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Abstract. Apoptosis or programmed cell death plays an important role in many
physiological states and diseases. Detection of apoptotic cells, tracing the de-
velopment of apoptosis, drug development and regulation of apoptosis are an
important parts of basic research in medicine. A large number of models have
been developed that are based on the differential equations of the chemical
kinetics, and can be expressed in a uniform notation using some XML-based
languages, such as SBML and CellML. We describe the CellML and the simu-
lation environment OpenCell herein. These tools can display models schemati-
cally and output results in the form of graphs showing time dependencies of
component concentrations. However, at the present time we do not have a soft-
ware that could represent the results of the modelling in a form of animations as
well as in the form of 3-D models. Using descriptive as well as quantitative
models we discuss approaches to visualize the biological processes described
by the apoptosis models. The quantitative method was implemented using a 3-D
visualization of the molecular biological processes modelled by chemical kinet-
ic equations. The quantitative parameters in our visualization scheme are
determined based on the kinetic equations governing the participating compo-
nents, so our visualization is not only qualitative but also quantitative. To im-
plement this visualization, the C# software and a database of 3-D forms that
model molecular complexes are developed. We present 3-D visualization of the
molecular processes described in the mathematical model for the mitochondria-
dependent apoptosis proposed by Bagci et al. [22] as a case study.
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1 Introduction

Visualization of biomolecular processes is essential for understanding of the biologi-
cal mechanisms’ interaction principles. Chemical composition is not the only factor
that determines the interactions between proteins, organelles and other biological
molecular complexes. Their shape, i.e. the spatial configuration of the chemical com-
ponents included in the composition of the macromolecules has significant role.
Computer visualization of such interactions will have an important role in understand-
ing the processes and will help to solve the problem of the chemicals’ synthesis in
order to control the biological processes in the cells; this might lead to the creation of
the new medical products. E.g, the diphtheria toxin produced by the Corynebacterium
diphtheriae bacteria that is diphtheria pathogenic agent may create pH-dependent
pores or channels in the cell membranes. However, the mechanism of the diphtheria
toxin permeation through the membrane is currently unknown. In order to answer this
question, the understanding of the spatial forms that can be shaped by diphtheria toxin
during the interaction with the membrane is required. It is a very difficult to determine
experimentally and no one was able to do this yet. This is the reason why the comput-
er modeling and the visualization of the given interaction may cast the light on this
problem. The understanding of the mechanisms of the diphtheria toxin penetration
through the cellular membrane may lead to the development of the medical products
to cure the diphtheria. The study of the diphtheria toxin is also important because this
molecule has the same spatial configuration as the Bcl-xL proteing, which has an
important role in the process of apoptosis of the mammals’ cells including humans
[1].

Apoptosis is the process of programmed cell death (PCD) that may occur in multi-
cellular organisms [2]. In contrast to necrosis, which is a form of traumatic cell death
that results from acute cellular injury, in general apoptosis confers advantages during
an organism's lifecycle.

Despite the chemical composition of the Bcl-xL protein is significantly different
from that of the diphtheria toxin the spatial forms of these complexes are very similar
and their main functions come to the light during their interactions with the lipid
membranes. Besides Bcl-xL the mammal cells’ apoptosis is controlled by some other
proteins of the Bcl-2 super-family [3-6]. The question of their interaction with mito-
chondria membranes is opened for all of them for over 20 years as it is very difficult
to determine experimentally. Several different hypothesis were proposed [7-9] but it
is unknown which one is correct. Computer modelling and visualization may have an
important role in the verification of the existing hypothesis as well as in the creation
of the new ones and they may lead to the new ideas in conducting the experiments.

The detailed study of the apoptosis process is important as the dysfunction of the
apoptosis dynamics leads to the oncological diseases as well as to the neural and
endocreanal system diseases. The studies in this field already lead to the creation of
the new medical products [10].

In spite of the existing progress, the problem of visualizing biochemical processes
and models of apoptosis is not resolved completely. Therefore we propose both quali-
tative and also quantitative approaches to visualization of apoptosis models in [11].
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In the work mentioned above, the languages and tools of computational biology
that are used for modeling of apoptosis are considered. Then we described and
discussed three possible ways to visualization biological processes and had
proposed system for visualization of biomolecular models based on CellML modeling
language.

