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This paper first presents basic Petri net components representing molecular interactions and mechanisms of
signaling pathways, and introduces a method to construct a Petri net model of a signaling pathway with these
components. Then a simulation method of determining the delay time of transitions of Petri net model, i.e. the
time taken in firing of each transition, is proposed based on some simple principles that the number of tokens
flowed into a place is equivalent to the number of tokens flowed out. Finally, the availability of proposed method
is confirmed by observing signaling transductions in biological pathways through simulation experiments of the
apoptosis signaling pathways as an example.

Keywords. Signaling pathway; Petri net; modeling; simulation; apoptosis

1. Introduction

Systems biology is a new field that aims to integrate dif-
ferent levels of information to understand how biological sys-
tems function. Generally in systems biology, mathematical
modeling, simulation and analysis of biological systems play
a critical role in helping biologists and biochemists explain
and predict system’s behavior.

Petri net is a formal description for modeling concurrent
systems [22], and recently have been widely accepted as a
description method for biological pathways by researchers in
computer science as well as those in biochemistry [24]. Vari-
ous types of Petri net (e.g. low level Petri nets [5, 6, 26, 27],
stochastic Petri nets [20, 21], hybrid Petri nets [16, 17],
colored Petri nets [3]) have been widely applied to study
metabolic pathways and signaling pathways in both quanti-
tative and qualitative approaches because of potential advan-
tages of Petri net possessing intuitive graphical representation
and capabilities for mathematical analysis.

Metabolic pathways have such intrinsic characteristic that
are series of chemical reactions catalyzed by enzymes, re-
sulting in either the formation of a metabolic product to be
used or stored by the cell, or the initiation of other metabolic
pathways. The idea to use Petri nets for modeling and sim-
ulating metabolic pathways have been popularly developed
[8, 11, 26, 27, 31, 34, 37] owing to the simple mechanism that
can be expressed by a uniform network of catalytic reactions.

In contrast, signaling pathways are generally more com-
plex, consisting of distinct reactions such as complex forma-
tion, catalytic reaction, and translocation. With the feature
of signaling pathways, a few researchers have tried to inves-
tigate relationships among complex molecular mechanisms

and interactions, and further structural behaviors of signal-
ing pathways by using Petri nets [1, 6, 12]. In the paper [6],
Heineret al. have explained how to model and validate the
apoptosis pathways by using qualitative Petri nets. They have
demonstrated a step-wise technique to model apoptosis sig-
naling pathways. Further they have performed the model val-
idation by using a standard Petri net analysis technique, and
presented the biological meaning of the analysis results. Nev-
ertheless, it is still expected to find a general methodology
to model and analyze common signaling pathways by using
Petri nets.

The current standard approach to represent biochemical re-
actions as a system is to use a series ordinary differential
equations (ODEs). This approach provides mathematically
well-founded and fine interpretations of biological pathways.
Accordingly, some trials have been made to model and sim-
ulate signaling pathways using ODEs [4, 29]. Though ODE-
based simulation can present quantitative behaviors of bio-
logical substances, it is hard to observe the whole system
intuitively and grasp structural images of biological path-
ways from the series of differential equations. One approach
to cope with this problem is to use hybrid Petri net (HPN)
[15, 16] which allows quantitative modeling and simulation
of biological pathways with taking advantages of Petri net en-
abling graphical representation of biological pathways.

Quantitative analyses have also been made using discrete
Petri net as found in the papers [3, 8, 25]. Popova-Zeugmann
et al. [25] have introduced time Petri nets to bridge the gap
between qualitative and quantitative models in steady state.
They have presented structural techniques to decide the time-
dependent realizability of a given transition sequence and to



calculate its shortest and longest time length for the analysis
of the time Petri net model.

In this paper, we propose a method of determining the
delay time of transitions for firing by using timed Petri net
models and perform simulations without establishing and tun-
ing exact concentration. The paper is organized as follows.
Firstly, we present a brief introduction of Petri net. Then we
introduce a modeling method based on Petri net by taking no-
tice of molecular interactions and mechanisms, and propose
rules to determine the delay time of transitions. Further we
show the Petri net model after explaining the biological back-
ground ofFas-induced apoptosis as an example. Finally, we
use the example to demonstrate the usefulness of our model-
ing and simulation method by using a Petri net based simula-
tion tool “Cell Illustrator” [2].

2 . Modeling signaling pathways with Petri nets

Petri nets are powerful tools in modeling and simulating
various concurrent systems [22], especially biological path-
ways because Petri nets have the following superior charac-
teristics [18]:

(1) “firm mathematical foundation” enabling formal and
clear description of biological pathways as well as their
structural analysis, and

(2) “visual representation of networks” which provides intu-
itive understanding of biological pathways without any
mathematical descriptions which are basically difficult
for ordinary biologists.

