simulation Client, Pete MacSween]
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ensaje D / 00:00:00:300 f life(8,10)(L173) / ... para life(0Z) _:_J
ensaje D/ 00:00:00:300 / 1ife(8,11)(174) ¢/ ... para life(02)
ensaje I/ 00:00:00:300 / 1ife(G,12)(175) / ... para life(02)
ensaje I / 00:00:00:300 / 1ife(9,10)(193) / ... para life(0Z)
ensaje D / 00:00:00:300 / 1life(9,11)(194) / ... para life(02)
ensaje I / 00:00:00:300 / 1ife(2,12)(195) / ... para life(02)
ensaje I+ 4 00:00:00:300 / life{l0,5)(208) / ... para life(02)
ensaje D/ 00:00:00:300 / 1ife(l0,6)(209) / ... para life(0z)
ensaje D / 00:00:00:300 / life(l0,7)(210) / ... para life(02)
ensaje D/ 00:00:00:300 / 1ife(11,5)(228) / ... para life(02)
ensaje I/ 00:00:00:300 / 1ife(l1,65)(229) / ... para life(02)
ensaje D / 00:00:00:300 / 1ife{l1,7)(230) / ... para life(0Z)
ensaje D / 00:00:00:300 / life{l0,9)(212) / ... para life(02)
ensaje I / 00:00:00:300 / 1ife(l0,10)(213) / ... para life(02)
ensaje I / 00:00:00:300 / 1life(l0,11)(214) / ... para life(0&)
ensaje D / 00:00:00:300 / 1life(11,9)(&3Z) / ... para life(0z)
ensaje D / 00:00:00:300 / life(l1,10)(233) / ... para life(0Z)
ensaje D /4 00:00:00:300 / 1ife(11,11)(234) / ... para life(02)
ensaje I / 00:00:00:300 / 1ife{l0,8)(&1l) / ... para life(0Z)
enzaje D / 00:00:00:300 / 1ife{ll1,8)(&3l) / ... para life(0Z)
ensaje D / 00:00:00:300 / life{l2,7)(250) / ... para life(02)
ensaje I / 00:00:00:300 / 1ife(l2,8)(251) / ... para life(02)
ensaje It / 00:00:00:300 / 1ife{lZ,9)(&52) / ... para life(0Z)
ensaje D / 00:00:00:300 / 1life(02) / ... para topi0l)

enzaje I/ 00:00:00:300 / top(0l) / ... para Root(00)

Figure 7.8 — CellDEVS Simulation Client, Implementation 2

[Source:CD++Simulation Client, Peter MacSween]

Client-Server approach is consistent with Model-8ator where server tools are

available. User Interface can always be improveddsist the modeller and the new

users.
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7.4 MAYA

MAYA is another application used as GUI here. Thg files generated from
simulation models can be fed into this applicatiamgd Maya can translate these models

into 3D representations, and further animate them.

The graphics and video for the glycolysis modefevcreated using this software
application. Maya is one of the world's leadindtware applications for 3D digital
animation and visual effects. It provides a swoitd¢ools for 3D world creation. These
tools include modeling, animation, rendering anchaiyics etc. One can create
convincing visual simulations of rigid and soft odbjects interacting in the physical

world and the rendering tool can allow animatiamac¢hieve photo realistic imagery.

The Maya software interface is fully customizabhel @ allows users to extend their
functionality within Maya by providing access to ¥WaEmbedded Language (MEL).
With MEL, one can tailor the user interface andteviscripts and macros to increase
Maya functionality for ones particular purposes. féll Application Programmers
Interface (API) is available to further enhance plogver and possibilities for using Maya

to translate Cell-DEVS and DEVS models into 3D espntations.

Note that this work was done by a Coop student $ageKhan], by taking the

glycolysis model and feeding it to Maya softwarelagiton.

The following figures are some snapshots taken fitoenanimation of glycolysis log

fed to Maya application:
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Figure 7.10 - A close up snapshot of Glycolysis presented with
MAYA software
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Figure 7.13 - A snapshot taken from animation result of
glycolysis generated by the MAYA software

7.5 SUMMARY

Visualization is an important aspect of modelingd asimulation. Different
Graphical User Interfaces (GUIs) are available @i++ tool were discussed earlier.
Simulation results were used to construct usefula2D 3D images, and animations via
MAYA. To facilitate the users to use the CD++ slatar, CD++ simulation client was
also introduced where it provides a number of sessiusing a client/server approach.
This tool provides a series of tools, including @@++ modeler, 2D visualization tools,
and an interface for remote simulation model exeout All these tools provide enough

functions for a remote simulation environment in433simulation.
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CHAPTER 8 - CONCLUSION

During the last several decades, computer simuldtas proved to be a powerful tool
in basic and applied biological sciences, and fe®ine an integral part of biological
research in both basic and applied fields. Higtigpmance computers are now more
than ever essential research instruments in mdaemedicine. Advances in computer
technology, along with the explosive growth in teze of biological data, keep
increasing the role of computers in biomedical aede even further. This thesis has
shown a glimpse of that marriage — the use of caemmimulation and basic biological

field.

As illustrated in this thesis, the use of CD++ ta®lpresented to model and
simulate biological pathways — glycolysis and Krslzycle - in an attempt to show how
to apply a development technique to build a morenglex simulation model —
mitochondria- using a systematic method in which a model cteaf a set of lower-
level interactions. These models are implementdg the DEVS formalism. The use
of DEVS enables proving the correctness of the kitimn engines and permits to model
the problem even by a non-computer science spstialihe high level language of
CD++ reduces the algorithmic complexity for the reled while allowing complex

cellular timing behaviours.
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The approach relies on the use of DEVS methodotogyit is supported by the
use of CD++, a DEVS tool that has been built follagvthe formal definitions of DEVS
models. Sharing and interoperability of model iempéntations, focusing in different
model examples in the area of medicine, means wéldping independent models that
can be integrated at the level of DEVS interacticaxsd how CD++ models can be

composed into simulations that can execute inidiged environments.

The DEVS formalism for modeling and simulation goms a framework for the
construction of hierarchical models in a modulahfan, allowing model reuse, reducing
development and testing time. The hierarchicaldiadrete event nature of DEVS makes
it a good choice to achieve an efficient producteligoment test. DEVS are timed
models, which also enables us to define timing erigs for the models under
development. Each DEVS model can be built as awetral (atomic) or Structural

(coupled) model.

The CD++ tool enables the description of discratene models based on the
DEVS formalism. The hierarchical nature of DEVSrmpited to do this without
modifying the original models, providing the base énhanced system development in

embedded platforms.

Here, a development technique, to build complex uktion evolving
incrementally from simple subcomponents to complexulations has been shown. The

method relies on the use of DEVS, which providesrememental, hierarchical view.
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This view enables the reuse of simulations and cwapts, where the integration of

simulations and components is seamless.

This thesis showed how to develop several DEVS isodging the CD++ toolkit,
which provides a general framework to define antugite complex generic models such
as biomedical applications. This has been accaimgdi and introduced in this thesis in
Chapter 5 and Chapter 6. The use of DEVS can ingptbe security and cost in the
development of the simulations. The main gainsiaréhe testing and maintenance
phases, the more expensive for these systems.uséhef a formal approach like DEVS

made easy the development of the applications.

8.1 SUGGESTIONS FOR FURTHER RESEARCH

The future development could be done towards makarge systems and
exploring different and more complex biological teyss to further enhance and

formalizing real-time simulation using CD++.

As one can notice, the electon transport chainisedtas not been completely
addressed by this thesis because of the time eamstrand it has only been introduced
partially in Chapter 6 of this thesis where it caasily be developed to a Ph.D. thesis.
Once this section complete, one can work her wayowards a complete organelle —

Mitochondria — and then towards a complete cell.

Visualization is another important aspect of maugkand simulation. Chapter 6

explains different Graphical User Interfaces (Gligailable for CD++ tool. Simulation

- 166 -



results were used to construct useful 2D and 3@@waand animations via MAYA. To
facilitate the users to use the CD++ simulator, €Dsimulation client was also
introduced where it provides a number of servicgiagia client/server approach. This
tool provides a series of tools, including the CDmedeler, 2D visualization tools, and
an interface for remote simulation model executioAll these tools provide enough
functions for a remote simulation environment in-3Dsimulation. Although a partially
unresolved issue is how to best embed this toolaniveb browser and make it available
over the Internet to all the medical staff to bedusn real time based on their needs.
There has to be a way also to teach the Medicél tetalevelop their own simulation
tools easily and/or modify whenever there is a wésgovery or need to test a new drug
or component. It is known that merely providingpal for inputting values and getting
the results won't be sufficient in the far future everything is changing in a fast pace in

nowadays competitive edge.

Other issues not addressed by this thesis involve@ in-depth analysis of this
tool by real medical staff to see the real resaltsl get the feedback for future

developments.
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APPENDIX A-CODE FOR

GLYCOLYSIS

This appendix contains the code for glycolysisisect

A.1 ATOMIC MODELS

A.1.1 STEP1.H

*
*
*

DESCRIPTION: Atomic Model Step1 of Glycolysis
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 21/10/2003
Modified: 12/11/2003

* * * * * * * * * * * 3

nnnnnnnnnnnnnnnnn AAAAAAAAAKKKK/

#ifndef __STEP1_H
#define _ STEP1_H

#include <list>
#include "atomic.h" // class Atomic

class Step1 : public Atomic
{
public:
Step1( const string &name = "Step1" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
/I inputs
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const Port &glucose;
const Port &ATPi;
const Port &hexokinase;
// outputs
Port &glucose_6_phosphate;
Port &ADP;
Port &H;

Time preparationTime;
double atpc;
double glucosec;
bool ithex;
double counter;

} /I class Step1

/I** inline ** /I

inline

string Step1::className() const

{

}
#endif //__STEP1_H

return "Step1";

A.1.2 STEP1.CPP

~
*
*
*
*
*
*
*
*
*
*
*
*
*

DESCRIPTION: Atomic Model Step1 of Glycolysis
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 21/10/2003
Modified: 24/11/2003
Modified: 08/12/2003

*  * X Xk *  * Xk *  *  *

nnnnnnnnnnnnnnnn AAAAAAAAAKKKK/

/** include files **/
#include "step1.h"  // class step1

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

* Fokkk ok ok ok ok ok ok k ok k ok

* Function Name: Step1
* Description:
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Step1::Step1( const string &name )

: Atomic( name )

, glucose( addInputPort( "glucose" ) )

, ATPi( addInputPort( "ATPi" ) )

, hexokinase( addInputPort( "hexokinase" ) )

, glucose_6_phosphate( addOutputPort( "glucose_6_phosphate" ) )
, ADP( addOutputPort( "ADP" ) )

, H( addOutputPort( "H" ) )

, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation" ) ) ;
if( time 1="")
preparationTime = time ;
}
/* PPEE— -

* Function Name: initFunction
* Description:
* Precondition:

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn /
Model &Step1::initFunction()
{
atpc = 0;
glucosec = 0;
ifhex = false;
counter = 0;
return *this ;
}
/> Sk ok x
* Function Name: externalFunction
* Description:
xxxxxxxxxxxxxx /
Model &Step1::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == glucose )
glucosec = glucosec + msg.value() ;
if ( (atpc > 0) && (ithex ==true ) )
holdIn( active, Time::Zero );

else
holdIn(passive, Time::Zero );

else if( msg.port() == ATPi)
atpc = atpc + msg.value() ;

if ( (glucosec > 0 ) && (ifhex == true ) )
holdIn( active, Time::Zero );
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else
holdin(passive, Time::Zero );

else if ( msg.port() == hexokinase )
ifhex = true ;

if ( (glucosec > 0) && (atpc > 0) )
holdIn( active, Time::Zero );
else
holdIin(passive, Time::Zero );

}

return *this;

}

/> . %
* Function Name: internalFunction
* Description:

xxxxxxxxxxxxxx /
Model &Step1::internalFunction( const InternalMessage &)

counter = 0;
if ( state() == passive )

{
}

else

{

passivate();

if ( (atpc >= 1) && (glucosec >= 1) && (ifhex == true ) )
if (atpc > glucosec)

atpc = atpc - glucosec;
counter = glucosec;

glucosec = 0;
}
else if (atpc < glucosec)
{
glucosec = glucosec - atpc;
counter = atpc;
atpc = 0;
}
else if (atpc == glucosec)
{
counter = atpc;
atpc = 0;
glucosec = 0;
}
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holdin(passive, Time::Zero );

passivate();

return *this ;

}

/> ek ok x
* Function Name: outputFunction
* Description:

Model &Step1::outputFunction( const InternalMessage &msg )

{
if ( counter!=0)
sendOutput( msg.time(), ADP, counter );

sendOutput( msg.time(), glucose_6_phosphate, counter );
sendOutput( msg.time(), H, counter );
}

return *this ;

A.1.3 STEP2.H

*
*
*
*

DESCRIPTION: Atomic Model Step2 of Glycolysis

AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

mailto://roxana.djafarzadeh@worldheart.com

DATE: 21/10/2003
Modified: 13/11/2003

* X *  * Xk *  O* X Xk * 3

#ifndef _ STEP2_H
#define _ STEP2_H

#include <list>
#include "atomic.h" // class Atomic
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class Step2 : public Atomic

{
public:

Step2( const string &name = "Step2" ); //Default constructor

virtual string className() const ;
protected:
Model &initFunction();

Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
/I inputs
const Port &glucose_6_phosphate;
const Port &phosphoglucoisomerase;
/I outputs
Port &fructose_6_phosphate;

Time preparationTime;
double g6pc;

bool ifpgisomerase;
double counter;

}; /I class Step2

/I'** inline ** /I

inline

string Step2::className() const

{

}
#endif //__STEP2_H

return "Step2" ;

A.1.4 STEP2.CPP

~
*
*
*
*
*
*
*
*
*
*
*

DESCRIPTION: Atomic Model Step2 of Glycolysis
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE: 21/10/2003
Modified: 13/11/2003

*  * X Ok *  * X Ok *  * X

nnnnnnnnnnnnnnn *kkkkkkk xxxx/
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/** include files **/

#include "step2.h"  // class step2

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

/¥ P x
* Function Name: Step2
* Description:

Step2::Step2( const string &name )

: Atomic( name )

, glucose_6_phosphate( addInputPort( "glucose_6_phosphate" ) )

, phosphoglucoisomerase( addInputPort( "phosphoglucoisomerase" ) )
, fructose_6_phosphate( addOutputPort( "fructose_6_phosphate" ) )

, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation" ) ) ;
if( time 1="")
preparationTime = time ;
}