This work contains explanation of the system named as parser-visualizator in
details.

2 Basic Features of CellML and OpenCell

There are several popular languages to describe the biological processes: SBML,
CellML, FieldML.

One of the popular languages is CellML. It is a compact format to describe the
computational models and has a modular structure that facilitates the description of
the complex interconnected cell models. Basic features of CellML were described in
[12]. The model of the biological processes described by CelIML has unique identifi-
er, which can be used to refer to the model. A CellML document can include the ele-
ments of one of the following types: units; components; connections; groups; import;
or metadata.

e Units are used to measure the quantities. Conversion of one unit to another would
be done by CellML framework software.

e Components are the parts of CellML model that are related to one another. Com-
ponent frequently includes units definitions, variable declarations, equations.
Mathematic equations are written using MathML specification.

e Connection establishes mapping between two components, which means that the
variables declared in one component might be accessed from another one.

e Groups provide mechanisms to organize components into hierarchies that support
geometric containment and logical encapsulation.

e Metadata or data about data can be embedded in the CellML document by using
the Resource Description Framework. This type of the information is intended for
later usage, for example to search models and components.

A variety of tools exists for the CelML model creation and modification (editors)
as well as for their debugging and verification (validators). One of the most famous
tools is the OpenCell (Physiome). OpenCell is a framework for working with
CellMLmodels (Fig. 1).

It is a uniform way of working with CellML documents including all basic steps of
simulation from the creation of new models, editing of existing models and running
[13]. OpenCell's main features are:

Integration of CelIML models that includes ordinary differential equations.
Ability to work in a variety of operating systems, Linux, Windows and Mac OS.
Ability to build and edit graphics.

Support of metadata modeling and graphics draft specifications.

Support of principles of Open Source.
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. Based on this possibilities of framework we can create the models in a form
of a set of differential equations and obtain results as a list or diagram of proteins
concentration that are dependent on the time. By using repository of CellML models
users can download and insert some of them into the OpenCell and obtain results
from existing ones.

] OpenCell
Eile View Tools Help

HSBRKER|

Models FeRE |
View | Changetree v ||| Type Value Units "
v g’ Caspé o micromolar ~
__bagci 2006 b @' caspagid ] micromalar
VS'ApafJ 0.004 micromolar
b @’ Cytcapaf_1 o micromolar
re Cytc ] micromolar v

| Basic settings | Advanced settings

Start time point o (second)
Point densitymax 10000 (points/graph)
End time point 200 (second)
Maximum step size 0.1 (second)

Algorithm BDF 1-5 with solve v

Integrate

Maodel bagci_2006 loaded.

Fig. 1. The screenshot of OpenCell framework

3 Apoptosis Models Based on CellML

There are about 27 papers describing apoptosis in the form of mathematical models
constructed on the basis of CelIML on the portal http://models.cellml.org/cellml. This
repository shows the possibilities of the language to represent wide categories of mo-
lecular biological models. The models are devoted to the analysis of the impact of
various factors on the process of apoptosis. For example, the mathematical model
which includes TNF-initiated survival and apoptotic cascades is presented in the arti-
cle [14]. The model is capable of predicting the vitality of the cells in condition of
DNA damage within the duration of the stimulus TNF-a.

The mathematical model to simulate the effects of nitric oxide (NO) on apoptosis
is proposed in [15]. Biochemical apoptosis in combination with NO-related reactions
is described with ordinary differential equations using the mass action kinetics. In the
absence of NO, the model predicts either cell survival or apoptosis (bistable behavior)
with changes in the early apoptotic response times depending on the strength of the
extracellular stimuli.

The case study of our discussion is the model described in [16]. Authors of this
model considered the role of Bax and Bcl-2 synthesis and degradation rates as well as
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the number of mitochondrial permeability transition pore (MPTP) in the cell response
to apoptotic stimuli. They simulate so-called mitochondria-dependent apoptosis as a
bistability process.

The models described in [16] consist of a set of ordinary differential equations
(ODEs) and parameters adopted in the model. Part of them are shown below as
illustrations.