In this section, we give the modeling rules for signaling
pathways based on Petri net representation. The aims of the
modeling by Petri net for signaling pathways are: (i) to make
the biologists intuitively understand the intrinsic structure and
features of signaling pathways and (ii) to make it possible to
mechanically model larger and more complicated signaling
pathway networks.

2.1 Basic definitions

A Petri netN is defined by a 5-tupleN=(T,P,E,α, β) that
corresponds to a bipartite graph, whereT is a set of transitions
represented by bars or boxes,P is a set of places represented
by circles in a graph,E is a set of directed arcs between places
and transitions,α denotes the weight of arc from place to tran-
sition, andβ denotes the arc weight connected from transition
to place. Note that the presence of multiple arcs is shown by
a single arc with a non-zero positive integer arc weight.

Place Transition Directed arc Inhibitor arc

Figure 1:Basic elements of Petri net.

A place can hold a positive integer number of tokens as its
content. An assignment of tokens in each place expressed in
form of a vector is called markingM, which varies during
execution of a Petri net. A transition without input places is

Before firing After firing

22

Figure 2:Examples show firing rules of Petri net.

called source transition that is always firable, and a transition
without output places is called a sink transition likewise.
[Firing rule of Petri nets N] A transitiont is firable if each
its input placepI has at leastαe (e=(pI , t)) tokens. A transition
t fires to removeαe (e=(pI , t)) tokens from each its input place
pI and depositβe (e=(t, pO)) tokens to each its output place
pO.

An inhibitor arc represents inhibitory function which is de-
picted as a line with a hollow circle at the end where the ar-
rowhead normally appears. An inhibitor arc disables a transi-
tion to fire if the upstream place is occupied by a token, but
does not consume the token. Figures 1 and 2 show basic ele-
ments of Petri net and the transition firing rules, respectively.
For the details of Petri net theory, the readers are suggested to
refer to Ref. [22].

To do simulation of systems, Petri net model is usually ex-
tended by assigning firing time delay to transitions. Such ex-
tended Petri net is called timed Petri netN=(T,P,E, α, β).
The firing rule of timed Petri net is extended as follows:
[Firing rule of timed Petri nets N] (1) If the firing of a
transitionti is decided, tokens required for the firing are re-
served. (2) When the delay timedi of transitionti passed,ti
fires to remove the reserved tokens from the input place ofti
and put tokens into the output places ofti .

In a timed Petri net, the firing times per unit timefi , called
firing frequency, of a transitionti is constrained by its delay
timedi , and the maximum of firing frequency is the reciprocal
of di .

2.2 Modeling rules

Here, we give the modeling method for signaling pathways
with Petri net that can be naturally and explicitly modeled
according to the following rules:

(1) Places denote static elements including chemical com-
pounds, conditions, states, substances and cellular or-
ganelles participating in the biological pathways. Tokens
indicate the presence of these elements. The number of
tokens is given to represent the amount of chemical sub-
stances.
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Figure 3:Petri net models of various reaction types in signaling pathways.

(2) Transitions denote active elements including chemical
reactions, events, actions, conversions and catalyzed re-
actions. A transition fires by taking off tokens from its
individual input places and creating new tokens that are
distributed to its output places if its input places has at
least as many tokens in it as arc weight from the place to
the transition.

(3) Directed arcs connecting the places and the transitions
represent the relations between corresponding static el-
ements and active elements. Arc weightsα andβ de-
scribe the quantities of substances required before and
after reaction, respectively. Especially in case of model-
ing a chemical reaction, arc weights represent quantities
given by stoichiometric equations of the reaction itself.
Note that, weight of an arc is omitted if the weight is 1.

(4) An inhibition function in biological pathways is modeled
by an inhibitor arc.

In cell biology, signaling pathways have been widely stud-
ied. They are information cascades of enzyme reactions from
transmembrane receptors to the nucleus DNA, which ulti-
mately regulate intracellular responses such as programmed
cellular proliferation, gene expression, differentiation, secre-
tion and apoptosis. Numerous reaction types of molecular in-
teraction mechanisms have been described by Petri net model
[7], which suffices to give the description of the metabolic
pathway presently [26]. For signaling pathways, as has been
pointed [32], besides the catalytic reactions, the information
among the molecular interactions such as complex formation,
gathering action, translocation and channel switching, also
need to be respectively modeled by Petri nets according to
different types of interactions as long as the biological facts
has been known.