/¥ Sk AR AR AR «
* Function Name: initFunction

* Description:

* Precondition:

xxxxxxxxxxxxxx /
Model &Step2::initFunction()
{
gbpc = 0;
ifpgisomerase = false;
counter = 0;
return *this ;
}
/> Sk ok x
* Function Name: externalFunction
* Description:
xxxxxxxxxxxxxx /
Model &Step2::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == glucose_6_phosphate )
{

g6pc = gbpc + msg.value() ;
if ( ifpgisomerase == true )

holdIn( active, Time::Zero );
else

holdin(passive, Time::Zero );

}

else if ( msg.port() == phosphoglucoisomerase )
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ifpgisomerase = true ;

if (g6pc >0)
holdIn( active, Time::Zero );
else
holdIn(passive, Time::Zero );
}
return *this;
}
/> ek ok x

* Function Name: internalFunction
* Description:

Model &Step2::internalFunction( const InternalMessage &)

{

counter = 0;
if ( state() == passive )
{
passivate();
}
else

if ( (g6pc >= 1) && (ifpgisomerase == true ) )
{

counter = g6pc;

g6pc = 0;
holdIin(passive, Time::Zero );
}
else
{
passivate();
}
}
return *this ;
}
/* PE—— x ok

* Function Name: outputFunction
* Description:

xxxxxxxxxxxxxx /
Model &Step2::outputFunction( const InternalMessage &msg )

{

if (counter!=0)

{
}

sendOutput( msg.time(), fructose_6_phosphate, counter ) ;
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return *this ;

A.1.5 STEP3.H

*
*

DESCRIPTION: Atomic Model Step3 of Glycolysis
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 21/10/2003
modified: 13/11/2003
Modified: 08/12/2003

* X *  * Xk *  * X Ok * xS

#ifndef _ STEP3_H
#define _ STEP3_H

#include <list>
#include "atomic.h" // class Atomic

class Step3 : public Atomic
{
public:
Step3( const string &name = "Step3" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:

/I inputs
const Port &fructose_6_phosphate;
const Port &ATPi;
const Port &PFK;

// outputs
Port &fructose_16_bisphosphate;
Port &ADP;

Time preparationTime;

double f6pc;
double atpc;
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bool ifpfk;
double counter;
}; /I class Step3
/I ** inline ** /I
inline
string Step3::className() const

{

}
#endif //__STEP3_H

return "Step3" ;

A.1.6 STEP3.CPP

~
*
*
*
*
*

DESCRIPTION: Atomic Model Step3 of Glycolysis
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 21/10/2003
Modified: 9/11/2003

Modifiel: 13/11/2003

Modified: 08/12/2003

* * * * * * * * * * * * *

nnnnnnnnnnnnnnnnn AAAAAAAAAKKKK/

/** include files **/

#include "step3.h"  // class step3

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

* Fokkkk ok ok ok ok ok k ok k Kok

* Function Name: Step3
* Description:

Step3::Step3( const string &name )

: Atomic( name )

, fructose_6_phosphate( addinputPort( "fructose_6_phosphate" ) )

, ATPi( addInputPort( "ATPi" ) )

, PFK( addInputPort( "PFK" ) )

, fructose_16_bisphosphate( addOutputPort( "fructose_16_bisphosphate" ) )
, ADP( addOutputPort( "ADP" ) )

, preparationTime( 0, 0, 10, 0)
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string time( MainSimulator::Instance().getParameter( description(), "preparation” ) ) ;

if( time 1="")
preparationTime = time ;

}

* Fokkkk ok ok ok ok ok ok ok k ok

* Function Name: initFunction
* Description: Resetea la lista
* Precondition: El tiempo del proximo evento interno es Infinito

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn /
Model &Step3::initFunction()
{
atpc = 0;
fépc = 0;
ifpfk = false;
counter = 0;
return *this ;
}
/> e e %
* Function Name: externalFunction
* Description:
xxxxxxxxxxxxxx /

Model &Step3::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == fructose_6_phosphate )
{

fépc = fépc + msg.value() ;
if ( (atpc > 0) && (ifpfk == true ) )
holdIn( active, Time::Zero );
else
holdIin(passive, Time::Zero );

}
else if( msg.port() == ATPi)
{

atpc = atpc + msg.value() ;
if ( (fépc > 0) && (ifpfk == true ) )
holdIn( active, Time::Zero );
else
holdIn(passive, Time::Zero );

}
else if ( msg.port() == PFK)
{ ifpfk = true ;
if ( (fépc >0 ) && (atpc > 0) )
holdIn( active, Time::Zero );

else
holdIn(passive, Time::Zero );
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}

}

return *this;

/*

* Function Name: internalFunction
* Description:

xxxxxxxxxxxxxx /

Model &Step3::internalFunction( const InternalMessage &)

{

counter = 0;

if ( state() == passive)

{
passivate();
}
else
{
if ((atpc >= 1) && (fépc >= 1) && (ifpfk == true ))
{
if (atpc > f6pc)
{
atpc = atpc - fépc;
counter = fépc;
fépc = 0;
}
else if (atpc < f6pc)
{
fépc = f6pc - atpc;
counter = atpc;
atpc = 0;
}
else if (atpc == f6pc)
{
counter = atpc;
atpc = 0;
fépc = 0;
}
holdIn(passive, Time::Zero );
}
else
{
passivate();
}
}

return *this ;
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}

/> ek ko
* Function Name: outputFunction
* Description:

xxxxxxxxxxxxxx /
Model &Step3::outputFunction( const InternalMessage &msg )

{
if (counter!=0)

{
sendOutput( msg.time(), ADP, counter ) ;
sendOutput( msg.time(), fructose_16_bisphosphate, counter ) ;

return *this ;

A.1.7 STEP4.H

~
*
*
*
*
*
*
*
*
*
*
*

DESCRIPTION: Atomic Model Step4 of Glycolysis

AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

mailto://roxana.djafarzadeh@worldheart.com

DATE: 22/10/2003

*  * Xk *  O* X Xk *  *

nnnnnnnnnnnnnnnn *kkkkkkk xxxx/

#ifndef _ STEP4 H
#define _ STEP4_H

#include <list>
#include "atomic.h" // class Atomic

class Step4 : public Atomic
{
public:
Step4( const string &name = "Step4" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
/I inputs
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const Port &fructose_16_bisphosphate;

const Port &aldolase;
// outputs

Port &DHP;

Time preparationTime;

double f16pc;
bool ifaldolase;

double counter;

}; /I class Step4

/I** inline ** /I

inline

string Step4::className() const

{

}
#endif //__STEP4_H

return "Step4" ;

A.1.8 STEP4.CPP

~
*
*
*
*

DATE: 22/10/2003
Modified: 13/11/2003

* * * * * * * * * * *

AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DESCRIPTION: Atomic Model Step4 of Glycolysis

/** include files **/

#include "step4.h"  // class step1

#include "message.h" // class ExternalMessage, InternalMessage

#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

* Fokkkk ok ok ok ok ok ok ko k

* Function Name: Step4
* Description:

Step4::Step4( const string &name )

: Atomic( name )

, fructose_16_bisphosphate( addInputPort( "fructose_16_bisphosphate" ) )
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, aldolase( addInputPort( "aldolase" ) )
, DHP( addOutputPort( "DHP" ) )
, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation” ) ) ;
if( time I="")
preparationTime = time ;
}
/* —— ok

* Function Name: initFunction
* Description:
* Precondition:

Model &Step4::initFunction()

f16pc = 0;
ifaldolase = false;
counter = 0;

return *this ;

}

* Fokkk ok ok ok ok ok ok k ok k ok

* Function Name: externalFunction
* Description:

Model &Step4::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == fructose_16_bisphosphate )
{
f16pc = f16pc + msg.value();

if ( ifaldolase == true )

holdIn(active, Time::Zero);
else

holdIin(passive, Time::Zero);

}
else if ( msg.port() == aldolase )
ifaldolase = true ;

if (f16pc >0)

holdIn(active, Time::Zero);
else

holdIin(passive, Time::Zero);

}

return *this;
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* Function Name: internalFunction
* Description:

Model &Step4::internalFunction( const InternalMessage & )

{
counter = 0;
if ( state() == passive)
{
passivate();
}
else
if ((f16pc >= 1) && (ifaldolase == true ) )
{
counter = f16pc;
f16pc = 0;
holdIn(passive, Time::Zero );
}
else
{
passivate();
}
}
return *this;
}

/> ek ok x
* Function Name: outputFunction
* Description:

Model &Step4::outputFunction( const InternalMessage &msg )

{
if ( counter!=0)
sendOutput( msg.time(), DHP, counter );
}
return *this;
}

A.1.9 STEPATOS.H

~
*
*
*
*
*
*
*
*
*
*
*
*

DESCRIPTION: Atomic Model Step4to5 of Glycolysis

AUTHOR: Roxana Djafarzadeh

* X * X *
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DATE: 18/02/2004

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

#ifndef _ STEP4to5 H
#define _ STEP4to5 H

#include <list>

#include "atomic.h" // class Atomic

class Step4to5 : public Atomic

{
public:

Step4to5( const string &name = "Step4to5" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();

Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
/I inputs
const Port &DHP;
const Port &isomerase;
/I outputs
Port &GDP;

Time preparationTime;

double dhpc;
bool ifisomerase;

double counter;

} /Il class Step4to5

/1 ** inline ** //

inline

string Step4to5::className() const

{

}
#endif //__STEP4to5_H

return "Step4to5" ;
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A.1.10 STEP4TOS.CPP

~
*
*
*
*
*

DESCRIPTION: Atomic Model Step4to5 of Glycolysis
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

* ¥ X *  * X Xk *  *

DATE: 18/02/2004

/** include files **/

#include "step4to5.h"  // class step4to5

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

* Fokkkk ok ok ok ok ok k ok k ok

* Function Name: Step4to5
* Description:

Step4to5::Stepdto5( const string &name )
: Atomic( name )

, DHP( addInputPort( "DHP" ) )

, isomerase( addInputPort( "isomerase" ) )
, GDP( addOutputPort( "GDP" ) )

, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation” ) ) ;
if( time I="")
preparationTime = time ;
}
/> e e %

* Function Name: initFunction
* Description:
* Precondition:

,,,,,,,,,,,,,, /
Model &Step4toS::initFunction()
{
dhpc = 0;
ifisomerase = false;
counter = 0;
return *this ;
}
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/> Jd %
* Function Name: externalFunction
* Description:

Model &Step4to5::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == DHP )
{
dhpc = dhpc + msg.value();
if ( ifisomerase == true )
holdIn(active, Time::Zero);
else

holdIn(passive, Time::Zero);

}
else if ( msg.port() == isomerase )

ifisomerase = true ;

if (dhpc>0)
holdIn(active, Time::Zero);
else
holdIn(passive, Time::Zero);
}
return *this;
}
/> ek ok x

* Function Name: internalFunction
* Description:

Model &Step4to5::internalFunction( const InternalMessage & )
{

counter = 0;

if ( state() == passive )

{
}

else

passivate();

if ( (dhpc >= 1) && (ifisomerase == true ) )
{

counter = dhpc;

dhpc = 0;

holdIn(passive, Time::Zero );
}
else
{

passivate();
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}

}

return *this;

*

* Function Name: outputFunction
* Description:

xxxxxxxxxxxxxx /

Model &Step4to5::outputFunction( const InternalMessage &msg )

{

}

if (counter!=0)

{
}

return *this;

sendOutput( msg.time(), GDP, counter );

A.1.11 STEPS5.H

/*

*
*

*

*
*
*
*
*
*
*
*

DESCRIPTION: Atomic Model Step5 of Glycolysis

AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

mailto://roxana.djafarzadeh@worldheart.com

DATE: 22/10/2003

nnnnnnnnnnnnnnnn *kkkkkkk xxxx/

#ifndef __STEP5_H
#define _ STEP5_H

#include <list>
#include "atomic.h" // class Atomic

class Step5 : public Atomic

{

public:
Step5( const string &name = "Step5" ); //Default constructor
virtual string className() const ;

protected:

Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
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Model &outputFunction( const InternalMessage & );

private:
/I inputs
const Port &fructose_16_bisphosphate;
const Port &aldolase;
// outputs
Port &GDP;

Time preparationTime;
double f16pc;

bool ifaldolase;
double counter;

h /I class Step5

/I** inline ** /I

inline

string Step5::className() const

{

}
#endif //__STEP5_H

return "Step5" ;

A.1.12 STEPS.CPP

*
*
*

DESCRIPTION: Atomic Model Step5 of Glycolysis
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE: 22/10/2003
Modified: 15/11/2003

* *  * X Xk *  * Xk * 3

nnnnnnnnnnnnnnnn AAAAAAAAKKKK/

/** include files **/
#include "step5.h"  // class step5
#include "message.h" // class ExternalMessage, InternalMessage

#include "mainsimu.h" // MainSimulator::Instance().getParameter( ...