ODEs:

d[Apaf-1]/dt =-J1 + JApaf-1

dlcytc * Apaf-1]/dt=J1-"7J1b

d[apop] / dt =J1b —J2 + J4b

d[apop * pro9] /dt=J2 -J3

d[apop * (pro9)2] / dt =J3 — J3f

d[apop * (casp9)2] / dt = J3f — J4 — J5c — J6b + J6bf

d[apop * casp9] / dt =J4 + J4b — J5b

d[casp9] / dt =J4 — J4b — J5 — J6 + J6f + Jcasp9

d[pro9] /dt =-J2 —J3 + Jpro9

d[IAP]/dt=-J5-J5b—J5c -J7 + JIAP

d[casp9 * IAP] /dt=1J5

d[apop * casp9 * IAP] / dt = J5b

Reaction rates (or fluxes):

J0"= k0+_ [casp8][Bid] — ko [casp8 * Bid]

Jo' = ko [casp8 * Bid]

J =k, [cyt c][Apaf-1] — k;” [cyt ¢ * Apaf-1]

Jiv =k [cyt ¢ * Apaf-1]° — ky;, [apop]

J, =k," [apop][pro9] — k,™ [apop * pro9]

I3 = k3+. [apop * pro9][pro9] — k5 [apop * (pro9),]

J5' = k" [apop * (pro9),]

T4 =k, [apop * (casp9),] — ks~ [apop * casp9][casp9]

Jap = kap" [apop * casp9] — ky, [apop][casp9]

Js = ks [casp9][IAP] — ks~ [casp9 * IAP]

Jsp = ks, [apop * casp9][IAP] — ks, [apop * casp9 * IAP]
Js. = ks.” [apop * (casp9),][IAP] — ks [apop * (casp9), * IAP]

Production-degradation rates:
JApaf—I = QApaf-l — u[Apaf-1]
Jiap = Qiap — H[IAP]

Jpro3 = QproB - M[Pr03]

Jpr09 = Qpro9 - P[Pr09]

JBia = Qpiq — u[Bid]

All equations shown above were proposed in [16]. The models were described by
CelIML (Fig. 2).
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k2ml version=ri.0"2>
<1em
This CellML file was generated on 21/08/2009 at 9:19:39 at a.p. using:

COR (0.9.31.1309)
Copyright 2002-2009 Dr Alan Garny
hrtp://cor.phvsiol.ox.ac.uk/ - gorlphyginl.ox.ag.uk

CellML 1.0 was used to generate this model
http://www.cellml.or

—-><model gmlng="http://www.cellml.org/cellml/1.0%" xmlng:Gmeta:
<documentation xmlpng="http://cellml.org/tmp-documentation">
<article>

"nttp://waw.cellml .org/metadata/1. 0" gmet,

<gection id="sec_status">

<title>Model Status</title>

<para>This CellML model is able to run in PCEnv and COR to reproduce published results in the original pap
</section>

<sectl id="sec structure">

<titleyModel Structure</title>

<para>ABSTRACT: We propose a mathematical model for mitochondria-dependent apoptgsSis, in which kinetic gggl
</paray

<para>The original paper is cited below:</para>
<para>
M&y in Apoprosis: Roles of Bax, Bgl-2 and Mitochondrial Permeability Transition Pores. E.Z. Bagci,

</para>
<informalfigure float="0" id="fig reaction diagram">

Fig. 2. The part of .cellml file that describes model from the [16]

The results (Fig.3) were obtained using OpenCell the .csv (comma separated value)
file. The file shows the change of the protein concentrations.

time (second),Casp8/Casps (migzomplar) , Caspe/CaspBBid (micromolar) ,Bid/Bid (migromolar) Apaf 1/Apaf 1 (migromolar
0,0.004,0.004,0.004,0.004,0.004,0.004,0.004,0.004,0.004,0.004,0.004,0.004,0.004,0.004,0.004,0.004,0.004,0.00
0.00219920946112976,0.004004865752954688, 0.003995081401813386,0.004008092582346884, 0.004004858312971695,0.00
.0095460286195062,0.0055759788083823494,0.0023944224301139807,0.00653232627294662,0.010284202591929916,0.01"
.009546028619507,0.006295936102923823,0.0016385690141474416,0.007531245400186202,0.018361115257353258,0.018
.009546028619508,0.006618415330789018,0.001277216949926359,0.007845254304072501,0.025305910379076733,0.0184
009546028619509,0.0067575686317962871,0.00109765817264686468,0.0078675284636808065,0.0308081025734622804,0.018
.069100745746848,0.006814523765704431,0.0009977474635505866,0.0077632773332339845,0.035123845626186125,0.0L:
.109546028619501,0.006829451938561071,0.0009402182078035618,0.007612692459840367,0.0381039928303153,0.0188