To explicitly understand the structural complicated signal-
ing pathways, the modeling of each essential molecular in-
teraction by using Petri net is the first step in modeling the



network of signaling pathways as a qualitative event system.
With a focus on possible molecular interactions as long as
we have known, we summarize various molecular interac-
tions of signaling pathways (see left side of dashed line in
figure 3) and their corresponding Petri net model (right side
of dashed line). Both of them in a reaction type are described
as a “block” labeled with roman numeral in this paper. The
description of each molecular interaction and corresponding
model are given as follows:
I. Association reaction is a binding reaction to induce the for-
mation of homo- or heterodimers and to generate a complex
compound. This block shows the ligand-receptor binding in-
teraction and corresponding Petri net model that indicates the
transition is unfirable in the absence of place of ligand al-
though receptors exist. The number of input place of transi-
tions is two or more while the output place number is one in
association reaction. Obviously, we also can expand the con-
ception of association to the formation of model represented
in block I (b), generally representing the simultaneous asso-
ciation of substratesS1, · · · ,Sn(n≥1) forming a complexC in
biological systems.
II. Phosphorylation is a reaction to add a phosphate (PO4)
group to a protein or a small molecule, and dephosphoryla-
tion that is the backward reaction of phosphorylation remov-
ing phosphate groups from a compound by hydrolysis.
III. Autophosphorylation is a transphosphorylation reaction
frequently following the binding of a ligand to a receptor with
intrinsic protein kinase activity.
IV. Generally continued activated ligand-receptor complex
regulates varied majority of cellular pathways transmitting
the signals within the cell. Few methods using Petri nets
have been proposed to model such activated complex place
possessing more than one transitions that can trigger down-
stream signaling pathways [6]. Their methods are easily un-
derstood, but have some problems that, if the transition of
such place fires to remove the token(s) in shared input place
at one time epoch, it will disable rest transitions simultane-
ously although the token will return back the same input via
a self-loop. Hence, we need a more appropriate model to ex-
press this system’s behavior. Our basic consideration is that,
if there have plurality of successive signaling pathways de-
pending on distinct active site(s) (subunits) of activated com-
plex, all the active site(s) shall be regarded as complex com-
ponent(s)C1, · · ·,Cn(n≥ 1) as shown in blockIV.
V. Gathering action by adaptor protein is distinguished from
association reaction. The main participator adaptor protein is
an accessory protein to main proteins. These proteins lack
the intrinsic enzymic activities themselves but instead medi-
ate specific protein-protein interactions driving the formation
of protein complexes.
VI. Chemical reactions is the most common reaction in sig-
naling pathways, which the conversion of substances to prod-
ucts is ordinarily modeled as input places to output places,
both belonging to the same transition.
VII. Homodimerization is a polymerization reaction of two
identical substances to shape a dimmer similar to a kind of as-
sociation reaction. A substance is modeled as an input place
connected with a 2-weighted arc. It is easy to expand the con-
ception to model the formation of multimer holdingn-weight
such as trimer and tetramer that is a complex of two or more

equivalent polypeptides. The lower Petri net in blockX is
constructed under the opposite consideration of modeling ho-
modimerization reactions.
VIII. Translocation refers to the movement of molecules, sub-
stances or ions across cell membranes or via the bloodstream
in biology. Figure 3 shows the nuclear translocation within a
cell. A transition is modeled to indicate the movement action
of substances before and after.
IX. Intracellular signal pathways are largely carried out by
second messenger molecules. Ca2+ acts as a second messen-
ger molecule to carry out large intracellular signal inside the
cell. Usually the concentration of free Ca2+ within the cell is
very low; it is stored inside of organelles, mostly the endo-
plasmic reticulum. In order to become active, Ca2+ has to be
released from the organelles into the cytosol. Two transitions
to andtc are introduced to denote channel activity of “open”
and “close”, respectively.to is enabled when input place holds
up token(s) after the association of organelles and substances,
whereastc is enabled as long as some stop mechanisms shut-
off the channel.
X. This is the opposite ofI. Dissociation process is a gen-
eral process in which complexes and molecules separate or
split into smaller molecules, ions. The number of input place
of transitions is one while the output place number is two or
more.
XI. Since an enzyme itself plays a role of catalyzer in biologi-
cal pathways and there occurs no consumption in biochemical
reactions, the reaction is modeled to a transition, whereas the
substrate is modeled to enzyme place that has a self-loop with
same arc-weight. That is, once an enzyme place is occupied
by a token, the token will return to the place again to keep the
firable state, if the transition is fired.
XII. A source transition represents an activity to provide sub-
stances that will take part in the reactions. A sink transition
denotes small and natural degradation of substance.

3. Modeling and simulation of signaling pathways

In this section, we use the example of apoptosis to demon-
strate our modeling method and then explain how to simulate.