/** public functions **/

/¥ P x
* Function Name: Step5
* Description:

)
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Step5::Step5( const string &name )
: Atomic( name )

, fructose_16_bisphosphate( addInputPort( "fructose_16_bisphosphate" ) )

, aldolase( addInputPort( "aldolase" ) )
, GDP( addOutputPort( "GDP" ) )
, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation” ) ) ;
if( time I="")
preparationTime = time ;
}
/* —— ok

* Function Name: initFunction
* Description: Resetea la lista
* Precondition: El tiempo del proximo evento interno es Infinito

xxxxxxxxxxxxxx /
Model &Step5::initFunction()
{
f16pc = 0;
ifaldolase = false;
counter = 0;
return *this ;
}
/> . %
* Function Name: externalFunction
* Description:
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn /

Model &Step5::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == fructose_16_bisphosphate )

f16pc = f16pc + msg.value() ;
if ( ifaldolase == true )

holdIn( active, Time::Zero );
else

holdIn(passive, Time::Zero );

}
else if ( msg.port() == aldolase )
ifaldolase = true ;

if (f16pc >0)

holdIn( active, Time::Zero );
else

holdin(passive, Time::Zero );

- 189 -



return *this;

}

* Fokkkk ok ok ok ok ok ok ok k ok

* Function Name: internalFunction
* Description:

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn /
Model &Step5::internalFunction( const InternalMessage & )
{
counter = 0;
if ( state() == passive)
{
passivate();
}
else
if ((f16pc >= 1) && (ifaldolase == true ) )
{
counter = f16pc;
f16pc = 0;
holdIn(passive, Time::Zero );
}
else
{
passivate();
}
}
return *this ;
}
/> ek ok x
* Function Name: outputFunction
* Description:
xxxxxxxxxxxxxx /

Model &Step5::outputFunction( const InternalMessage &msg )

{

if (counter!=0)

{
}

return *this ;

sendOutput( msg.time(), GDP, counter );

}
A.1.13 STEP6.H

* Fokk ok ok ok ok ok ok ok k ok k ok
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DESCRIPTION: Atomic Model Step6 of Glycolysis
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE: 27/10/2003
Modified: 15/11/2003

* *  * Xk *  * Xk *  *

nnnnnnnnnnnnnnn *kkkkkkk xxxx/

#ifndef __STEP6_H
#define _ STEP6_H

#include <list>
#include "atomic.h" // class Atomic

class Step6 : public Atomic
{
public:
Step6( const string &name = "Step6" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:

/I inputs
const Port &GDP;
const Port &NAD;
const Port &P;
const Port &G3PD;

// outputs
Port & 13_BPG;
Port &NADH;
Port &H;

Time preparationTime;
double gdpc;

double nadc;

double pc;

bool ifg3pd,;

double counter;
} /I class Step6
/I ** inline ** //

inline
string Step6::className() const
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{

}
#endif //__STEP6_H

return "Step6" ;

A.1.14 STEP6.CPP

*
*

DESCRIPTION: Atomic Model Step6 of Glycolysis
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE: 27/10/2003
Modified: 15/11/2003

* * * * * * * * * * * 3

/** include files **/

#include "step6.h"  // class stepb

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

/¥ P x
* Function Name: Step6
* Description:

Step6::Step6( const string &name )

: Atomic( name )

, GDP( addInputPort( "GDP" ) )

, NAD( addInputPort( "NAD" ) )

, P(addInputPort( "P" ) )

, G3PD( addInputPort( "G3PD") )

, _13_BPG( addOutputPort("_13_BPG"))
, NADH( addOutputPort( "NADH" ) )

, H( addOutputPort( "H" ) )

, preparationTime( 0, 0, 10, 0)

string time( MainSimulator::Instance().getParameter( description(), "preparation" ) ) ;

if( time I="")
preparationTime = time ;

}

/¥ Sk AR R AR «
* Function Name: initFunction
* Description: Resetea la lista
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* Precondition: El tiempo del proximo evento interno es Infinito

xxxxxxxxxxxxxx /
Model &Step6::initFunction()
{
gdpc = 0;
nadc = 0;
pc = 0;
ifg3pd = false;
counter = 0;
return *this ;
}
/* ek ek ok
* Function Name: externalFunction
* Description:
xxxxxxxxxxxxxx /

Model &Step6::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == GDP )
{

gdpc = gdpc + msg.value() ;

if ((nadc>0) && (pc > 0) && (ifg3pd == true ) )
holdIn( active, Time::Zero );

else
holdin(passive, Time::Zero );

}
else if( msg.port() == NAD )
nadc = nadc + msg.value() ;

if ((gdpc>0) && (pc > 0) && (ifg3pd == true ) )
holdIn( active, Time::Zero );

else
holdIn(passive, Time::Zero );
}
else if( msg.port() == P)
pc = pc + msg.value() ;
if ((gdpc > 0) && (nadc > 0) && (ifg3pd == true ) )
holdIn( active, Time::Zero );
else
holdIn(passive, Time::Zero );
}

else if ( msg.port() == G3PD )
{
ifg3pd = true ;
if ((gdpc>0)&& (nadc>0)&& (pc>0))

holdIn( active, Time::Zero );
else
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}

}

holdin(passive, Time::Zero );

return *this;

*

* Function Name: internalFunction

* Description:

xxxxxxxxxxxxxx /

Model &Step6::internalFunction( const InternalMessage &)

{

counter = 0;

if ( state() == passive)

{
}

else

{

passivate();

if ((gdpc >=1) && (nadc >=1) && (pc >= 1) && (ifg3pd == true ) )
{

if ( (gdpc>=nadc) && (nadc>=pc) )
{

gdpc = gdpc - pc;
nadc = nadc - pc;
counter = pc;
pc =0;

}

else if ( (gdpc>=pc) && (pc>=nadc) )
{
gdpc = gdpc - nadc;

pc = pc - hadc;
counter = nadgc;

nadc = 0;
}
else if ( (nadc>=gdpc) && (gdpc>=pc) )
{

gdpc = gdpc - pc;

nadc = nadc - pc;

counter = pc;

pc = 0;
}
else if ( (nadc>=pc) && (pc>=gdpc) )
{

nadc = nadc - gdpc;

pc = pc - gdpc;

counter = gdpc;

gdpc = 0;
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}
else if ( (pc>=gdpc) && (gdpc>=nadc) )

{
gdpc = gdpc - nadc;
pc = pc - hadc;
counter = nadc;
nadc = 0;

}

else if ( (pc>=nadc) && (nadc>=gdpc) )

{
nadc = nadc - gdpc;
pc = pc - gdpc;
counter = gdpc;
gdpc = 0;

}

else if ( (gdpc == nadc) && (gdpc == pc) )

counter = gdpc;

gdpc = 0;
nadc = 0;
pc = 0;
}
holdIin(passive, Time::Zero );
}
else
{
passivate();
}

return *this ;

}

/> ek ok x

* Function Name: outputFunction

* Description:
nnnnnnnnnnnnnnnnnnnnnnn nnnn/

Model &Step6::outputFunction( const InternalMessage &msg )

{

if ( counter !=0)
{
sendOutput( msg.time(), _13_BPG, counter );

sendOutput( msg.time(), NADH, counter );
sendOutput( msg.time(), H, counter );
}

return *this;
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A.1.15 STEP7.H

/* ek ko

*

* DESCRIPTION: Atomic Model Step7 of Glycolysis

*

AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 23/10/2003
Modified: 15/11/2003
Modified: 09/12/2003

*
*
*
*
*
*
*
*
*

#ifndef _ STEP7_H
#define __ STEP7_H

#include <list>
#include "atomic.h" // class Atomic

class Step7 : public Atomic

{
public:

Step7( const string &nhame = "Step7" ); //Default constructor

virtual string className() const ;
protected:
Model &initFunction();

Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
/I inputs

const Port &_13_BPG; //1,3-bisphosphoglycerate

const Port &ADP;

const Port &PGK; /Iphosphoglyceratekinase

/I outputs

Port & _3_phosphoglycerate; /13-phosphoglycerate

Port &ATPo;

Time preparationTime;
double _13bpgc;
double adpc;

bool ifpgk;

double counter;

h /I class Step7
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/1 ** inline ** //
inline
string Step7::className() const

{

}
#endif //__STEP7_H

return "Step7" ;

A.1.16 STEP7.CPP

*
*

DESCRIPTION: Atomic Model Step7 of Glycolysis
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE: 23/10/2003
Modified: 15/10/2003
Modified: 09/12/2003

* * * * * * * * * * * * S

/** include files **/

#include "step7.h"  // class step7

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

* Fokkk ok ok ok ok ok ok ok ok ok ok

* Function Name: Step7
* Description:

Step7::Step7( const string &name )

: Atomic( name )

, _13_BPG( addInputPort( "_13_BPG"))

, ADP( addInputPort( "ADP" ) )

, PGK( addInputPort( "PGK" ) )

, _3_phosphoglycerate( addOutputPort( "_3_phosphoglycerate" ) )
, ATPo( addOutputPort( "ATPo" ) )

, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation" ) ) ;
if( time 1="")
preparationTime = time ;
}
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/> Jd %
* Function Name: initFunction

* Description:

* Precondition:

Model &Step7::initFunction()

_13bpgc = 0;
adpc = 0;
ifpgk = false;
counter = 0;

return *this ;

}

* Fokkkk ok ok ok ok ok ok ok ok ok

* Function Name: externalFunction
* Description:

Model &Step7::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == _13_BPQG)
{
_13bpgc = _13bpgc + msg.value() ;
if ((adpc > 0) && (ifpgk == true ) )
holdIn( active, Time::Zero );
else
holdIin(passive, Time::Zero );
}
else if( msg.port() == ADP )
adpc = adpc + msg.value() ;
if ((_13bpgc > 0) && (ifpgk == true ) )
holdIn( active, Time::Zero );
else
holdIin(passive, Time::Zero );
}
else if ( msg.port() == PGK))
{
ifpgk = true ;
if ((_13bpgc > 0) && (adpc > 0) )
holdIn( active, Time::Zero );
else
holdIn(passive, Time::Zero );
}
return *this;
}
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/> Jd %
* Function Name: internalFunction
* Description:

Model &Step7::internalFunction( const InternalMessage &)

{

counter = 0;

if ( state() == passive )

{
passivate();
}
else
if ((_13bpgc >= 1) && (adpc >= 1) && (ifpgk == true ) )
{
if (_13bpgc > adpc)
_13bpgc = _13bpgc - adpc;
counter = adpc;
adpc = 0;
}
else if (_13bpgc < adpc)
adpc = adpc - _13bpgc;
counter = _13bpgc;
_13bpgc = 0;
}
else if (_13bpgc == adpc)
counter = adpc;
adpc = 0;
_13bpgc = 0;
}
holdIin(passive, Time::Zero );
}
else
{
passivate();
}
}

return *this ;

}

/> Sk ko x
* Function Name: outputFunction
* Description:
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Model &Step7::outputFunction( const InternalMessage &msg )

{
if ( counter !=0)
sendOutput( msg.time(), _3_phosphoglycerate, counter ) ;
sendOutput( msg.time(), ATPo, counter ) ;

return *this ;

}
A.1.17 STEP8.H

~
*
*
*
*
*
*
*
*
*
*
*

DESCRIPTION: Atomic Model Step8 of Glycolysis

AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

mailto://roxana.djafarzadeh@worldheart.com

DATE: 23/10/2003
Modified 14/11/2003

* *  * X X Ok *  * X Ok *  *

nnnnnnnnnnnnnnnn *kkkkkkk xxxx/

#ifndef __STEP8_H
#define _ STEP8_H

#include <list>
#include "atomic.h" // class Atomic

class Step8 : public Atomic
{
public:
Step8( const string &name = "Step8" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
/I inputs
const Port &_3_phosphoglycerate;
const Port &PGM,;
// outputs
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Port & _2_phosphoglycerate;
Time preparationTime;

double _3pgc;
bool ifpgm;

double counter;
}; /I class Step8
/I'** inline ** /I
inline
string Step8::className() const

{

}
#endif //__STEP8_H

return "Step8" ;

A.1.18 STEP8.CPP

~
*
*
*
*

DESCRIPTION: Atomic Model Step8 of Glycolysis
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE: 23/10/2003
Modified: 15/11/2003

* * * * * * * * * * *

/** include files **/

#include "step8.h"  // class step2

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

/¥ P x
* Function Name: Step8
* Description:

Step8::Step8( const string &name )

: Atomic( name )

, _3_phosphoglycerate( addInputPort( "_3_phosphoglycerate" ) )

, PGM( addInputPort( "PGM" ) )

, _2_phosphoglycerate( addOutputPort( "_2_phosphoglycerate" ) )
, preparationTime( 0, 0, 10, 0)
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string time( MainSimulator::Instance().getParameter( description(), "preparation” ) ) ;

if( time 1="")
preparationTime = time ;

}

* Fokkkk ok ok ok ok ok ok ok k ok

* Function Name: initFunction
* Description:
* Precondition:

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn /
Model &Step8::initFunction()
{
_3pgc =0;
ifpgm = false;
counter = 0;
return *this ;
}
/> Jd %
* Function Name: externalFunction
* Description:
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn /

Model &Step8::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == _3_phosphoglycerate )
{

_3pgc = _3pgc + msg.value() ;

if ( ifpgm == true )

holdIn( active, Time::Zero );
else

holdIin(passive, Time::Zero );

}
else if ( msg.port() == PGM )
{
ifpgm = true ;
if (_3pgc>0)
holdIn( active, Time::Zero );
else
holdIn(passive, Time::Zero );
}
return *this;
}
/> Sk ok x

* Function Name: internalFunction
* Description:
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Model &Step8::internalFunction( const InternalMessage &)

{

counter = 0;

if ( state() == passive )

passivate();
}
else
if ((_3pgc >= 1) && (ifpgm == true ) )
{
counter = _3pgc;
_3pgc = 0;
holdIn(passive, Time::Zero );
}
else
{
passivate();
}
}

return *this ;

}

* Fokkk ok ok ok ok ok ok k ok k ok

* Function Name: outputFunction
* Description:

xxxxxxxxxxxxxx /
Model &Step8::outputFunction( const InternalMessage &msg )

{

if (counter!=0)

{

sendOutput( msg.time(), _2_phosphoglycerate, counter ) ;

}

return *this ;

}
A.1.19 STEP9.H

~
*
*
*
*

DESCRIPTION: Atomic Model Step9 of Glycolysis

AUTHOR: Roxana Djafarzadeh

* *  * X Ok *  *

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca
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mailto://roxana.djafarzadeh@worldheart.com

DATE: 23/10/2003
Modified: 14/11/2003

* ¥ * *  *

#ifndef _ STEP9 H
#define _ STEP9 _H

#include <list>
#include "atomic.h" // class Atomic

class Step9 : public Atomic
{
public:
Step9( const string &name = "Step9" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
/I inputs
const Port &_2_phosphoglycerate;
const Port &enolase;
/I outputs
Port &phosphoenolpyruvic;
Port &H20;

Time preparationTime;
double _2pgc;
bool ifenolase;
double counter;
}; /I class Step9
/I'** inline ** /I
inline
string Step9::className() const

{

}
#endif //__STEP9_H

return "Step9" ;
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A.1.20 STEP9.CPP

~
*
*
*
*

DESCRIPTION: Atomic Model Step9 of Glycolysis
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE: 23/10/2003
Modified: 14/11/2003

*  * X Ok *  * X Xk *  *

nnnnnnnnnnnnnnn *kkkkkkk xxxx/

/** include files **/

#include "step9.h"  // class step1

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

* Fokkk ok ok kok ok ok ok ok ok ok

* Function Name: Step9
* Description:

Step9::Step9( const string &name )

: Atomic( name )

, _2_phosphoglycerate( addinputPort("_2_phosphoglycerate" ) )
, enolase( addInputPort( "enolase" ) )

, phosphoenolpyruvic( addOutputPort( "phosphoenolpyruvic" ) )

, H20( addOutputPort( "H20" ) )

, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation" ) ) ;
if( time 1="")
preparationTime = time ;
}
/* AE— -

