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Abstract. Petri nets are a useful framework for the analysis of biologi-
cal systems in various complementary ways, integrating both qualitative
and quantitative studies. We apply this formalism to the Glutathione
Ascorbate Redox cycle (GSH-ASC) in chloroplasts case study, consider-
ing structural Petri net techniques from standard Petri nets to validate
the model and to infer new properties, as well as continuous Petri nets
in order to have a behavior prediction. In this way, from the continu-
ous Petri net representation we can analyze its behavior under oxidative
stress conditions, and from the standard Petri net we can identify some
state-conserving or mass-conserving properties.

1 Introduction

Petri nets [8, 10] are a well-known mathematical formalism for the modeling and
analysis of concurrent systems. They were introduced by Carl A. Petri [11] in the
early 60’s. Since this time, they have been extended and applied to several areas
[4] such as manufacturing systems, workflow management, telecommunications,
communication protocols, etc. Some reasons for using Petri nets are the follow-
ing: it is easy to describe concurrency and they have a rigorous formal semantics,
i.e., their behavior is defined in a precise and unambiguous manner. Addition-
ally, one of the main features of Petri nets is that they have a graphical nature,
i.e., you can early get a good knowledge of the system by simple inspection of
the Petri net model that represents the system. But, most importantly, there
are many tools [21] supporting the model, not only to provide the capability to
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create or edit Petri net models, but also to simulate the system evolution and
even to analyze some properties of interest. Then, there has been an intensive
research in the area of Petri nets in the last 40 years to extend the basic model
by including some additional features that are of special interest in some specific
application domains. Thus, timed and probabilistic extensions of the basic model
have been defined [20, 7], as well as continuous and hybrid Petri nets [1]. The
application of Petri nets to the description of chemical processes was already
proposed by Carl A. Petri in the 70’s [12]. In the 90’s Reddy et al. [14] were the
first who applied Petri nets to the modeling and analysis of metabolic pathways.
Nowadays, there are several different extensions of Petri nets for modeling and
simulating biological systems, depending on the specifics of the particular chem-
ical processes described (see [9]). A rich framework for modeling and analyzing
biochemical pathways which unifies the qualitative, stochastic and continuous
paradigms using Petri nets can be found in [3].

In this paper we consider the GSH-ASC cycle in chloroplasts, which is de-
scribed and analyzed by using continuous and standard Petri nets. Thus, the
main goals of this paper can be summarized as follows:

(i) The application of continuous Petri nets to this specific biological process,
which provides us with a graphical representation of this chemical process,
which becomes easier to modify and analyze than the corresponding (equiv-
alent) ODE, which can be found in [17].

(ii) The application of the classical theory and tools of Petri nets (in the discrete
Petri net), and specifically in this paper the structural theory in order to get
a better understanding of the biological model and conclude the relationship
between the structural elements (invariants) of the underlying discrete Petri
net with the chemical properties of this biological process.

There are two models of the GSH-ASC cycle in the literature: Polle’s model
[13] and the ours one [17]. Polle’s model has some shortcomings that were dis-
cussed and improved in our paper. The PN model here described for the GSH-
ASC cycle in the continuous case was validated by checking that the same results
were obtained with the ODE case [17], as indicated in the (i) goal of the present
paper.

The outline of the paper is as follows. Section 2 contains a brief description of
the GSH-ASC cycle in chloroplasts. In Section 3 we study the dynamic behavior
of this biological model by using continuous Petri nets. Then, the structural
qualitative study is presented in Section 4, and finally, the conclusions and hints
for future research are presented in section 5.

2 The Biological Model

The glutathione-ascorbate redox (GSH-ASC) pathway in chloroplasts is a com-
plex network of spontaneous, photochemical, and enzymatic reactions for detox-
ifying hydrogen peroxide. In brief, superoxide dismutase (SOD) acts as the first
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line of defense, dismutating superoxide radical (O5 ) to H2O2 and Os. In chloro-
plasts, HyO2 thus generated is reduced to water by ascorbate (ASC') catalyzed
with L-ascorbate peroxidase (APX). This is the first step of the GSH-ASC cycle,
producing monodehydroascorbate radicals (MDA), which spontaneously dispro-
portionate to ASC and dehydroascorbate (DHA). The next step in the cycle is
the regeneration of ASC by glutathione (GSH) either enzymatically catalyzed
by glutathione dehydrogenase (DHAR) or chemically but a too slow rate to ac-
count for the observed photoreduction of DHA in chloroplasts. Lastly, the redox
cycle is closed by the regeneration of GSH catalyzed by glutathione reductase
(GR) at the expense of photoproduced NADPH. These steps are captured by
the continuous Petri net model depicted in Figure 1, which provides us with a
graphical representation of this biological process.