3.1 Biology background and modeling of apoptosis

Apoptosis, a form of cell death characterized by cell
shrinkage, membrane blebbing, nuclear breakdown, and
DNA fragmentation, is a vital cell lifecycle decision point for
development, maintenance of tissue homeostasis, and elimi-
nation of harmful cells in metazoan organisms [10, 19]. Cas-
pases (cysteine-aspartic-acid-proteases) are a group of cys-
teine proteases existing as inactive zymogens that can be
cleaved by other proteins within the cell resulting in the apop-
totic process. Failure of apoptosis is one of the main contribu-
tions to tumor development and autoimmune diseases such as
neurodegenerative diseases, AIDS and ischemic stroke [33].
Different cellular signals can initiate activation of apoptosis
on different ways in dependence of the various kinds and bio-
logical states of cells.Fas-induced apoptosis has been studied
in detail and its mechanism has been proposed.Fas ligand
is a type II transmembrane protein belonging toTNF fam-
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Figure 4:Biological diagram of apoptosis pathways induced byFas ligands.

ily, which signals apoptotic effects to nucleus through several
major pathways as shown in figure 4.

Fas ligands, existing as trimers, bind toFas receptor and
promote receptor trimerization. Adaptor proteinsFADD in
turn associate with the receptors through an interaction be-
tween homologous death domain (DD) on the receptor and
FADD. Furthermore,FADD contains death effector domain
(DED) that allows binding ofprocaspase-8 to the recep-
tor complex to form a death inducing signaling complex
(DISC) [30, 35]. Upon the association withFADD through
DED, procaspase-8 is autocatalytically activated to produce
caspase-8. The activation ofcaspase-8 initiates the fol-
lowing two pathways (1) and (2) leading to the activation of
downstream caspases.
(1) caspase-8 activates downstream caspases indirectly by
cleavingBcl-2 interacting protein (Bid) and COOH-terminal
part of Bid (tBid) translocates onto mitochondria (Mit for
short) where it makescytochrome c leak out and enter the

cytosol. Releasedcytochrome c binds to apoplectic protease
activating factor-1 (Apaf-1) together with dATP/ATP and
procaspase-9 and achieve thecaspase-9 activation based on
three-step reactions as illustrated in figure 4 [9, 13, 38]:

(i) dATP/ATP binds toApaf-1 and is hydrolyzed todADP
or ADP, respectively;

(ii) cytochrome c binds toApaf-1 and promotes the mul-
timerization ofApaf-1/cytochrome c complex, forming
a so-called apoptosome made of at least eight subunits
whendATP/ATP bound toApaf-1 is hydrolyzed;

(iii) Once apoptosome is formed,procaspase-9 is recruited
to apoptosome, and it becomes activated through auto-
catalysis.

Activated caspase-9 releases from apoptosome to
cleave downstream caspases such ascaspase-3, and new
procaspase-9 is activated through autocatalysis by either
apoptosome or fresh activatedcaspase-9 [14].
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(2) caspase-8 activates downstream caspases such as
caspases-3 by directly cleaving them.

Activated caspase-3 cleaves DNA fragmentation factor
(DFF) composed of 45kDa (DFF45) and 40kDa (DFF40)
subunits. CleavedDFF45 dissociates fromDFF40, accompa-
nied byDFF40 homo-oligomer formation that possess DNase
activity [28, 36]. Finally,DFF40 oligomer induces DNA frag-
mentation and chromatin condensation that is regarded as an
apoptotic hallmark.

Figure 5 shows the whole Petri net model ofFas induced
apoptosis based on our modeling rules. The modeling oper-
ation starts from the source transitiont1 denoting an activ-
ity that the substances take part in reactions. Here we only
explain the case of the pathway whose caspases are directly
cleaved bycaspase-8 (p10) to trigger DNA damage:Fas lig-
ands and corresponding receptor are assigned to places (p1

and p3) connected from the source transitions (t1 and t3) re-

spectively, in accordance with blockXII of figure 3. Since
threeFas ligands shape aFas ligand trimer, a transitiont2 is
used to represent polymerization connecting from the input
placep1 with a 3-weighted arce(p1, t2) as well as connecting
to the output placep2 of Fas ligands trimer applying the block
VII in figure 3. Next, the ligand-receptor binding interac-
tion occurs and corresponding Petri net model that two places
(p2 and p3) merge into a placep4 denoting ligand-receptor
complex via the transitiont4 represents association reaction.
Succedent reactions for the production of intermediate prod-
ucts: ligand-receptor/FADD complex (p6) andDISC (p8) are
modeled in the same way using both of blockI, i.e. associ-
ation reaction.procaspase-8 (p7) contained inDISC (p8) is
autocatalytically cleaved to producecaspase-8 (p10) which is
modeled as a dissociation reactionX represented byt9. Since
caspase-8 (p10) next initiates the activation of downstream
caspases and there occurs no consumption in the reactions,



caspase-8 (p10) is modeled to enzyme place with a self-loop
to take part in four enzymic reactions including two autocat-
alytic activations of newcaspase-8, activation ofcaspase-3
cascades and mitochondrial DNA damage pathways. The re-
action that activatedcaspase-3 catalyzesDFF (p34) to the
productions ofDFF40 andDFF45, is modeled as an enzymic
reaction represented byt42. DFF40 further form aDFF40
homo-oligomer (p39) which applies the reaction model of ho-
modimerization as shown in blockVII represented byt44. At
last, the transitiont49 is used to model the enzymic reaction
whereDFF40 oligomer acts as DNase to induce DNA frag-
mentation whose corresponding placep41 connects to sink
transitiont51 indicating the natural degradation to the system
environment (see blockXI andXII).