* Function Name: initFunction
* Description: Resetea la lista
* Precondition: El tiempo del proximo evento interno es Infinito

nnnnnnnnnnnnnnnnnnnnnn nnnn/
Model &Step9::initFunction()
{
_2pgc = 0;
ifenolase = false;
counter = 0;

return *this ;
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}

*

* Function Name: externalFunction
* Description:

Model &Step9::externalFunction( const ExternalMessage &msg )
{
if( msg.port() == _2_phosphoglycerate )
{
_2pgc = _2pgc + msg.value() ;
if ( ifenolase == true )
holdIn( active, Time::Zero );
else
holdIn(passive, Time::Zero );
}
else if ( msg.port() == enolase )
ifenolase = true ;
if (_2pgc>0)
holdIn( active, Time::Zero );
else
holdIin(passive, Time::Zero );
}
return *this;
}
/* P—— x

* Function Name: internalFunction
* Description:

/

Model &Step9::internalFunction( const InternalMessage & )

{

counter = 0;

if ( state() == passive)

{
}

else

passivate();

if ( (_2pgc >= 1) && (ifenolase == true ) )

counter = _2pgc;
_2pgc =0;

holdin(passive, Time::Zero );

/
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else
passivate();

}

return *this ;

}

/* . *

* Function Name: outputFunction
* Description:

xxxxxxxxxxxxxx /
Model &Step9::outputFunction( const InternalMessage &msg )

{

if ( counter!=0)

{
sendOutput( msg.time(), H20, counter ) ;
sendOutput( msg.time(), phosphoenolpyruvic, counter ) ;

}

return *this ;
¥

A.1.21 STEP10.H

* Fokkkk ok ok ok ok ok ok k ok k ok

*

* DESCRIPTION: Atomic Model Step10 of Glycolysis

*

* AUTHOR: Roxana Djafarzadeh

* EMAIL: mailto://roxanadj@hotmail.com

* mailto://rdjafar@site.uottawa.ca

* mailto://roxana.djafarzadeh@worldheart.com

DATE: 23/10/2003

nnnnnnnnnnnnnnnn AAAAAAAAAKKKK/

#ifndef _ STEP10_H
#define _ STEP10_H

#include <list>
#include "atomic.h" // class Atomic

class Step10 : public Atomic

{

public:
Step10( const string &name = "Step10" ); //Default constructor
virtual string className() const ;

protected:
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Model &initFunction();

Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:

/I inputs
const Port &phosphoenolpyruvic;
const Port &ADP;
const Port &pyruvate_kinase;

// outputs
Port &pyruvate;
Port &ATPo;

Time preparationTime;

double pepc;
double adpc;
bool ifpk;
double counter;
}; /I class Step10
/I** inline ** /I
inline
string Step10::className() const
{

return "Step10" ;
}

#endif //__STEP10_H

A.1.22 STEP10CPP

~
*
*
*
*
*
*
*
*
*
*
*

DESCRIPTION: Atomic Model Step10 of Glycolysis
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE: 23/10/2003
Modified: 13/11/2003
Modified: 09/12/2003

* *  * X Ok *  * X Ok *  * X

nnnnnnnnnnnnnnnn *kkkkkkk xxxx/

/** include files **/
#include "step10.h"  // class step10
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#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

/¥ P x
* Function Name: Step10
* Description:

Step10::Step10( const string &name )

: Atomic( name )

, phosphoenolpyruvic( addInputPort( "phosphoenolpyruvic" ) )
, ADP( addInputPort( "ADP" ) )

, pyruvate_kinase( addInputPort( "pyruvate_kinase" ) )

, pyruvate( addOutputPort( "pyruvate" ) )

, ATPo( addOutputPort( "ATPo" ) )

, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation" ) ) ;
if( time I="")
preparationTime = time ;
}
/* P—— ok

* Function Name: initFunction
* Description:
* Precondition:

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn /
Model &Step10::initFunction()
{
pepc = 0;
adpc = 0;
ifpk = false;
counter = 0;
return *this ;
}
/> Sk ok x
* Function Name: externalFunction
* Description:
xxxxxxxxxxxxxx /
Model &Step10::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == phosphoenolpyruvic )
{

pepc = pepc + msg.value() ;
if ((adpc > 0) && (ifpk == true ) )
holdIn( active, Time::Zero );
else
holdIin(passive, Time::Zero );
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else if( msg.port() == ADP )
{

adpc = adpc + msg.value() ;
if ( (pepc > 0 ) && (ifpk ==true ) )
holdIn( active, Time::Zero );
else
holdIn(passive, Time::Zero );

}
else if ( msg.port() == pyruvate_kinase )
ifpk = true ;

if ((pepc>0) && (adpc >0))
holdIn( active, Time::Zero );
else
holdIn(passive, Time::Zero );

}

return *this;

}

/> . %
* Function Name: internalFunction
* Description:

xxxxxxxxxxxxxx /
Model &Step10::internalFunction( const InternalMessage &)
{

counter = 0;

if ( state() == passive )

{
}

else

passivate();

if ( (pepc >= 1) && (adpc >= 1) && (ifpk == true ) )
{

if (pepc > adpc)

{

pepc = pepc - adpc;
counter = adpc;
adpc = 0;

}

else if (pepc < adpc)

{
adpc = adpc - pepc;
counter = pepc;

pepc = 0;
}

else if (pepc == adpc)
{
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counter = pepc;

pepc = 0;
adpc = 0;
}
holdIin(passive, Time::Zero );
}
else
{
passivate();
}

return *this ;

}

/* ek ko ek *

* Function Name: outputFunction
* Description:

Model &Step10::outputFunction( const InternalMessage &msg )

{
if ( counter!=0)
{
sendOutput( msg.time(), ATPo, counter ) ;
sendOutput( msg.time(), pyruvate, counter ) ;

return *this ;

A.2 COUPLED MODELS

A.2.1 GLYCOLYSIS.MA

[top]

components : step1@Step1 step2@Step2 step3@Step3 stepd@Step4 stepdto5@Stepstod
step5@Step5 stepb6@Stepb step7@Step7 step8@Step8 step9I@Step9 step10@Step10

out : H ADP NADH H20 pyruvate ATPo

in : glucose ATPi hexokinase phosphoglucoisomerase PFK isomerase aldolase G3PD NAD P

PGK PGM enolase pyruvate_kinase

Link : glucose glucose@step1

Link : ATPi ATPi@step1

Link : hexokinase hexokinase@step1

Link : phosphoglucoisomerase phosphoglucoisomerase@step2
Link : ATPi ATPi@step3

Link : PFK PFK@step3
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Link :

Link

Link

Link

Link

Link

Link

Link

Link

Link

Link

aldolase aldolase@step4

: isomerase isomerase@step4to5
Link :
Link :
Link :
Link :

aldolase aldolase@step5
NAD NAD@step6

P P@step6

G3PD G3PD@step6

: ADP ADP@step7
Link :
: PGM PGM@step8
Link :
Link :

PGK PGK@step7

enolase enolase@step9
pyruvate_kinase pyruvate_kinase@step10

: glucose_6_phosphate@step1 glucose_6_phosphate@step2
Link :

fructose_6_phosphate@step2 fructose_6_phosphate@step3

: fructose_16_bisphosphate@step3 fructose_16_bisphosphate@step4
Link :
Link :

fructose_16_bisphosphate@step3 fructose_16_bisphosphate@step5
DHP@step4 DHP@step4to5

: GDP@step4to5 GDP@step6
Link :
: _13_BPG@step6 _13_BPG@step7
Link :
Link :
Link :
Link :

GDP@step5 GDP@step6

_3_phosphoglycerate@step7 _3_phosphoglycerate@step8
_2_phosphoglycerate@step8 _2_phosphoglycerate@step9
phosphoenolpyruvic@step9 phosphoenolpyruvic@step10
ADP@step1 ADP@step10

:H@step1 H
Link :
: NADH@step6 NADH
Link :
Link :

ADP@step3 ADP@step7

H@step6 H
ATPo@step7 ATPo

: H20@step9 H20
Link :
Link :

pyruvate@step10 pyruvate
ATPo@step10 ATPo

[step1]

preparation : 00:00:00:000
[step2]

preparation : 00:00:05:000
[step3]

preparation : 00:00:15:000
[step4]

preparation : 00:00:05:000
[step4to5]

preparation : 00:00:05:000
[stepb]

preparation : 00:00:05:000
[step6b]

preparation : 00:00:05:000
[step7]

preparation : 00:00:05:000
[step8]

preparation : 00:00:05:000
[step9]

preparation : 00:00:05:000
[step10]

preparation : 00:00:05:000
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A.2.2 GLYCOLYSIS.EV

00:00:10:00 glucose 8
00:00:18:00 ATPi 7
00:00:50:00 hexokinase 1
00:00:51:00 phosphoglucoisomerase 1
00:00:52:00 PFK 2
00:00:53:00 isomerase 1
00:00:55:00 aldolase 1
00:01:02:00 G3PD 1
00:01:03:00 PGK 1
00:01:04:00 PGM 1
00:01:05:00 enolase 1
00:01:07:00 pyruvate_kinase 1
00:01:10:00 NAD 5
00:01:12:.00P 6

00:08:40:00 glucose 8
00:08:50:00 hexokinase 1
00:09:52:00 PFK 2
00:11:18:00 ATPi 13
00:12:10:00 NAD 8
00:14:12:.00P 9

A.2.3 GLYCOLYSIS.OUT

00:00:50:000 h 7
00:01:12:000 nadh 5
00:01:12:000 h 5
00:01:12:000 atpo 5
00:01:12:000 h20 5
00:01:12:000 atpo 5
00:01:12:000 pyruvate 5
00:11:18:000 h 9
00:12:10:000 nadh 1
00:12:10:000 h 1
00:12:10:000 atpo 1
00:12:10:000 h20 1
00:12:10:000 atpo 1
00:12:10:000 pyruvate 1
00:14:12:000 nadh 7
00:14:12:000 h 7
00:14:12:000 atpo 7
00:14:12:000 h2o0 7
00:14:12:000 atpo 7
00:14:12:000 pyruvate 7
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APPENDIX B — CODE FOR KREB'S

CYCLE

This appendix contains the code for Krebs section.

B.1 ATOMIC MODELS

B.1.1 STEPA.H

~
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

DESCRIPTION: Atomic Model StepA of Krebs Cycle
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 30/12/2003

*  * Xk *  * Xk *  *

#ifndef _ STEPA_H
#define __STEPA_H

#include <list>
#include "atomic.h" // class Atomic

class StepA : public Atomic

public:
StepA( const string &name = "StepA" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
/I inputs
const Port &pyruvate;
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/I outputs
Port &acetyl_CoA,;
Port &NADH;
Port &CO2;

Time preparationTime;
double pyruvatec;
double counter;

}; /I class StepA

/I'** inline ** /I

inline

string StepA::className() const

{

}
#endif //__STEPA_H

return "StepA" ;

B.1.2 STEPA.CPP

~
*
*
*
*
*
*
*
*
*
*
*
*
*

DESCRIPTION: Atomic Model StepA of Krebs Cycle
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 01/01/2004
Modified: 17/01/2004
Modified: 05/04/2004

* *  * X Ok *  * Xk *  *  *

nnnnnnnnnnnnnnnn AAAAAAAAAKKKK/

/** include files **/
#include "stepA.h"  // class stepA

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

* Fokkkk ok ok ok ok ok ok ok k Kok

* Function Name: StepA
* Description:

StepA::StepA( const string &name )

: Atomic( name )

, pyruvate( addInputPort( "pyruvate" ) )

, acetyl_CoA( addOutputPort( "acetyl_CoA" ))
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, NADH( addOutputPort( "NADH" ) )
, CO2( addOutputPort( "C0O2") )
, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation" ) ) ;
if( time I="")
preparationTime = time ;
}
/* —— ok

* Function Name: initFunction
* Description:
* Precondition:

Model &StepA::initFunction()
{

pyruvatec = 0;
counter = 0;

return *this ;

}

* Fokk ok ok ok ok ok ok ok k ok k ok

* Function Name: externalFunction
* Description:

xxxxxxxxxxxxxx /
Model &StepA::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == pyruvate )

pyruvatec = pyruvatec + msg.value();
holdIn(active, Time::Zero);

}
else
holdIn(passive, Time::Zero);
}
return *this;
}
/> - *

* Function Name: internalFunction
* Description:

Model &StepA::internalFunction( const InternalMessage & )

{

counter = 0;
if ( state() == passive )

{
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passivate();

}
else
{
if ( pyruvatec >=1))
counter = pyruvatec;
holdIn(passive, Time::Zero );
}
else
{
passivate();
}
}
return *this ;
}
/* P——— x ok

* Function Name: outputFunction
* Description:

Model &StepA::outputFunction( const InternalMessage &msg )

{

if (counter!=0)

{
sendOutput( msg.time(), acetyl_CoA, counter );
sendOutput( msg.time(), NADH, counter );
sendOutput( msg.time(), CO2, counter );

}

return *this ;

B.1.3 STEPB1.H

~
*
*
*
*

DESCRIPTION: Atomic Model StepB1 of Krebs Cycle

AUTHOR: Roxana Djafarzadeh

* *  * X Ok *  *

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

-217 -



DATE of Creation: 11/01/2004
Modified: 17/01/2004

* X *  *

#ifndef _ STEPB1_H
#define _ STEPB1_H

#include <list>
#include "atomic.h" // class Atomic

class StepB1 : public Atomic

{
public:

StepB1( const string &nhame = "StepB1" ); //Default constructor

virtual string className() const ;
protected:
Model &initFunction();

Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
/I inputs
const Port &acetyl_CoA,;
const Port &oxaloacetate;
// outputs
Port &citrate;

Time preparationTime;
double acetyl_CoAc;

double oxaloacetatec;
double counter;

} /I class StepB1

/I** inline ** /I

inline

string StepB1::className() const

return "StepB1" ;
}

#endif //_STEPB1_H

B.1.4 STEPB1.CPP

/* ek ok *

*

* DESCRIPTION: Atomic Model StepB1 of Krebs Cycle
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AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of CREATION: 17/01/2004

* X *  * Xk *  *

/** include files **/

#include "stepB1.h"  // class stepB1

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

/¥ P x
* Function Name: StepB1
* Description:

StepB1::StepB1( const string &name )

: Atomic( name )

, acetyl_CoA( addInputPort( "acetyl_CoA" ) )

, oxaloacetate( addInputPort( "oxaloacetate" ) )
, citrate( addOutputPort( "citrate" ) )

, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation" ) ) ;
if( time 1="")
preparationTime = time ;
}
/¥ Kk kkkk kA Ak k *

* Function Name: initFunction
* Description:
* Precondition:

Model &StepB1::initFunction()
{
acetyl_CoAc = 0;
oxaloacetatec = 0;
counter = 0;

return *this ;

}

/> J %
* Function Name: externalFunction
* Description:

xxxxxxxxxxxxxx /
Model &StepB1::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == acetyl_CoA)
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acetyl_CoAc = acetyl_CoAc + msg.value() ;

if ( oxaloacetatec >0 )

holdIn( active, Time::Zero );
else

holdIn(passive, Time::Zero );

}

else if ( msg.port() == oxaloacetate )
oxaloacetatec = oxaloacetatec + msg.value() ;

if (acetyl_CoAc>0)

holdIn( active, Time::Zero );
else

holdIn(passive, Time::Zero );

}

return *this;

}

/> J KR %
* Function Name: internalFunction
* Description:

xxxxxxxxxxxxxx /
Model &StepB1::internalFunction( const InternalMessage & )

{

counter = 0;

if ( state() == passive )

{
}

else

passivate();

if ( (acetyl_CoAc >= 1) && (oxaloacetatec >= 1) )

if ( acetyl_CoAc > oxaloacetatec )

{
acetyl_CoAc = acetyl_CoAc - oxaloacetatec;
counter = oxaloacetatec;
oxaloacetatec = 0;

}

else if ( acetyl_CoAc < oxaloacetatec )

{
oxaloacetatec = oxaloacetatec - acetyl_CoAc;
counter = acetyl_CoAc;
acetyl_CoAc = 0;

}
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else if ( acetyl_CoAc == oxaloacetatec )

{
counter = acetyl_CoAc;
acetyl_CoAc = 0;
oxaloacetatec = 0;
}
holdIn(passive, Time::Zero );
}
else
{
passivate();
}

return *this ;

}

* Fokkk ok ok ok ok ok ok k ok k ok

* Function Name: outputFunction
* Description:

Model &StepB1::outputFunction( const InternalMessage &msg )

{
if ( counter!=0)

sendOutput( msg.time(), citrate, counter ) ;

}

return *this ;

B.1.5 STEPB2.H

*
*
*

DESCRIPTION: Atomic Model StepB2 of Krebs Cycle
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 11/01/2004
Modifications: 17/01/2004

* * * * * * * * * * * 3

#ifndef _ STEPB2_H
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#define __STEPB2_H

#include <list>
#include "atomic.h" // class Atomic

class StepB2 : public Atomic

public:
StepB2( const string &name = "StepB2" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
/I inputs
const Port &citrate;
// outputs
Port &isocitrate;

Time preparationTime;
double citratec;
double counter;

} /I class StepB2

/I** inline ** /I

inline

string StepB2::className() const

{

}
#endif //__STEPB2_H

return "StepB2" ;

B.1.6 STEPB2.CPP

*
*

DESCRIPTION: Atomic Model StepB2 of Krebs Cycle
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 11/01/2004

* *  * X Ok *  * X Ok * 3
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/** include files **/

#include "stepB2.h"  // class stepB2

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

/¥ P x
* Function Name: StepB2
* Description:

StepB2::StepB2( const string &name )

: Atomic( name )

, citrate( addInputPort( "citrate" ) )

, isocitrate( addOutputPort( "isocitrate" ) )
, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation" ) ) ;
if( time 1="")
preparationTime = time ;
}
/* Kk kA Ak kK *

* Function Name: initFunction
* Description:
* Precondition:

xxxxxxxxxxxxxx /
Model &StepB2::initFunction()
{
citratec = 0;
counter = 0;
return *this ;
}
/* ek ok x
* Function Name: externalFunction
* Description:
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn /
Model &StepB2::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == citrate )
citratec = citratec + msg.value() ;
/lcout << "Roxana: External Function = citratec:" << citratec << "\n";

holdIin(passive, Time::Zero);

}

return *this;
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}

* Fokkk ok ok ok ok ok ok k ok k ok

* Function Name: internalFunction
* Description:

xxxxxxxxxxxxxx /
Model &StepB2::internalFunction( const InternalMessage &)
{
if ( state() == passive )
{
passivate();
/lcout << "Roxana: Internal function = Passive State!\n";
}
else
{ .
counter = citratec;
/lcout << "Roxana: Internal Function = counter:" << counter << "\n";
holdIn(passive, Time::Zero );
/lcout << "Roxana: Internal Function = citratec:" << citratec << "\n";
/lcout << "Roxana: Internal Function = counter:" << counter << "\n";
}
/lcout << "Roxana: Internal Function = counter:" << counter << "\n";
/lcout << "Roxana: Internal Function = citratec:" << citratec << "\n";
return *this ;
}
/* . -

* Function Name: outputFunction
* Description:

Model &StepB2::outputFunction( const InternalMessage &msg )

{

sendOutput( msg.time(), isocitrate, citratec );

return *this ;

B.1.7 STEPB3.H

/* khkkkkhkkkkkkk *%
*

* DESCRIPTION: Atomic Model StepB3 of Krebs Cycle

*
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AUTHOR: Roxana Djafarzadeh

* EMAIL: mailto://roxanadj@hotmail.com
* mailto://rdjafar@site.uottawa.ca

DATE of Creation: 11/01/2004
Modified: 17/01/2004

#ifndef _ STEPB3_H
#define _ STEPB3_H

#include <list>
#include "atomic.h" // class Atomic

class StepB3 : public Atomic
{
public:
StepB3( const string &name = "StepB3" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:

/I inputs
const Port &isocitrate;
const Port &NAD;

// outputs
Port &alpha_ketoglutarate;
Port &NADH;
Port &CO2;

Time preparationTime;
double isocitratec;
double nadc;

double counter;

h /I class StepB3

/1 ** inline ** //

inline

string StepB3::className() const

{

}
#endif //__STEPB3_H

return "StepB3" ;
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B.1.8 STEPB3.CPP

~
*
*
*
*
*

DESCRIPTION: Atomic Model StepB3 of Krebs Cycle
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 11/01/2004
Modified: 18/01/2004

*  * X Ok *  * X Xk *  *

nnnnnnnnnnnnnnnn AAAAAAAAAKKKK/

/** include files **/

#include "stepB3.h"  // class stepB3

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

* ok kk ok ok ok ok ok ok ok ko k ok

* Function Name: StepB3
* Description:

StepB3::StepB3( const string &name )

: Atomic( name )

, isocitrate( addInputPort( "isocitrate" ) )

, NAD( addInputPort( "NAD" ) )

, alpha_ketoglutarate( addOutputPort( "alpha_ketoglutarate" ) )
, NADH( addOutputPort( "NADH" ) )

, CO2( addOutputPort( "CO2"))

, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation" ) ) ;
if( time 1="")
preparationTime = time ;
}
/¥ Kk kkkk kA kK *

* Function Name: initFunction
* Description:
* Precondition:

xxxxxxxxxxxxxx /
Model &StepB3::initFunction()
{
isocitratec = 0;
nadc = 0;
counter = 0;
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return *this ;

}

* Fokkkk ok ok ok ok ok ok ok k ok

* Function Name: externalFunction
* Description:

nnnnnnnnnnnnnnnnnnnnnnnnnnnnn /
Model &StepB3::externalFunction( const ExternalMessage &msg )
{
if( msg.port() == isocitrate )
isocitratec = isocitratec + msg.value() ;
if (nadc >0)
holdIn(active, Time::Zero);
else
holdIn(passive, Time::Zero);
}
else if( msg.port() == NAD )
nadc = nadc + msg.value() ;
if ( isocitratec > 0)
holdIn(active, Time::Zero);
else
holdIin(passive, Time::Zero);
}
return *this;
}
/* P—— x ok
* Function Name: internalFunction
* Description:
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn /
Model &StepB3::internalFunction( const InternalMessage &)
{
counter = 0;
if ( state() == passive )
{
passivate();
}
else
{

if ( (isocitratec >=1)&& (nadc>=1))
{

if ( isocitratec > nadc )

{

isocitratec = isocitratec - nadc;
counter = nadgc;
nadc = 0;
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}

else if ( isocitratec < nadc)

{
nadc = nadc - isocitratec;
counter = isocitratec;
isocitratec = 0;
}
else if ( isocitratec == nadc )
{
counter = isocitratec;
isocitratec = 0;
nadc = 0;
}
holdIn(passive, Time::Zero );
}
else
{
passivate();
}

return *this ;

}

/> ek ok x
* Function Name: outputFunction
* Description:

Model &StepB3::outputFunction( const InternalMessage &msg )

{
if ( counter!=0)
sendOutput( msg.time(), alpha_ketoglutarate, counter );

sendOutput( msg.time(), NADH, counter );
sendOutput( msg.time(), CO2, counter );

}

return *this ;

B.1.9 STEPB4.H

/* ek ke ek *

*

* DESCRIPTION: Atomic Model StepB4 of Krebs Cycle
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AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 11/01/2004
Modified: 17/01/2004

* ¥ * *  * Xk *  *

#ifndef _ STEPB4_H
#define __STEPB4_H

#include <list>
#include "atomic.h" // class Atomic

class StepB4 : public Atomic
{
public:
StepB4( const string &name = "StepB4" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:

/I inputs
const Port &alpha_ketoglutarate;
const Port &NAD;

// outputs
Port &succinyl_CoA,;
Port &NADH,;
Port &CO2;

Time preparationTime;
double alpha_ketoglutaratec;
double nadc;

double counter;

}; /I class StepB4

/I** inline ** /I

inline

string StepB4::className() const

{

}
#endif //__STEPB4_H

return "StepB4" ;

- 229 -



B.1.10 STEPB4.CPP

~
*
*
*
*
*

DESCRIPTION: Atomic Model StepB4 of Krebs Cycle
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 11/01/2004
Modified: 18/01/2004

*  * X Ok *  * X Xk *  *

nnnnnnnnnnnnnnnn AAAAAAAAAKKKK/

/** include files **/

#include "stepB4.h"  // class stepB4

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

* ok kk ok ok ok ok ok ok ok ko k ok

* Function Name: StepB4
* Description:

StepB4.::StepB4( const string &name )

: Atomic( name )

, NAD( addInputPort( "NAD" ) )

, alpha_ketoglutarate( addinputPort( "alpha_ketoglutarate" ) )
, succinyl_CoA( addOutputPort( "succinyl_CoA" ) )

, NADH( addOutputPort( "NADH" ) )

, CO2( addOutputPort( "CO2") )

, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation" ) ) ;
if( time 1="")
preparationTime = time ;
}

/¥ Sk AR AR AR «
* Function Name: initFunction

* Description:

* Precondition:

xxxxxxxxxxxxxx /
Model &StepB4::initFunction()
{
alpha_ketoglutaratec = 0;
nadc = 0;
counter = 0;
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return *this ;

}

* Fokkkk ok ok ok ok ok ok ok k ok

* Function Name: externalFunction
* Description:

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn /
Model &StepB4::externalFunction( const ExternalMessage &msg )
{
if( msg.port() == alpha_ketoglutarate )
alpha_ketoglutaratec = alpha_ketoglutaratec + msg.value() ;
if (nadc >0)
holdIn(active, Time::Zero);
else
holdIn(passive, Time::Zero);
}
else if( msg.port() == NAD )
nadc = nadc + msg.value() ;
if ( alpha_ketoglutaratec > 0 )
holdIn(active, Time::Zero);
else
holdIin(passive, Time::Zero);
}
return *this;
}
/* P—— ok

* Function Name: internalFunction
* Description:

Model &StepB4::internalFunction( const InternalMessage &)

{

counter = 0;
if ( state() == passive )

{
}

else

{

passivate();

if ( ( alpha_ketoglutaratec >=1) && (nadc>=1))

if ( alpha_ketoglutaratec > nadc )
alpha_ketoglutaratec = alpha_ketoglutaratec - nadc;

counter = nadgc;
nadc = 0;
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}

else if ( alpha_ketoglutaratec < nadc )

{
nadc = nadc - alpha_ketoglutaratec;
counter = alpha_ketoglutaratec;
alpha_ketoglutaratec = 0;
}
else if ( alpha_ketoglutaratec == nadc )
{
counter = alpha_ketoglutaratec;
alpha_ketoglutaratec = 0;
nadc = 0;
}
holdIn(passive, Time::Zero );
}
else
{
passivate();
}

return *this ;

}

/> ek ok x
* Function Name: outputFunction
* Description:

Model &StepB4::outputFunction( const InternalMessage &msg )

{
if ( counter!=0)
sendOutput( msg.time(), succinyl_CoA, counter );

sendOutput( msg.time(), NADH, counter );
sendOutput( msg.time(), CO2, counter );

}

return *this ;

B.1.11 STEPBS.H

/* ek ke ek *

*

* DESCRIPTION: Atomic Model StepB5 of Krebs Cycle
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AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 11/01/2004
Modified: 18/01/2004

* ¥ * *  * Xk *  *

#ifndef _ STEPB5_H
#define __STEPB5_H

#include <list>
#include "atomic.h" // class Atomic

class StepB5 : public Atomic
{
public:
StepB5( const string &name = "StepBS5" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
/I inputs
const Port &GDP;
const Port &Pi;
const Port &succinyl_CoA,;
/I outputs
Port &succinate;
Port &CoA,;
Port &GTP;

Time preparationTime;
double succinyl_CoAc;
double Pic;
double gdpc;
double counter;

} /I class StepB5

/I'** inline ** /I

inline

string StepB5::className() const

return "StepB5" ;
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#endif //__STEPBS5_H

B.1.12 STEPB5.CPP

*
*
*

DESCRIPTION: Atomic Model StepB5 of Krebs Cycle
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 18/01/2004

* *  * X Ok * Ok Xk F* T3

nnnnnnnnnnnnnnnn AAAAAAAAAKKKK/

/** include files **/

#include "stepB5.h"  // class stepB5

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

* Fokkkk ok ok ok ok ok ok ok k ok

* Function Name: StepB5
* Description:

StepB5::StepB5( const string &name )

: Atomic( name )

, GDP( addInputPort( "GDP" ) )

, Pi( addInputPort( "Pi" ) )

, succinyl_CoA( addInputPort( "succinyl_CoA" ) )
, succinate( addOutputPort( "succinate" ) )

, CoA( addOutputPort( "CoA" ) )

, GTP( addOutputPort( "GTP" ) )

, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation” ) ) ;
if( time I="")
preparationTime = time ;
}
/* —— ok

* Function Name: initFunction
* Description:
* Precondition:

Model &StepB5::initFunction()
{

succinyl_CoAc = 0;
gdpc = 0;
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Pic = 0;

return *this ;

}

/> dd %
* Function Name: externalFunction
* Description:

xxxxxxxxxxxxxx /
Model &StepB5::externalFunction( const ExternalMessage &msg )