Tables 1-5 provide mathematical expressions for rate equations as well as the
conditions (rate constants and initial concentrations) used for the mathematical
modeling of the pathway. Due to the lack of space we omit a detailed descrip-
tion of this metabolic pathway, which can be found in [17], which contains a
supplementary material section devoted to this description.

It is very difficult to validate numerical data here shown against real biological
data. The metabolic pathway under study includes four enzymatic steps and a
complex set of photochemical and spontaneous chemical reactions, which is not
possible to implement under ”in vitro” conditions so that data from Figures 2
and 3 can be tested in an experimental way in the laboratory. However, the values
of the kinetic constants and initial conditions used to run the model (Tables 4
and 5) have been taken, when possible, from data reported in the scientific
literature, obtained with real systems. APX does not appear on Table 2 because
of it has not been considered under steady-state conditions, since it is the most
hydrogen peroxide sensitive enzyme in the pathway. Instead, we have introduced
its catalytic mechanism including a stage of inactivation by excess of hydrogen
peroxide and a stage of de novo synthesis of the protein, which gives the cell the
opportunity to recover the amount of APX inactivated, which represents one of
the main defense mechanisms of plants to mitigate oxidative stress.

Table 1. Chemical reactions involved in the cycle which have been introduced in the
model and notation used for their respective apparent bimolecular rate constants

Reaction Notation Reaction
MDA + MDA — ASC + DHA k1
DHA 42 GSH — ASC + GSSG ka
20, +2 H" — Os + H20 ks
O; + ASC — H302 + MDA ke
Oy +2 GSH — H202 4+ GSSG k7
H>02 +2 ASC — 2 H2O + 2 MDA ks
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Table 2. Chemical reactions involved in the APX mechanism

Reaction Notation Reaction
APX 4+ Hy 05 — Col + Hy O E{PX
Col + ASC — Coll + MDA kgtrX
Coll + ASC — APX + MDA kgt
Col + Hz 0 — APX; kfPX
synthesis de novo of APX E2APX

Table 3. Steady-state rate equations used for the enzymes involved in the model

Enzyme Rate equation
SOD ksop[SOD]o[0;]
DHAR ERHARIDH AR]o[DH A][GSH)
KPHARGSHL L KDHAIGSH] + (K§PHY + K$SH2)[DHA] + [DHA|[GSH)]
GR [GR]o[NADPH]|[GSSG]
KNAPPHIGSSG) + KGPSY[NADPH) + [NADPH][GSSG]

Table 4. List of kinetic constants values used to simulate the model under ”standard”

conditions.
F 640 595 kfaf 7| 142 ||ksop|200||k{*F] 12 |[k3'7X| 50
E4PX |21 0.7 k27X | 0.01 || k1 |05 ks |01 ks [0.2
ke 0.2 0.7 ks [2E—6|| ki | 1.3 || ki3 |42.5|| kn [0.5
KNADPH| 3 200|| KG°F | 2500 || K |5E5

Table 5. List of (non-zero) initial concentrations used to simulate the model under

“standard” conditions.

Enzymes|Initial concentration (uM)|| Species |Initial concentration (uM)
GR 1.4 APX 70
DHAR 1.7 NADPH 150
SOD 50 GSH 4000
ASC 10000

3 Continuous Petri Nets

We use continuous Petri nets [1], for which places no longer contain integer val-
ues, but positive real numbers, and transitions fire in a continuous way. Semantics
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NADPplus

O2n

k53APX

K52APX K51APX

Fig. 1. Continuous Petri net model for the GSH-ASC cycle (orange arcs have weight 2)

of continuous Petri Nets is then defined by means of a system of Ordinary Dif-
ferential Equations [2]. The continuous Petri net model for the GSH-ASC cycle
is that shown in Figure 1 (obtained using the Snoopy tool [16]). This model has
been obtained by adapting the biological process described in [17], according to
the following considerations:

1. [CO4] is considered constant, so that the flux of NADPH consumption by
the Calvin cycle (and other electron-consuming reactions) is ky = kfy [COs].
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2. The synthesis de novo of APX in [17] is considered as k2PX([APX]o —
[APX]—[ColI]—[CoIl]). Then, read arcs are used for Col and CoII places,
since even if k27X does not appear in their corresponding equations, it is
included in the APX equation. We have then considered four new transitions
in the continuous Petri net model, with the following associated kinetic con-
stants: k51APX with k27X [APX,), and k5APX?2, k5APX3 and k5APX4
with kP,

3. There is a constant electron source in the model, F, whose flux is divided
among three competitive routes: the photoproduction of O, (transition k5),
the photoreduction of NADP™ (transition k12) and the photoreduction of
MDA (transition k13).