In this way, modeling of apoptosis can be done by con-
necting the reaction types listed in figure 3. The biological
interpretation for each transition used in this model are sum-
marized in table 1. Note that this model is of no delay time
for transitions.

3.2 Creating timed Petri net for pathway simulation

As described above, the Petri net model illustrated in fig-
ure 5 has been drawn. This model describes the structure of
connection relation. The next task we should do is to confirm
the validity of the model, that is whether proposed models ac-
cord with the biological facts of reactions or not. Therefore,
we consider a new simulation method by which (1) the traces
of signal transductions can be easily understood and (2) the
transduction speeds of each pathways leading to cell death
can be observed.

For controlling the transduction speeds of signals in a path-
way, each transition in the Petri net model should have delay
time reflecting the speed of corresponding biological reac-
tions. Basic facts for deciding delay time can be obtained
from biological experiments and scientific common princi-
ples. However, in the majority of cases, reliable data of de-
tailed reactions have not been reported in biological literature.

These observations lead us to develop a new method that
determines transition speeds with which token flows in the
modeled Petri net represent the signal transductions in the
original signaling pathways.

[Basic principles]

(1) The sum of consumption is equal to the production to
keep the concentration equilibrium for each substance
engaged in signaling pathways, i.e. for each place the
token amounts flowed in and flowed out per unit time
are equivalent:

m∑

i=1

KIi=

n∑

j=1

KOj (1)

∑m
i=1 KIi and

∑n
j=1 KOj are the total token amounts flowed

in and flowed out per unit time, respectively (see figure
6).

(2) As defined in section 2.1, delay timedi is the reciprocal
of the maximum of firing frequencyfi , and it is obvious
that the token amounts flowed in and flowed out for each
place per unit time are expected to be kept equivalent

under the fastest firing frequencyfi . Therefore, in this
paper we decidedi by calculatingfi .

K I 1

K I 2

K O1

K On
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K I m

K I i
K Oj

Figure 6:Illustration for [Basic principles] (1).

Note that, in this paper we suppose that apoptosis pathway
is such a biological system that if required substances are as-
sembled, the reactions promptly become possible.Thus, what
we have to discuss is how to assign the delay time to each
transition in timed Petri netN. In the following, we give such
delay time determination rules for each transition.

[Strategy for determining transition speeds]
Rule (1): if there is such a placepi that the number of input
transitions is one or more while the number of output is one,
the maximum of firing frequencies{ fi} satisfy the following
equation:

m∑

i=1

βi · fIi=α · fO (2)

whereα andβi are the weights of arcse(pi , tO) ande(tIi , pi),
respectively. tIi and tO are the input and output transitions
of place pi . Furthermore,fIi , fO are the maximum of firing
frequencies oftIi , tO, respectively (see figure 7).
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Figure 7:Two connection cases applied toRule (1).

Rule (2): if there is a placepi whose output transitions are
in conflict, the maximum of firing frequencies{ fi} satisfy fol-
lowing linear equation and inequality:



m∑

i=1

βi · fIi=

m∑

j=1

α j · fOj

2 · fOn

αn
≥ fO1

α1
≥ fO2

α2
≥ · · · ≥ fOn

αn

(3)

whereα j andβi are the weights ofe(pi , tOj ) ande(tIi , pi) re-
spectively, andα j satisfiesα1≥α2≥· · ·≥αn. tIi , tOj are the input
and output transitions of placepi , and fIi , fOj are the maxi-
mum of firing frequencies oftIi andtOj , respectively as shown
in figure 8.



Table 1: Biological interpretation of each transition in figure 5.

Transition Reaction type Biological interpretation

t1, t3, t5, t7, t16,t17,t20, XII. Production/Degradation The substances represented by output places transitions
t24, t26, t28, t29, t33, t41, t48 attend the reactions from system environment
t2, t32, t44 VII. Homodimerization Polymerization reaction of some identical substances to

shape a multimer
t4, t6, t8, t23, t34 I. Association Association reaction with the binding to induce the for-

mation of a complex
t9, t35 X. Dissociation Complexes, substances separate or split into smaller

molecules
t10, t12, t14, t15, t38, t39, XI. Enzymic reaction Substrates are catalyzed to the productions; there occurs
t40, t42, t49 no consumption in biochemical reactions
t11, t13, t18, t30, t31, t36, XII. Production/Degradation Natural degradation of substances
t37, t43, t45, t46, t47, t50, t51

t19, t22 VIII. T ranslocation The movement action of substances from cytoplasm to
mitochondria membranes

t21, t25, t27 VI. Chemical reaction The conversion of substances to products by a chemical
reaction
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Figure 8:Conflict situation applied toRule (2).