{
if( msg.port() == succinyl_CoA )
{

succinyl_CoAc = succinyl_CoAc + msg.value() ;
if ((gdpc>0)&& (Pic>0))

holdIn( active, Time::Zero );
else

holdin(passive, Time::Zero );

}
else if( msg.port() == GDP )
{

gdpc = gdpc + msg.value() ;
if ( ( succinyl CoAc>0)&& (Pic>0))
holdIn( active, Time::Zero );
else
holdIn(passive, Time::Zero );

}
else if( msg.port() == Pi)

Pic = Pic + msg.value() ;

if ( ( succinyl CoAc>0)&& (gdpc>0))
holdIn( active, Time::Zero );

else
holdIn(passive, Time::Zero );

}

return *this;

}

/> R %
* Function Name: internalFunction
* Description:

Model &StepB5::internalFunction( const InternalMessage &)

{

counter = 0;

if ( state() == passive )

{
}

passivate();
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else
if ( (succinyl_CoAc>=1) && (gdpc >=1) && (Pic>=1))

if ( ( succinyl_CoAc >= gdpc ) && ( gdpc >= Pic) )
{

succinyl_CoAc = succinyl_CoAc - Pic;
gdpc = gdpc - Pic;
counter = Pic;

Pic = 0;
}
else if ( ( succinyl_CoAc >= Pic ) && ( Pic >=gdpc ) )
{
succinyl_CoAc = succinyl_CoAc - gdpc;
Pic = Pic - gdpc;
counter = gdpc;
gdpc = 0;
}

else if ( ( gdpc >= succinyl_CoAc ) && ( succinyl_CoAc >= Pic) )

gdpc = gdpc - Pic;
succinyl_CoAc = succinyl_CoAc - Pic;
counter = Pic;
Pic = 0;
}

else if ( ( gdpc >= Pic ) && ( Pic >= succinyl_CoAc))

gdpc = gdpc - succinyl_CoAc;
Pic = Pic - succinyl_CoAc;
counter = succinyl_CoAc;
succinyl_CoAc = 0;

}
else if ( ( Pic >= succinyl_CoAc ) && ( succinyl_CoAc >=gdpc) )
{
Pic = Pic - gdpc;
succinyl_CoAc = succinyl_CoAc - gdpc;
counter = gdpc;
gdpc = 0;
}
else if ( ( Pic >= gdpc ) && ( gdpc >= succinyl_CoAc ) )
{
Pic = Pic - succinyl_CoAc;
gdpc = gdpc - succinyl_CoAc;
counter = succinyl_CoAc;
succinyl_CoAc= 0;
}

else if ( (succinyl_CoAc == gdpc) && (gdpc == Pic) )
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counter = succinyl_CoAc;
succinyl_CoAc = 0;

gdpc = 0;
Pic = 0;
}
holdIn(passive, Time::Zero );
}
else
{
passivate();
}
}
return *this ;
}
/* P—— ok

* Function Name: outputFunction
* Description:

xxxxxxxxxxxxxx /
Model &StepB5::outputFunction( const InternalMessage &msg )

{

if (counter!=0)

{
sendOutput( msg.time(), succinate, counter );
sendOutput( msg.time(), CoA, counter );
sendOutput( msg.time(), GTP, counter );

}

return *this;

}
B.1.13 STEPB6.H

*
*
*

DESCRIPTION: Atomic Model StepB6 of Krebs Cycle
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 11/01/2004
Modified: 18/01/2004

* * * * * * * * * * * S
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#ifndef _ STEPB6_H
#define __STEPB6_H

#include <list>
#include "atomic.h" // class Atomic

class StepB6 : public Atomic

{
public:

StepB6( const string &name = "StepB6" ); //Default constructor

virtual string className() const ;
protected:
Model &initFunction();

Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
/I inputs
const Port &succinate;
const Port &FAD;
/I outputs
Port &fumarate;
Port &FADH2;

Time preparationTime;
double succinatec;
double fadc;

double counter;

}; /I class StepB6

/I'** inline ** /I

inline

string StepB6::className() const

{

}
#endif //__STEPB6_H

return "StepB6" ;

B.1.14 STEPB6.CPP

* Fokkk ok ok ok ok ok ok ok k *k

*

* DESCRIPTION: Atomic Model StepB6 of Krebs Cycle

*

AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

*
*
*
*
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*

* DATE of CREATION: 18/01/2004

nnnnnnnnnnnnnnnnn AAAAAAAAKKKK/

/** include files **/

#include "stepB6.h"  // class stepB6

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

/¥ P x
* Function Name: StepB6
* Description:

StepB6::StepB6( const string &name )

: Atomic( name )

, succinate( addInputPort( "succinate" ) )
, FAD( addInputPort( "FAD" ) )

, fumarate( addOutputPort( "fumarate" ) )
, FADH2( addOutputPort( "FADH2" ) )

, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation" ) ) ;
if( time 1I="")
preparationTime = time ;
}
/> e e %

* Function Name: initFunction
* Description:
* Precondition:

xxxxxxxxxxxxxx /
Model &StepB6::initFunction()
{
succinatec = 0;
fadc = 0;
counter = 0;
return *this ;
}
/* P—— ok
* Function Name: externalFunction
* Description:
xxxxxxxxxxxxxx /
Model &StepB6::externalFunction( const ExternalMessage &msg )

{

if( msg.port() == succinate )
succinatec = succinatec + msg.value() ;

if (fadc>0)
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holdIn( active, Time::Zero );
else
holdIn(passive, Time::Zero );

}
else if ( msg.port() == FAD )
fadc = fadc + msg.value() ;

if ( succinatec > 0)

holdIn( active, Time::Zero );
else

holdIin(passive, Time::Zero );

}

return *this;

}

/> J R %
* Function Name: internalFunction
* Description:

xxxxxxxxxxxxxx /
Model &StepB6::internalFunction( const InternalMessage & )

{

counter = 0;

if ( state() == passive)

{
passivate();
}
else
{
if ( (succinatec >= 1) && (fadc >= 1))
{
if ( succinatec > fadc )
{
succinatec = succinatec - fadc;
counter = fadc;
fadc = 0;
}

else if ( succinatec < fadc )

fadc = fadc - succinatec;
counter = succinatec;
succinatec = 0;

}

else if ( succinatec == fadc )

{

counter = succinatec;
succinatec = 0;
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fadc = 0;

}
holdIn(passive, Time::Zero );
}
else
{
passivate();
}
}
return *this ;
}
/* S—— -

* Function Name: outputFunction
* Description:

Model &StepB6::outputFunction( const InternalMessage &msg )

{

if ( counter!=0)

{

sendOutput( msg.time(), fumarate, counter ) ;
sendOutput( msg.time(), FADH2, counter ) ;

}

return *this ;

}
B.1.15 STEPB7.H

*
*
*

DESCRIPTION: Atomic Model StepB7 of Krebs Cycle
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 11/01/2004
Modified: 18/01/2004

* * * * * * * * * * * =

#ifndef _ STEPB7_H
#define _ STEPB7_H

#include <list>
#include "atomic.h" // class Atomic
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class StepB7 : public Atomic
{
public:
StepB7( const string &name = "StepB7" ); //Default constructor

virtual string className() const ;

protected:
Model &initFunction();
Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
/I inputs
const Port &fumarate;
const Port &H20;
/I outputs
Port &malate;

Time preparationTime;
double fumaratec;
double h2oc;

double counter;

}; /I class StepB7

/I'** inline ** /I

inline

string StepB7::className() const

{

}
#endif //__STEPB7_H

return "StepB7" ;

B.1.16 STEPB7.CPP

/* ek ko *

*

* DESCRIPTION: Atomic Model StepB7 of Krebs Cycle

*

AUTHOR: Roxana Djafarzadeh

* EMAIL: mailto://roxanadj@hotmail.com
* mailto://rdjafar@site.uottawa.ca

DATE of CREATION: 17/01/2004

nnnnnnnnnnnnnnnn *kkkkkk xxxx/

/** include files **/
#include "stepB7.h"  // class stepB7
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#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

/¥ P x
* Function Name: StepB7
* Description:

StepB7::StepB7( const string &name )

: Atomic( name )

, fumarate( addInputPort( "fumarate" ) )
, H20( addInputPort( "H20" ) )

, malate( addOutputPort( "malate" ) )

, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation" ) ) ;
if( time 1I="")
preparationTime = time ;
}

/> Jd %
* Function Name: initFunction

* Description:

* Precondition:

Model &StepB7::initFunction()
{

fumaratec = 0;
h2oc = 0;
counter = 0;

return *this ;

}

* Fokkk ok ok ok ok ok ok k ok k ok

* Function Name: externalFunction
* Description:

xxxxxxxxxxxxxx /
Model &StepB7::externalFunction( const ExternalMessage &msg )

{

if( msg.port() == fumarate )
fumaratec = fumaratec + msg.value() ;
if (h2oc >0)
holdIn( active, Time::Zero );
else
holdIn(passive, Time::Zero );

}
else if ( msg.port() == H20)
{

h2oc = h2oc + msg.value() ;
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}

if (fumaratec >0)

holdIn( active, Time::Zero );
else

holdin(passive, Time::Zero );

}

return *this;

*

* Function Name: internalFunction
* Description:

xxxxxxxxxxxxxx /

Model &StepB7::internalFunction( const InternalMessage &)

{

counter = 0;

if ( state() == passive )

{
passivate();
}
else
{
if ( (fumaratec >= 1) && (h2oc >= 1))
{
if ( fumaratec > h2oc )
{
fumaratec = fumaratec - h2oc;
counter = h2oc;
h2oc = 0;
}
else if (fumaratec < h2oc )
{
h2oc = h2oc - fumaratec;
counter = fumaratec;
fumaratec = 0;
}
else if ( fumaratec == h2oc )
{
counter = fumaratec;
fumaratec = 0;
h2oc = 0;
}
holdIn(passive, Time::Zero );
}
else
{
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passivate();

}

return *this ;

}

/* ek ok x
* Function Name: outputFunction
* Description:

Model &StepB7::outputFunction( const InternalMessage &msg )

{
if ( counter !=0)

sendOutput( msg.time(), malate, counter ) ;

}

return *this ;

}
B.1.17 STEPB8.H

*
*
*

DESCRIPTION: Atomic Model StepB8 of Krebs Cycle
AUTHOR: Roxana Djafarzadeh

EMAIL: mailto://roxanadj@hotmail.com
mailto://rdjafar@site.uottawa.ca

DATE of Creation: 11/01/2004
Modified: 18/01/2004

* * * * * * * * * * * 3

#ifndef _ STEPB8_H
#define _ STEPB8_H

#include <list>
#include "atomic.h" // class Atomic

class StepB8 : public Atomic

{
public:

StepB8( const string &name = "StepB8" ); //Default constructor

virtual string className() const ;
protected:
Model &initFunction();
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Model &externalFunction( const ExternalMessage & );
Model &internalFunction( const InternalMessage & );
Model &outputFunction( const InternalMessage & );

private:
/I inputs
const Port &malate;
const Port &NAD;
/I outputs
Port &oxaloacetate;
Port &NADH;

Time preparationTime;
double malatec;
double nadc;
double counter;

}; /I class StepB8

/I** inline ** /I

inline

string StepB8::className() const

{

}
#endif //__STEPB8_H

return "StepB8" ;

B.1.18 STEPB8.CPP

* Fokkk ok ok ok ok ok ok ok ok ok ok

*

* DESCRIPTION: Atomic Model StepB8 of Krebs Cycle

*

AUTHOR: Roxana Djafarzadeh

* EMAIL: mailto://roxanadj@hotmail.com
* mailto://rdjafar@site.uottawa.ca

DATE of CREATION: 18/01/2004

/** include files **/

#include "stepB8.h"  // class stepB8

#include "message.h" // class ExternalMessage, InternalMessage
#include "mainsimu.h" // MainSimulator::Instance().getParameter( ... )

/** public functions **/

/¥ - x
* Function Name: StepB8
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* Description:

StepB8::StepB8( const string &name )

: Atomic( name )

, malate( addInputPort( "malate" ) )

, NAD( addInputPort( "NAD" ) )

, oxaloacetate( addOutputPort( "oxaloacetate" ) )
, NADH( addOutputPort( "NADH" ) )

, preparationTime( 0, 0, 10, 0)

{
string time( MainSimulator::Instance().getParameter( description(), "preparation" ) ) ;
if( time 1="")
preparationTime = time ;
}
/* PPPEE— -

* Function Name: initFunction
* Description:
* Precondition:

Model &StepB8::initFunction()
{
malatec = 0;
nadc = 0;
counter = 0;

return *this ;

}

/> . %
* Function Name: externalFunction
* Description:

Model &StepB8::externalFunction( const ExternalMessage &msg )

{

if( msg.port() == malate )
malatec = malatec + msg.value() ;

if (nadc >0)

holdIn( active, Time::Zero );
else

holdin(passive, Time::Zero );

}
else if ( msg.port() == NAD )
{ nadc = nadc + msg.value() ;
if ( malatec >0)
holdIn( active, Time::Zero );

else
holdIn(passive, Time::Zero );
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return *this;

}

/* ek ke ek

* Function Name: internalFunction
* Description:

Model &StepB8::internalFunction( const InternalMessage & )

{

counter = 0;

if ( state() == passive )

{
passivate();
}
else
if ( (malatec >= 1) && (nadc >= 1))
{
if ( malatec > nadc)
{
malatec = malatec - nadc;
counter = nadc;
nadc = 0;
}
else if ( malatec < nadc )
{
nadc = nadc - malatec;
counter = malatec;
malatec = 0;
}
else if ( malatec == nadc))
{
counter = malatec;
malatec = 0;
nadc = 0;
}
holdIn(passive, Time::Zero );
}
else
{
passivate();
}
}

return *this ;
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}

* Fokk ok ok ok ok ok ok ok ko *okkok

* Function Name: outputFunction
* Description:

xxxxxxxxxxxxxx /
Model &StepB8::outputFunction( const InternalMessage &msg )

{

if (counter!=0)

{

sendOutput( msg.time(), oxaloacetate, counter ) ;
sendOutput( msg.time(), NADH, counter ) ;
}

return *this ;