.1691007457468405,0.006825753256298184,0.0009005049273084257,0.0074434044829029215,0.040174839401373376,0.0:
.209546028619494,0.0068134173642515825,0.0008702653730612177,0.007274133660493076,0.04153625434127296,0.018
.269100745746833,0.006796523228480607,0.0008438964626758578,0.007103621919553535,0.042456154323233124,0.018
10.309546028619486,0.006777694901233297,0.0008203542505470114,0.006939815158430212,0.04305403810463421,0.018
11.369100745746626,0.006757199474404312,0.0007978262398134458,0.0067773274006150755,0.04345819968795947,0.01
12.409546028619479,0.00673622036960816,0.0007766874801426781,0.006622181T71987278,0.04372651568686492,0.01895!
13.469100745746818,0.0067142100063415375,0.0007559431345260183,0.0064686659052866625,0.04351399196685466,0.01:
14.509546028619472,0.006692074011515508,0.0007362333641828027,0.00632225277872248,0.044043426935298564, 0.018
15.56910074574681,0.006669062378045569,0.000716774193436359,0.006177455150829092, 0.04413963037183633, 0.01895
16.569100745746816,0.006646945083233455,0.0006989432786780145,0.0060446860527753644,0.04420897591696802,0.01
17.56910074574683,0.006624463629298691,0.0006816103291893394,0.005915598938918643,0.044264635872049346,0.018
18.569100745746644,0.006601635980776327,0.000664753509808672,0.0057901002628321435,0.044311165782883945,0.01
19.56910074574666,0.0065784776085136845,0.0006483773795628461,0.005668097199983103,0.04435155166296834,0.01896
20.569100745746873,0.0065550026617723625,0.0006324517306069937,0.0055494980093133035, 0.044387754304659785,0.1
21.569100745746887,0.0065312245505910645,0.0006169710118389723,0.005434212256585462,0.04442106501527101,0.01:
2.5691007457469,0.006507156231194509,0.0006019240469685663,0.005322150976542997,0.04445233774961652,0.01896:
3.569100745746915,0.006482810341739164,0.000587299901034917,0.005213226801756471,0.04448214046865375,0.018%9"
4.56910074574693,0.006458199263008047,0.000573087821412494,0.005107354065524492,0.044510853810114694,0.018%9"
5.569100745746944,0.006433335142010071,0.0005592772156726392,0.0050044488682555634,0.04453873542761021,0.018

doen e W N

@

w

Fig. 3. The .csv file of results

All of these models are illustrated by the schemas and diagrams that show the de-
tails of the simulations.



A Method of Three-Dimensional Visualization of Molecular Processes of Apoptosis 109

4 3D Visualization of the CellML Models of Apoptosis

The changes of the modeling parameters are converted by the system into the changes
of the visual objects. Due to the lack of the comprehensive mathematical model of the
apoptosis and due to the complexity of the system this approach is the most difficult
one, however it seems to be the most promising approach on the other hand. Currently
the model can be displayed schematically using the modeling environment [17].

The “game” showing the processes at the molecular level is the first step towards
the 3-D visualization. The processes described within the models can also be repre-
sented as the results of the simulation. 3-D visualization of the molecular biological
processes modeled by chemical kinetic equations is created by this method. Kinetic
equations governing the participating components determine the quantitative parame-
ters. This approach is illustrated in Fig. 4.

]

CellML OpenCell &=
Model Framework ==

!

Selection of
3D models Create 3D
Interface o
of animation
moleculus
User

COLLADA
format

=3l

Fig. 4. The parser-visualizator scheme [11]

Result of
simulation

.cellml file contains the description of the model, which can be opened by the
OpenCell Framework. Simulation results are saved in the .csv file that can be ob-
tained along as with the required information from this file by the parser. The user
using a simple interfacing form can chooses the necessary molecule. Selected mole-
cules are shown in the graphical window if they are graphically represented in the
COLLADA format. The Brownian movement of the molecules can be observed in the
window. The number of molecules corresponds to the concentration of proteins dur-
ing the modeling.