Rule (3): use a small value as the maximum of firing frequen-
cies to sink transition connected from the enzyme place.

In the aboveRule (1), the equation is applied to such a
place that has a single output transition. Obviously, this sin-
gle transition can fire smoothly only according to the delay
time. However, in apoptosis Petri net model, there exist the
situations that transitions (e.g.t14, t39 andt40) are in conflict
since firing either will remove the token from the input place
disabling the other transitions. As we have stated above, bi-
ological experiments for measuring such reactions have not
been executed yet in the majority of cases. Therefore, in this
paper we assume such enabled transitions in conflict have the
same chance to fire. Under this assumption, the first equation
of Rule (2) is designed to obeyBasic principle (1), and the
second inequality is considered for two reasons that: (i) the
right-hand member

fO1
α1
≥ fO2
α2
≥· · ·≥ fOn

αn
is designed to guarantee

the firing of tO1 with the maximum arc-weightα1 that tO1 do
not fire later than the firing oftOn with minimum arc-weight

αn; (ii) the left-hand member 2· fOn

αn
≥ fO1
α1

is in order to make
the transitiontO1 not fire too fast than thetOn that has the min-
imum arc-weight (make the first firing oftOn earlier than the
second firing oftO1 to be exactly). Rule (3) is designed to
express the moderately slow and small natural degradation of
enzymes.

Furthermore, when using timed Petri net to simulate the
apoptosis, the self-loops of enzyme places are replaced by

test arcs with threshold due to the attribute that a test arc does
not consume any content of the place at the source of the arc
by firing. The firing rules are defined as follows:

(1) When the value of threshold equals 1, nothing need to
be done since the transition at the sink of test arc can fire
constantly as long as the place at the source of test arc is
occupied by tokens;

(2) When the value of threshold is more than 1, the test arc
is handled as general arc and the transition at its sink has
to comply with the above rules in order to guarantee the
firing of the transition connected from the test arc.

In the following, we demonstrate how our model is practi-
cally executed (simulated). Here, the explanation of several
transitions applied to corresponding rules is detailedly given
as an example. Furthermore, applying timed Petri net model
allows to replace the initial marking instead of the source tran-
sitions, because of the facts that survival cells receive a certain
number of extracellular stimuli and the amount of substances
involved in corresponding reaction is not infinite (but enough
many). And the number of initial tokens can be obtained. For
example, the number of initial tokens for the place ofFas lig-
and equalsα · f2=3 · 1=3 obtained by applyingRule (1) due
to its single output transitiont2. Note that, the delay time of
the most apical transition is supposed to 1.

Figure 9 illustrates the timed Petri net model of apoptosis.
In figure 9, the place ofFas ligand trimer is such a place that
the number of input and output transitions is respectively one,
so that the maximum of firing frequenciesf4 satisfy the equa-
tion of Rule (1), i.e. β · f2=α · f4, where, sinceβ=α=1, and
f2=1, then f4=1 is obtained. In calculating the delay time
of t9 and t10, we applyRule (2) because they are in con-
flict. Based on the equation ofβ · f8=α1· f9+α2 · f10, since
β=α1=α2=1, f8=1, and f9 and f10 are assumed to have the
same firing chance,f9= f10=1/2 are obtained and accordingly
d9=d10=2 are obtained. That is, the transitiont9 andt10 have
the equal chance to fire afterd9 or d10. Note thatβ is the arc-
weight of e(t8, p8). α1 andα2 are the arc-weight ofe(p8, t9)
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Figure 9:Timed Petri net model of apoptosis based on figure 5. The block surrounded by dashed lines does not take part in the simulation
of timed Petri net models because of the assumption that apoptosis pathways propagate the ‘signal’ without receiving the signals from any
signal pathway having a relation tot52 when simulating the timed Petri net.

ande(p8, t10), respectively. The delay timed37 of the tran-
sition t37 is assigned to 10 as an example that is based on
Rule (3) due to the feature of small and natural degradation
of caspase-9.

4 . Simulation results and discussions

With the processes to decide the delay time of transitions to
timed Petri net model in section 3.2, the delay time for tran-
sitions can be determined and the number of initial tokens
of places can be given as listed in tables 2 and 3. The con-
structed timed Petri net model (figure 9) of apoptosis is simu-
lated by using Cell Illustrator with the decided delay time and
the number of initial tokens.