B.2 COUPLED MODELS

B.2.1 KREBS

#!/bin/sh
./simu -mkrebs.ma -ekrebs.ev -lkrebs.log -okrebs.out

B.2.2 KREBS.MA

[top]

components : stepA@StepA stepB1@StepB1 stepB2@StepB2 stepB3@StepB3 stepB4@StepB4
stepB5@StepB5 stepB6@StepB6 stepB7@StepB7 stepB8@StepB8

out : FADH2 GTP HSCoAo H NADH CO2

in : pyruvate pyruvateDehydrogenase HSCoAi NAD oxaloacetate H20 citrateSynthase
acontinase isocitrateDehydrogenase alpha_ketoglutarateDehydrogenase GDP Pi
succinylCoA_Synthetase FAD succinateDehydrogenase fumarase malateDehydrogenase

Link : pyruvate pyruvate@stepA

Link : pyruvateDehydrogenase pyruvateDehydrogenase@stepA
Link : HSCoAi HSCoAi@stepA

Link : NAD NAD@stepA

Link : citrateSynthase citrateSynthase@stepB1

Link : H20 H20@stepB1

Link : oxaloacetate oxaloacetate@stepB1

Link : acontinase acontinase@stepB2

Link : NAD NAD@stepB3

Link : isocitrateDehydrogenase isocitrateDehydrogenase@stepB3
Link : HSCoAi HSCoAi@stepB4

Link : NAD NAD@stepB4
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Link :
Link :
Link :
Link :
Link :
Link :

Link

Link

Link

Link

Link

Link

Link

Link

Link :

Link

Link

Link

Link

alpha_ketoglutarateDehydrogenase alpha_ketoglutarateDehydrogenase@stepB4
GDP GDP@stepB5

Pi Pi@stepB5

succinylCoA_Synthetase succinylCoA_Synthetase@stepB5

FAD FAD@stepB6

succinateDehydrogenase succinateDehydrogenase@stepB6

: H20 H20@stepB7
Link :
: NAD NAD@stepB8
Link :

fumarase fumarase@stepB7

malateDehydrogenase malateDehydrogenase@stepB8

: NADH@stepA NADH
Link :

CO2@stepA CO2

: H@stepA H
Link :
Link :

HSCoAo@stepB1 HSCoAo
H@stepB1 H

: NADH@stepB3 NADH
Link :
: NADH@stepB4 NADH
Link :
Link :
Link :
Link :

CO2@stepB3 CO2

H@stepB4 H
CO2@stepB4 CO2
HSCoAo@stepB5 HSCoAo
GTP@stepB5 GTP

: FADH2@stepB6 FADH2
Link :
: H@stepB8 H

NADH@stepB8 NADH

acetyl_CoA@stepA acetyl CoA@stepB1

: citrate@stepB1 citrate@stepB2
Link :

isocitrate@stepB2 isocitrate@stepB3

: alpha_ketoglutarate@stepB3 alpha_ketoglutarate@stepB4
Link :
Link :

succinyl_CoA@stepB4 succinyl_CoA@stepB5
succinate@stepB5 succinate@stepB6

: fumarate@stepB6 fumarate@stepB7
Link :

malate@stepB7 malate@stepB8

: oxaloacetate@stepB8 oxaloacetate @stepB1

[stepA]
preparation : 00:00:05:000

[stepB1]
preparation : 00:00:10:000

[stepB2]
preparation : 00:00:25:000

[stepB3]
preparation : 00:00:40:000

[stepB4]
preparation : 00:00:45:000

[stepBY]
preparation : 00:00:55:000
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[stepB6]
preparation : 00:01:05:000

[stepB7]
preparation : 00:01:20:000

[stepB8]
preparation : 00:01:35:000

B.2.3 KREBS.EV

00:00:10:00 pyruvate 1

00:00:25:00 NAD 2

00:00:40:00 H20 2

00:00:57:00 HSCoAi 2

00:01:11:00 pyruvateDehydrogenase 1
00:01:14:00 citrateSynthase 1
00:02:01:00 oxaloacetate 1

00:02:14:00 acontinase 1

00:02:30:00 isocitrateDehydrogenase 1
00:02:30:00 alpha_ketoglutarateDehydrogenase 1
00:02:50:00 succinylCoA_Synthetase 1
00:03:10:00 GDP 1

00:03:11:00 Pi 1

00:03:15:00 FAD 1

00:03:28:00 succinateDehydrogenase 1
00:03:40:00 fumarase 1

00:03:45:00 malateDehydrogenase 1

B.2.4 KREBS.OUT

00:01:11:000 nadh 1
00:01:11: 000 co2 1
00:01:11:000 h 1
00:02:01:000 hscoao 1
00:02:01:000 h 1
00:02:30:000 nadh 1
00:02:30:000 co2 1
00:02:30:000 nadh 1
00:02:30:000 co2 1
00:02:30:000 h 1
00:03:11:000 hscoao 1
00:03:11:000 gtp 1
00:03:28:000 fadh2 1
00:03:45:000 nadh 1
00:03:45:000 h 1

B.2.5 KREBS.LOG

Mensaje | / 00:00:00:000 / Root(00) para top(01)
Mensaje | / 00:00:00:000 / top(01) para stepa(02)
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Mensaje | / 00:00:00:000 / top(01) para stepb1(03)
Mensaje | / 00:00:00:000 / top(01) para stepb2(04)
Mensaje | / 00:00:00:000 / top(01) para stepb3(05)
Mensaje | / 00:00:00:000 / top(01) para stepb4(06)
Mensaje | / 00:00:00:000 / top(01) para stepb5(07)
Mensaje | / 00:00:00:000 / top(01) para stepb6(08)
Mensaje | / 00:00:00:000 / top(01) para stepb7(09)
Mensaje | / 00:00:00:000 / top(01) para stepb8(10)
Mensaje D / 00:00:00:000 / stepa(02) / ... para top(01)
Mensaje D / 00:00:00:000 / stepb1(03) / ... para top(01)
Mensaje D / 00:00:00:000 / stepb2(04) / ... para top(01)
Mensaje D / 00:00:00:000 / stepb3(05) / ... para top(01)
Mensaje D / 00:00:00:000 / stepb4(06) / ... para top(01)
Mensaje D / 00:00:00:000 / stepb5(07) / ... para top(01)
Mensaje D / 00:00:00:000 / stepb6(08) / ... para top(01)

Mensaje D / 00:00:00:000 / stepb7(09) / ... para top(01)

Mensaje D / 00:00:00:000 / stepb8(10) / ... para top(01)

Mensaje D / 00:00:00:000 / top(01) / ... para Root(00)

Mensaje X / 00:00:10:000 / Root(00) / pyruvate /  1.00000 para top(01)
Mensaje X/ 00:00:10:000 / top(01) / pyruvate /  1.00000 para stepa(02)
Mensaje D / 00:00:10:000 / stepa(02) / 00:00:00:000 para top(01)
Mensaje D / 00:00:10:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:00:10:000 / Root(00) para top(01)

Mensaje * / 00:00:10:000 / top(01) para stepa(02)

Mensaje D / 00:00:10:000 / stepa(02) / ... para top(01)

Mensaje D / 00:00:10:000 / top(01) / ... para Root(00)

Mensaje X/ 00:00:25:000 / Root(00) / nad /  2.00000 para top(01)
Mensaje X/ 00:00:25:000 / top(01) / nad /  2.00000 para stepa(02)
Mensaje X/ 00:00:25:000 / top(01) / nad /  2.00000 para stepb3(05)
Mensaje X/ 00:00:25:000 / top(01) /nad /  2.00000 para stepb4(06)
Mensaje X/ 00:00:25:000 / top(01) / nad /  2.00000 para stepb8(10)
Mensaje D / 00:00:25:000 / stepa(02) / 00:00:00:000 para top(01)
Mensaje D / 00:00:25:000 / stepb3(05) / 00:00:00:000 para top(01)
Mensaje D / 00:00:25:000 / stepb4(06) / 00:00:00:000 para top(01)
Mensaje D / 00:00:25:000 / stepb8(10) / 00:00:00:000 para top(01)
Mensaje D / 00:00:25:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:00:25:000 / Root(00) para top(01)

Mensaje * / 00:00:25:000 / top(01) para stepa(02)

Mensaje D / 00:00:25:000 / stepa(02) / ... para top(01)

Mensaje D / 00:00:25:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:00:25:000 / Root(00) para top(01)

Mensaje * / 00:00:25:000 / top(01) para stepb3(05)

Mensaje D / 00:00:25:000 / stepb3(05) / ... para top(01)

Mensaje D / 00:00:25:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:00:25:000 / Root(00) para top(01)

Mensaje * / 00:00:25:000 / top(01) para stepb4(06)

Mensaje D / 00:00:25:000 / stepb4(06) / ... para top(01)

Mensaje D / 00:00:25:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:00:25:000 / Root(00) para top(01)

Mensaje * / 00:00:25:000 / top(01) para stepb8(10)

Mensaje D / 00:00:25:000 / stepb8(10) / ... para top(01)

Mensaje D / 00:00:25:000 / top(01) / ... para Root(00)

Mensaje X/ 00:00:40:000 / Root(00) / h2o/  2.00000 para top(01)
Mensaje X/ 00:00:40:000 / top(01) / h2o/  2.00000 para stepb1(03)
Mensaje X/ 00:00:40:000 / top(01) / h2o/  2.00000 para stepb7(09)

5
6
7
8
9
0
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Mensaje D / 00:00:40:000 / stepb1(03) / 00:00:00:000 para top(01)

Mensaje D / 00:00:40:000 / stepb7(09) / 00:00:00:000 para top(01)

Mensaje D / 00:00:40:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:00:40:000 / Root(00) para top(01)

Mensaje * / 00:00:40:000 / top(01) para stepb1(03)

Mensaje D / 00:00:40:000 / stepb1(03) / ... para top(01)

Mensaje D / 00:00:40:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:00:40:000 / Root(00) para top(01)

Mensaje * / 00:00:40:000 / top(01) para stepb7(09)

Mensaje D / 00:00:40:000 / stepb7(09) / ... para top(01)

Mensaje D / 00:00:40:000 / top(01) / ... para Root(00)

Mensaje X/ 00:00:57:000 / Root(00) / hscoai/  2.00000 para top(01)
Mensaje X/ 00:00:57:000 / top(01) / hscoai/  2.00000 para stepa(02)
Mensaje X/ 00:00:57:000 / top(01) / hscoai/  2.00000 para stepb4(06)
Mensaje D / 00:00:57:000 / stepa(02) / 00:00:00:000 para top(01)

Mensaje D / 00:00:57:000 / stepb4(06) / 00:00:00:000 para top(01)

Mensaje D / 00:00:57:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:00:57:000 / Root(00) para top(01)

Mensaje * / 00:00:57:000 / top(01) para stepa(02)

Mensaje D / 00:00:57:000 / stepa(02) / ... para top(01)

Mensaje D / 00:00:57:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:00:57:000 / Root(00) para top(01)

Mensaje * / 00:00:57:000 / top(01) para stepb4(06)

Mensaje D / 00:00:57:000 / stepb4(06) / ... para top(01)

Mensaje D / 00:00:57:000 / top(01) / ... para Root(00)

Mensaje X/ 00:01:11:000 / Root(00) / pyruvatedehydrogenase /  1.00000 para top(01)
Mensaje X/ 00:01:11:000 / top(01) / pyruvatedehydrogenase /  1.00000 para stepa(02)
Mensaje D / 00:01:11:000 / stepa(02) / 00:00:00:000 para top(01)

Mensaje D / 00:01:11:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:01:11:000 / Root(00) para top(01)

Mensaje * / 00:01:11:000 / top(01) para stepa(02)

Mensaje D / 00:01:11:000 / stepa(02) / 00:00:00:000 para top(01)

Mensaje D / 00:01:11:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:01:11:000 / Root(00) para top(01)

Mensaje * / 00:01:11:000 / top(01) para stepa(02)

Mensaje Y / 00:01:11:000 / stepa(02) / acetyl_coa/  1.00000 para top(01)
Mensaje Y / 00:01:11:000 / stepa(02) / nadh/  1.00000 para top(01)
Mensaje Y / 00:01:11:000 / stepa(02) / co2/  1.00000 para top(01)
Mensaje Y / 00:01:11:000 / stepa(02) / h/  1.00000 para top(01)

Mensaje D / 00:01:11:000 / stepa(02) / ... para top(01)

Mensaje X/ 00:01:11:000 / top(01) / acetyl_coa/  1.00000 para stepb1(03)
Mensaje Y / 00:01:11:000 / top(01) / nadh /  1.00000 para Root(00)
Mensaje Y / 00:01:11:000 / top(01) / co2/  1.00000 para Root(00)
Mensaje Y / 00:01:11:000 / top(01) / h/  1.00000 para Root(00)

Mensaje D / 00:01:11:000 / stepb1(03) / 00:00:00:000 para top(01)

Mensaje D / 00:01:11:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:01:11:000 / Root(00) para top(01)

Mensaje * / 00:01:11:000 / top(01) para stepb1(03)

Mensaje D / 00:01:11:000 / stepb1(03) / ... para top(01)

Mensaje D / 00:01:11:000 / top(01) / ... para Root(00)

Mensaje X/ 00:01:14:000 / Root(00) / citratesynthase /  1.00000 para top(01)
Mensaje X/ 00:01:14:000 / top(01) / citratesynthase /  1.00000 para stepb1(03)
Mensaje D / 00:01:14:000 / stepb1(03) / 00:00:00:000 para top(01)

Mensaje D / 00:01:14:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:01:14:000 / Root(00) para top(01)
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Mensaje * / 00:01:14:000 / top(01) para stepb1(03)

Mensaje D / 00:01:14:000 / stepb1(03) / ... para top(01)

Mensaje D / 00:01:14:000 / top(01) / ... para Root(00)

Mensaje X/ 00:02:01:000 / Root(00) / oxaloacetate /  1.00000 para top(01)
Mensaje X/ 00:02:01:000 / top(01) / oxaloacetate /  1.00000 para stepb1(03)
Mensaje D / 00:02:01:000 / stepb1(03) / 00:00:00:000 para top(01)

Mensaje D / 00:02:01:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:02:01:000 / Root(00) para top(01)

Mensaje * / 00:02:01:000 / top(01) para stepb1(03)

Mensaje D / 00:02:01:000 / stepb1(03) / 00:00:00:000 para top(01)

Mensaje D / 00:02:01:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:02:01:000 / Root(00) para top(01)

Mensaje * / 00:02:01:000 / top(01) para stepb1(03)

Mensaje Y / 00:02:01:000 / stepb1(03) / citrate /  1.00000 para top(01)
Mensaje Y / 00:02:01:000 / stepb1(03) / hscoao/  1.00000 para top(01)
Mensaje Y / 00:02:01:000 / stepb1(03) / h/  1.00000 para top(01)

Mensaje D / 00:02:01:000 / stepb1(03) / ... para top(01)