The advantage of these approaches is the possibility to create visualization that cor-
responds to the modeling parameters.
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Of course, there are some hardships in the simulation. For example, in the case of
the model taken from [16] the .csv the file contains the concentrations of 31 mole-
cules. It will be difficult to analyze the visualization because of the number of differ-
ent molecules. Secondly, graphics card requirements will be very high due to the very
large number of molecules. Therefore, user must select several molecules to visualize
and the number of the selected molecules is limited to 7. Also, user can specify the
characteristics of the molecules, if they are known.

Another problem is that the concentrations of the different molecules vary in 1000
and even more times. The solution is to provide logarithmic visualization. Therefore
user must specify the type of visualization before it starts.

The third problem is the necessity to use a huge amount of 3D-models of proteins.
Therefore the special mechanism is required to access the protein data bank [18].

5 Conclusions

A living organism is the most complex natural object for the research. In this context
the visualization of the processes is a normal way for understanding and analysing
them to improve the quality of their studies.

Human and other mammal cells’ apoptosis is very important and multi-phase pro-
cess. A lot of phases contain redundant paths and components so that if one fails the
other one succeeds.

Despite the relative abundance of the methods and tools for the modeling that were
discussed earlier there is no full-featured environment that provides not only the mod-
eling but also the graphical representation of two- and three-dimensional models of
the biological processes.

Significant efforts are required to create full 2-D and 3-D graphical models that are
close to photographic images as well as to implement the ability to react to the chang-
es of the parameters. The first step is to create the mechanism that shows processes at
the molecular levels. So, we propose a method for three-dimensional visualization of
molecular biology processes modelled by chemical kinetic equations.

To realize this method we developed parser-visualizator that reads output file from
the simulation and creates 3D-models. The developed program works with any mo-
lecular shapes stored in COLLADA format and simulates the Brownian movement of
the proteins and changes of their concentration.

Note that cell apoptosis in simpler organisms is more simple with a smaller number
of redundant paths. However, it is possible to make homologies between the corre-
sponding phases of the apoptosis in all multicellular organisms from the simplest ones
to the most complex ones. This is the reason why the study of the apoptosis features
in the simpler organisms if important in order to study their correspondence with the
more complex ones.

One of the simplest multicellular organisms that has many of its biological pro-
cesses well studied is Caenorhabditis elegans or C. elegans free-living nematode
(roundworm), which is about 1 mm long [19-21].
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It has 959 cells and has the simplest neural system, which consists of 302 neurons
only and of about 5000 connections between them [22]. During the process of the C.
elegan evolution, 131 cell dies exposed to apoptosis. Currently C. elegan is chosen as
the first multicellular organism that will be fully modeled using the computers. This is
the international project called OpenWorm (http://www.openworm.org/). The partici-
pants of the project have already finished the modelling of the neural system of the
grown-up C. elegan and the new project Devoworn (http://syntheticdaisies.blogspot.
com/2014/06/now-announcing-devoworm-project.html) that is devoted to the C. Ele-
gan evolution and to the process of its cells division from embryo to grown-up organ-
ism was started in June 2014. 131 cell are exposed to apoptosis exactly during this
process. Computer modelling and the visualization of the apoptosis in C. elegan are
planned in the framework of the further studies. In order to perform not only qualita-
tive modelling but quantitative as well the model that describes the dynamics of the
components engaged in the process is required, e.g. if this process is described but the
system of the equations of the chemical kinetics. Such system of the equation was
developed for the apoptosis process in mammals but this was not performed for C.
elegans. The development, the quantitative solution and further computer modelling
and visualization of the corresponding mathematical model are planned. Despite the
fact that C. elegan organism is well studied there still are unsolved problems includ-
ing the process of its cells apoptosis [23]. E.g., it is unknown whether cytochrome
participates in this process as it happens with mammals. We hope that computer mod-
elling and visualization of these processes will help in the studies of this and other
similar problems.

Acknowledgements. The work is funded by grant Ne 1758 GF-OT13 for basic research in the
natural sciences of the MES RK Science Committee.
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