In the Petri net model as shown in figure 5, the production
of Bcl-2/BCL-xL is generally influenced by the activities of

other signaling pathways, thus the placep42 of Bcl-2/BCL-
xL and input transitiont52 are specially adopted to represent
these activities. However, the apoptosis pathway of this paper
is supposed to propagate the ‘signal’ without receiving the
signals from any signal pathway having a relation tot52 when
simulating the timed Petri net. That is, the transitiont52 does
not fire. Therefore, the simulation of timed Petri net models
can be performed without inhibitor arcs.

The simulation results are presented in figure 10:

(1) The response of DNA fragments toFas ligands is ex-
pressed as the token behaviors in figure 10 (a):Fas
ligand concentration reaches zero at the time 2.0 [sec],
and DNA fragments that is often considered as an indi-
cator of cell death, start to increase after the time 19.0
[sec]. Apoptotic pathways are working to propagate sig-
nals from Fas ligands to the DNA;



Table 2: The number of initial tokens for the output places of source transitions.

Placepi Biological substance Initial tokens

p1 Fas ligand 6
p3 Fas receptor 6
p5 FADD 6
p7 procaspase-8 7
p11 procaspase-3 28
p12 Bid 8
p16 Apoptosis stimuli 8
p20 cytochrome c 8
p22 H2O 8
p23 dATP/ATP 8
p24 Apaf-1 8
p29 procaspase-9 9
p34 DFF 4
p40 DNA 10

Table 3: Transition speeds in timed Petri net model for apoptosis illustrated in figure 9.

Transitionti Reaction type Delay timedi [sec] Transitionti Reaction type Delay timedi [sec]

t2 VII. Homodimerization 1 t30 XI. Degradation 1
t4 I. Association 1 t31 XI. Degradation 1
t6 I. Association 1 t32 VII. Homodimerization 8
t8 I. Association 1 t34 I. Association 8
t9 X. Dissociation 2 t35 X. Dissociation 8
t10 XI. Enzymic reaction 2 t36 XI. Degradation 8
t11 XII. Degradation 2 t37 XI. Degradation 10
t12 XI. Enzymic reaction 1 t38 XI. Enzymic reaction 8
t13 XII. Degradation 10 t39 XI. Enzymic reaction 1.5
t14 XI. Enzymic reaction 1.5 t40 XI. Enzymic reaction 1.5
t15 XI. Enzymic reaction 1 t42 XI. Enzymic reaction 1
t18 XI. Degradation 1 t43 XI. Degradation 10
t19 VII. Translocation 1 t45 XI. Degradation 1
t21 VI. Chemical reaction 1 t46 XI. Degradation 1
t22 VII. Translocation 1 t47 XI. Degradation 1
t23 I. Association 1 t49 XI. Enzymic reaction 1
t25 VI. Chemical reaction 1 t50 XI. Degradation 10
t27 VI. Chemical reaction 1

(2) the diagram (b) shows the number of tokens and further
the activation order of three kinds of caspases involved
in apoptosis pathways:

(i) caspase-8 is activated ahead ofcaspase-3 and
caspase-9;

(ii) caspase-3 is activated afterwards which is acti-
vated directly bycaspase-8 and the amount of
caspase-3 has a notable augment that can be ob-
served as the result of the autocatalytic activation;

(iii) caspase-9 begins to be activated after a short time
from the activation ofcaspase-3. This is due to the
activation ofcaspase-9 which relies on the mito-
chondrial DNA damage pathways that include the
reactions such as the release ofcytochrome c from
mitochondria, the formation of apoptosome and so
on.

By comparing the behaviors of simulation results executed
by Matsunoet al. [16], we can observe that:

(1) both of the diagram (a) and (b) in figure 10 have the ap-
proximate same waveforms as the simulation results in
Ref. [16], i.e. the amount of DNA destruction is in-
creased along with the decrease ofFas ligands due to the
complex formation ofFas ligand trimer with the lapse of
time.

(2) the activation order of three kinds of caspases is
caspase-8, caspase-3, caspase-9, which is exactly the
same as the one derived from the simulation in Ref. [16].

Since the simulation results reported by Matsunoet al. [16]
have been successfully obtained by using “hybrid Petri nets”,
our proposed simulation method may probably provide quite
promising results based on timed Petri net model. How-
ever, hybrid Petri nets use continuous places and transitions.
The reaction rates of transitions are assigned as real numbers



(a) Simulation results of Fas ligand and DNA fragmentation. 

(b) Simulation results of procaspases and caspases.   

0 10 20 30 40 50 60 70 80 90 10
0

11
0

12
0

13
0

14
0

15
0

16
0

17
0

18
0

19
0

20
0

21
0

22
0

23
0

24
0

25
0

26
0

27
0

28
0

29
0

Time [sec]

T
h

e
 n

u
m

b
e

r 
o

f 
to

k
e

n
s

procaspase-3

caspase-3

procaspase-9

caspase-9

procaspase-8

caspase-8

procaspase-3

caspase-3

procaspase-9

caspase-9

procaspase-8 caspase-8

0

2

4

6

8

10

12

0
1.