Mensaje X / 00:02:01:000 / top(01) / citrate /  1.00000 para stepb2(04)
Mensaje Y / 00:02:01:000 / top(01) / hscoao/  1.00000 para Root(00)
Mensaje Y / 00:02:01:000 / top(01) / h/  1.00000 para Root(00)

Mensaje D / 00:02:01:000 / stepb2(04) / 00:00:00:000 para top(01)

Mensaje D / 00:02:01:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:02:01:000 / Root(00) para top(01)

Mensaje * / 00:02:01:000 / top(01) para stepb2(04)

Mensaje D / 00:02:01:000 / stepb2(04) / ... para top(01)

Mensaje D / 00:02:01:000 / top(01) / ... para Root(00)

Mensaje X/ 00:02:14:000 / Root(00) / acontinase /  1.00000 para top(01)
Mensaje X/ 00:02:14:000 / top(01) / acontinase /  1.00000 para stepb2(04)
Mensaje D / 00:02:14:000 / stepb2(04) / 00:00:00:000 para top(01)

Mensaje D / 00:02:14:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:02:14:000 / Root(00) para top(01)

Mensaje * / 00:02:14:000 / top(01) para stepb2(04)

Mensaje D / 00:02:14:000 / stepb2(04) / 00:00:00:000 para top(01)

Mensaje D / 00:02:14:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:02:14:000 / Root(00) para top(01)

Mensaje * / 00:02:14:000 / top(01) para stepb2(04)

Mensaje Y / 00:02:14:000 / stepb2(04) / isocitrate /  1.00000 para top(01)
Mensaje D / 00:02:14:000 / stepb2(04) / ... para top(01)

Mensaje X/ 00:02:14:000 / top(01) / isocitrate /  1.00000 para stepb3(05)
Mensaje D / 00:02:14:000 / stepb3(05) / 00:00:00:000 para top(01)

Mensaje D / 00:02:14:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:02:14:000 / Root(00) para top(01)

Mensaje * / 00:02:14:000 / top(01) para stepb3(05)

Mensaje D / 00:02:14:000 / stepb3(05) / ... para top(01)

Mensaje D / 00:02:14:000 / top(01) / ... para Root(00)

Mensaje X/ 00:02:30:000 / Root(00) / isocitratedehydrogenase /  1.00000 para top(01)
Mensaje X/ 00:02:30:000 / top(01) / isocitratedehydrogenase /  1.00000 para stepb3(05)
Mensaje D / 00:02:30:000 / stepb3(05) / 00:00:00:000 para top(01)

Mensaje D / 00:02:30:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje X/ 00:02:30:000 / Root(00) / alpha_ketoglutaratedehydrogenase /  1.00000 para
top(01)

Mensaje X/ 00:02:30:000 / top(01) / alpha_ketoglutaratedehydrogenase /  1.00000 para
stepb4(06)

Mensaje D / 00:02:30:000 / stepb4(06) / 00:00:00:000 para top(01)

Mensaje D / 00:02:30:000 / top(01) / 00:00:00:000 para Root(00)
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Mensaje * / 00:02:30:000 / Root(00) para top(01)

Mensaje * / 00:02:30:000 / top(01) para stepb3(05)

Mensaje D / 00:02:30:000 / stepb3(05) / 00:00:00:000 para top(01)

Mensaje D / 00:02:30:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:02:30:000 / Root(00) para top(01)

Mensaje * / 00:02:30:000 / top(01) para stepb3(05)

Mensaje Y / 00:02:30:000 / stepb3(05) / alpha_ketoglutarate /  1.00000 para top(01)
Mensaje Y / 00:02:30:000 / stepb3(05) / nadh /  1.00000 para top(01)
Mensaje Y / 00:02:30:000 / stepb3(05) / co2/  1.00000 para top(01)

Mensaje D / 00:02:30:000 / stepb3(05) / ... para top(01)

Mensaje X/ 00:02:30:000 / top(01) / alpha_ketoglutarate /  1.00000 para stepb4(06)
Mensaje Y / 00:02:30:000 / top(01) / nadh /  1.00000 para Root(00)

Mensaje Y / 00:02:30:000 / top(01) / co2/  1.00000 para Root(00)

Mensaje D / 00:02:30:000 / stepb4(06) / 00:00:00:000 para top(01)

Mensaje D / 00:02:30:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:02:30:000 / Root(00) para top(01)

Mensaje * / 00:02:30:000 / top(01) para stepb4(06)

Mensaje D / 00:02:30:000 / stepb4(06) / 00:00:00:000 para top(01)

Mensaje D / 00:02:30:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:02:30:000 / Root(00) para top(01)

Mensaje * / 00:02:30:000 / top(01) para stepb4(06)

Mensaje Y / 00:02:30:000 / stepb4(06) / succinyl_coa/  1.00000 para top(01)
Mensaje Y / 00:02:30:000 / stepb4(06) / nadh /  1.00000 para top(01)
Mensaje Y / 00:02:30:000 / stepb4(06) / co2/  1.00000 para top(01)

Mensaje Y / 00:02:30:000 / stepb4(06) / h/  1.00000 para top(01)

Mensaje D / 00:02:30:000 / stepb4(06) / ... para top(01)

Mensaje X/ 00:02:30:000 / top(01) / succinyl_coa/  1.00000 para stepb5(07)
Mensaje Y / 00:02:30:000 / top(01) / nadh /  1.00000 para Root(00)

Mensaje Y / 00:02:30:000 / top(01) / co2/  1.00000 para Root(00)

Mensaje Y / 00:02:30:000 / top(01) /h/  1.00000 para Root(00)

Mensaje D / 00:02:30:000 / stepb5(07) / 00:00:00:000 para top(01)

Mensaje D / 00:02:30:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:02:30:000 / Root(00) para top(01)

Mensaje * / 00:02:30:000 / top(01) para stepb5(07)

Mensaje D / 00:02:30:000 / stepb5(07) / ... para top(01)

Mensaje D / 00:02:30:000 / top(01) / ... para Root(00)

Mensaje X/ 00:02:50:000 / Root(00) / succinylcoa_synthetase/  1.00000 para top(01)
Mensaje X/ 00:02:50:000 / top(01) / succinylcoa_synthetase/  1.00000 para stepb5(07)
Mensaje D / 00:02:50:000 / stepb5(07) / 00:00:00:000 para top(01)

Mensaje D / 00:02:50:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:02:50:000 / Root(00) para top(01)

Mensaje * / 00:02:50:000 / top(01) para stepb5(07)

Mensaje D / 00:02:50:000 / stepb5(07) / ... para top(01)

Mensaje D / 00:02:50:000 / top(01) / ... para Root(00)

Mensaje X/ 00:03:00:000 / Root(00) / gdp/  1.00000 para top(01)

Mensaje X/ 00:03:00:000 / top(01) / gdp/  1.00000 para stepb5(07)
Mensaje D / 00:03:00:000 / stepb5(07) / 00:00:00:000 para top(01)

Mensaje D / 00:03:00:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:03:00:000 / Root(00) para top(01)

Mensaje * / 00:03:00:000 / top(01) para stepb5(07)

Mensaje D / 00:03:00:000 / stepb5(07) / ... para top(01)

Mensaje D / 00:03:00:000 / top(01) / ... para Root(00)

Mensaje X/ 00:03:11:000 / Root(00) / pi/  1.00000 para top(01)

Mensaje X/ 00:03:11:000 / top(01) / pi/  1.00000 para stepb5(07)

Mensaje D / 00:03:11:000 / stepb5(07) / 00:00:00:000 para top(01)
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Mensaje D / 00:03:11:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:03:11:000 / Root(00) para top(01)

Mensaje * / 00:03:11:000 / top(01) para stepb5(07)

Mensaje D / 00:03:11:000 / stepb5(07) / 00:00:00:000 para top(01)
Mensaje D / 00:03:11:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:03:11:000 / Root(00) para top(01)

Mensaje * / 00:03:11:000 / top(01) para stepb5(07)

Mensaje Y / 00:03:11:000 / stepb5(07) / succinate /  1.00000 para top(01)
Mensaje Y / 00:03:11:000 / stepb5(07) / hscoao/  1.00000 para top(01)
Mensaje Y / 00:03:11:000 / stepb5(07) / gtp/  1.00000 para top(01)
Mensaje D / 00:03:11:000 / stepb5(07) / ... para top(01)

Mensaje X/ 00:03:11:000 / top(01) / succinate /  1.00000 para stepb6(08)
Mensaje Y / 00:03:11:000 / top(01) / hscoao/  1.00000 para Root(00)
Mensaje Y / 00:03:11:000 / top(01) / gtp/  1.00000 para Root(00)
Mensaje D / 00:03:11:000 / stepb6(08) / 00:00:00:000 para top(01)
Mensaje D / 00:03:11:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:03:11:000 / Root(00) para top(01)

Mensaje * / 00:03:11:000 / top(01) para stepb6(08)

Mensaje D / 00:03:11:000 / stepb6(08) / ... para top(01)

Mensaje D / 00:03:11:000 / top(01) / ... para Root(00)

Mensaje X/ 00:03:15:000 / Root(00) / fad /  1.00000 para top(01)
Mensaje X/ 00:03:15:000 / top(01) /fad/  1.00000 para stepb6(08)
Mensaje D / 00:03:15:000 / stepb6(08) / 00:00:00:000 para top(01)
Mensaje D / 00:03:15:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:03:15:000 / Root(00) para top(01)

Mensaje * / 00:03:15:000 / top(01) para stepb6(08)

Mensaje D / 00:03:15:000 / stepb6(08) / ... para top(01)

Mensaje D / 00:03:15:000 / top(01) / ... para Root(00)

Mensaje X/ 00:03:28:000 / Root(00) / succinatedehydrogenase/  1.00000 para top(01)
Mensaje X/ 00:03:28:000 / top(01) / succinatedehydrogenase /  1.00000 para stepb6(08)
Mensaje D / 00:03:28:000 / stepb6(08) / 00:00:00:000 para top(01)
Mensaje D / 00:03:28:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:03:28:000 / Root(00) para top(01)

Mensaje * / 00:03:28:000 / top(01) para stepb6(08)

Mensaje D / 00:03:28:000 / stepb6(08) / 00:00:00:000 para top(01)
Mensaje D / 00:03:28:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:03:28:000 / Root(00) para top(01)

Mensaje * / 00:03:28:000 / top(01) para stepb6(08)

Mensaje Y / 00:03:28:000 / stepb6(08) / fumarate /  1.00000 para top(01)
Mensaje Y / 00:03:28:000 / stepb6(08) / fadh2/  1.00000 para top(01)
Mensaje D / 00:03:28:000 / stepb6(08) / ... para top(01)

Mensaje X/ 00:03:28:000 / top(01) / fumarate /  1.00000 para stepb7(09)
Mensaje Y / 00:03:28:000 / top(01) / fadh2/  1.00000 para Root(00)
Mensaje D / 00:03:28:000 / stepb7(09) / 00:00:00:000 para top(01)
Mensaje D / 00:03:28:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:03:28:000 / Root(00) para top(01)

Mensaje * / 00:03:28:000 / top(01) para stepb7(09)

Mensaje D / 00:03:28:000 / stepb7(09) / ... para top(01)

Mensaje D / 00:03:28:000 / top(01) / ... para Root(00)

Mensaje X/ 00:03:40:000 / Root(00) / fumarase/  1.00000 para top(01)
Mensaje X/ 00:03:40:000 / top(01) / fumarase/  1.00000 para stepb7(09)
Mensaje D / 00:03:40:000 / stepb7(09) / 00:00:00:000 para top(01)
Mensaje D / 00:03:40:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:03:40:000 / Root(00) para top(01)

Mensaje * / 00:03:40:000 / top(01) para stepb7(09)
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Mensaje D / 00:03:40:000 / stepb7(09) / 00:00:00:000 para top(01)

Mensaje D / 00:03:40:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:03:40:000 / Root(00) para top(01)

Mensaje * / 00:03:40:000 / top(01) para stepb7(09)

Mensaje Y / 00:03:40:000 / stepb7(09) / malate /  1.00000 para top(01)
Mensaje D / 00:03:40:000 / stepb7(09) / ... para top(01)

Mensaje X/ 00:03:40:000 / top(01) / malate /  1.00000 para stepb8(10)
Mensaje D / 00:03:40:000 / stepb8(10) / 00:00:00:000 para top(01)

Mensaje D / 00:03:40:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:03:40:000 / Root(00) para top(01)

Mensaje * / 00:03:40:000 / top(01) para stepb8(10)

Mensaje D / 00:03:40:000 / stepb8(10) / ... para top(01)

Mensaje D / 00:03:40:000 / top(01) / ... para Root(00)

Mensaje X/ 00:03:45:000 / Root(00) / malatedehydrogenase /  1.00000 para top(01)
Mensaje X/ 00:03:45:000 / top(01) / malatedehydrogenase /  1.00000 para stepb8(10)
Mensaje D / 00:03:45:000 / stepb8(10) / 00:00:00:000 para top(01)

Mensaje D / 00:03:45:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:03:45:000 / Root(00) para top(01)

Mensaje * / 00:03:45:000 / top(01) para stepb8(10)

Mensaje D / 00:03:45:000 / stepb8(10) / 00:00:00:000 para top(01)

Mensaje D / 00:03:45:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:03:45:000 / Root(00) para top(01)

Mensaje * / 00:03:45:000 / top(01) para stepb8(10)

Mensaje Y / 00:03:45:000 / stepb8(10) / oxaloacetate /  1.00000 para top(01)
Mensaje Y / 00:03:45:000 / stepb8(10) / nadh /  1.00000 para top(01)
Mensaje Y / 00:03:45:000 / stepb8(10) / h/  1.00000 para top(01)

Mensaje D / 00:03:45:000 / stepb8(10) / ... para top(01)

Mensaje X/ 00:03:45:000 / top(01) / oxaloacetate /  1.00000 para stepb1(03)
Mensaje Y / 00:03:45:000 / top(01) / nadh /  1.00000 para Root(00)

Mensaje Y / 00:03:45:000 / top(01) / h/  1.00000 para Root(00)

Mensaje D / 00:03:45:000 / stepb1(03) / 00:00:00:000 para top(01)

Mensaje D / 00:03:45:000 / top(01) / 00:00:00:000 para Root(00)

Mensaje * / 00:03:45:000 / Root(00) para top(01)

Mensaje * / 00:03:45:000 / top(01) para stepb1(03)

Mensaje D / 00:03:45:000 / stepb1(03) / ... para top(01)

Mensaje D / 00:03:45:000 / top(01) / ... para Root(00)
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