5 3
4.

5 6
7.

5 9
10

.5 12
13

.5 15
16

.5 18
19

.5 21
22

.5 24
25

.5 27
28

.5 30
31

.5 33
34

.5 36
37

.5 39
40

.5 42
43

.5 45
46

.5 48
49

.5

Time [sec]

T
h
e
 n

u
m

b
e
r 

o
f 

to
k
e
n
s

DNA fragment

Fas ligand

Figure 10:Simulation results of timed Petri net model of apoptosis in figure 9. (a) Token numbers representing DNA fragments increase in
response to the initial amount of tokens of Fas ligands. (b) Concentration behaviors of (pro-)caspases working in the apoptotic pathway. The
order of expression of the caspases in this graph is exactly the same as the order of them in Ref. [16], which is obtained by manual tuning of
transitions in the apoptotic pathway.

and the parameters for initial concentration of substances and
transition speeds are carefully tuned by hand. In general, lots
of trail and error processes have been performed until appro-
priate parameters for simulation are determined. The simula-
tion is precise and is executed in very small time interval. The
parameter tuning processes consume too much time. There-
fore, with the simulation results, the appropriateness of the
timed Petri net model of apoptosis is verified that the sim-
ulation method may probably provide a number of valuable
insights.

In addition, since Cell Illustrator possesses the excellent
graphical user interface, the timed Petri net of apoptosis can
be simulated in the animation method. In this way, the differ-
ent apoptotic pathways can be pursued by tracing the flow of
tokens as follows:
(1) Fas ligand induced pathway:

Fas ligand/Fas receptor/FADD/DISC/procaspase-8/
caspase-8/procaspase-3/caspase-3 pathway

(2) Mitochondrial DNA damage pathway:
Fas ligand/Fas receptor/FADD/DISC/procaspase-8/
caspase-8/Bid/Bax/cytochrome c/Apaf-1/apoptosome/
caspase-9/caspase-3 pathway.

In contrast, the continuous Petri net models have no such fea-
ture to make the biologists intuitively understand the intrinsic
structure and behavioral properties of signaling pathways by
simulating the models.

5 . Concluding remarks

We have first presented basic Petri net components repre-
senting molecular interactions of signaling pathways, and in-

troduced a method to construct a Petri net model of a signal-
ing pathway with these components. Then we have described
a method of determining transition speeds of a Petri net based
on some simple principles that the number of tokens flowed
into a place is equivalent to the number of tokens flowed out
of the place. Finally we have confirmed the availability of
proposed method through the modeling and simulation of the
apoptosis signaling pathway. The main contributions are that:

(1) to give a consistent description of signaling pathways
with the Petri net models of molecular interactions and
mechanisms in figure 3, which enables not only biolo-
gists but also researchers in computer science and/or en-
gineering to intuitively understand the intrinsic structure
and features of signaling pathways;

(2) to propose a procedure to automatically determine flow
speeds of different transductions leading intracellular re-
sponses to ultimate regulation, which are determined
along with the transition speeds of Petri net.

Therefore, the simulation method on timed Petri net model
of apoptosis may probably be an available one to provide a
number of valuable results. As the future work, the following
problems are open to be solved: (i) to simulate other Petri
net modeled biological pathways; (ii) to find efficient method
for converting timed Petri net model to a continuous one that
enables higher predictive precision.

In addition, the website so-called “Petri Net Pathways”
(PNP for short) [23] has been built up to open since 1st April,
2006. This website provides biological pathway models with
Petri nets as well as corresponding detailed explanation by
flash animation that can make the biologists intuitively under-



stand intrinsic structure and features of biological pathways.
Further, by employing the simulation techniques proposed in
this paper, it is possible to mechanically simulate timed Petri
net models and obtain valuable insights from the results of
analyses and simulations. Now, PNP has presented three Petri
net models ofIL-1, G-protein andTPO signaling pathways.
The rest Petri net models for the pathways such asIGF-1, IL-
3, PDGF andTGF-beta signaling pathways are planned to be
added soon.
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Appendix: Abbreviations

Apaf-1: apoplectic protease activating factor 1
ATP: adenosine triphosphate
Bad: Bcl-xL/Bcl-2 associated death promoter
Bax: Bcl-2 associated X protein
Bcl-2: B-Cell lymphoma 2
Bid: Bcl-2 interacting protein
caspase: cysteine-aspartic-acid-proteases
dATP: desoxyadenosine triphosphate
DED: death effector domain
DFF: DNA fragmentation factor
DFF40: 40kDa unit of DFF
DFF45: 45kDa unit of DFF
DISC: death inducing signaling complex
FADD: Fas-associated death domain protein
tBid: truncated Bid
TNF: tumor necrosis factor
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