The corresponding ODEs for this continuous Petri net model are those shown in
Table 6, which consist of 13 molecular species and 21 reactions defining the equa-
tions. These are the same ODEs that we obtained in [17] (supplementary material).

Table 6. Differential equations system

AUNADPH] — _yor — kn[CO][NADPH] + kia[NADP™] (1)
ANADPY] _ i + ky[CO2][NADPH] — kis[NADP (2)
dGSHL — 2(vgr — vpHar — kr[O27][GSH] — ka[DHA]GSH]) (3)
AG8SC = _war + vpnar + kr|O27)[GSH] + ka[DHA][GSH] (4)
dASCL = wpgar + ki[MDA]? + ky[DHA]GSH] + ki3[MDA]

— k4P X[ASC][Col] — kPX[ASC)[Coll] — ke[027][ASC]

— 2ks[H20,][ASC] (5)
ADHAL  — _ypgar + ki[MDA]? — ki[DHA]GSH] (6)
MDA — pAPXIASC)[Col] + k3 TX[ASC)[Coll] — 2ki[MDAJ?

+ ks[O3 |[ASC] + 2ks[H20:][ASC] — ki3[MDA] (7)
AH2002]  — y50p — k{PX[H200)[APX] — K PX[H20,)[Col] + ks[O3 ]?

+k6[O;][ASC] + k7[02_][G5H} — kg[HQOQ][ASC] (8)
dAPX] = _k{PX[H20:)[APX] + k4T X[ASC)[Col 1]

APX

+ kAPX([APX]o — [APX] — [Col] — [Col ) (9)
diCol] = K{PX[H20,)[APX] — k3 PX[ASC)[Col] — kfTX[H205)[Col]  (10)
dolll  — kg\PX[ASC][Col] — k4TX[ASC|[ColI] (11)
AATXD = K PX[H,0:)[Col] (12)
d[Oy ]

= —Q’USOD + F — 2]{12[NADP+] — 2]65[05]2
— ks[O5 |[ASC] — k:[027][GSH] — k13| MDA (13)
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As a consequence of the photoreduction explained above, the recovery of the
reducing power is variable and dependent on the NADPT and MDA concentra-
tions present in chloroplasts. This provides a great flexibility to the model and a
greater ability to study stress conditions. The next values have been used for F:

(i) Unstressed chloroplasts, F' = 640, giving a production rate of of 222.2 Ms~1,
which is within the range previously mentioned in chloroplasts (Figure 2);
under these conditions, a steady state was rapidly achieved by the system,
in which metabolite concentrations and fluxes remained constant.

(ii) Stressed chloroplasts, F' = 2400 (intense light exposure), which gives rise to
APX photoinactivation (Figure 3); under these conditions, the antioxidant
concentration in the chloroplast gradually decreased, in the order NADPH,
GSH and ASC, so that their respective oxidized species concentrations in-
creased. The disappearance of ASC was followed by the rapid inactivation
of APX, reflecting what occurs in reality, accompanied by a sharp increase

in APXi and HQOQ.
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Fig. 2. Simulated progress curves corresponding to the species involved in the mecha-
nism with F' = 640

4 Structural Analysis

In this section we apply the classical structural techniques on Petri nets [10] in
order to verify and analyze the metabolic pathway. For that purpose we build a
discrete Petri net model (see Figure 4) from the description of the cycle following
the steps described in [2]. We can remove the read arcs (also called test arcs)
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Fig. 3. Simulated progress curves corresponding to the species involved in the mecha-
nism with F' = 2400

from the continuous Petri net of Figure 1, since they are irrelevant in the corre-
sponding incidence matrix, and therefore in the structural analysis. We then join
the transitions k52APX, k53APX and k54APX into a single output transition
from APX, named k5APXo, and we also rename the input transition k51APX
by k5APXi. On the other hand, in order to identify the I/O behavior we add
a new place that represents the water generated by the reactions (transitions)
k4APX and k1APX, and a new transition (outwater) that models the water self
control of chloroplasts.

The obtained Petri net has been analyzed by using a well known Petri net
tool, Charlie [15], which allows us to obtain the corresponding invariants for this
Petri net.

4.1 P-invariants

A P-invariant defines a mass conservation law and has associated its correspond-
ing biological interpretation. In this case we have obtained three P-invariants
(Table 7).

Table 7. P-invariants

P — inv; = { NADPH, NADP* }
P —invy = {2 GSSG, GSH }
P — invz = { ASC, DHA, MDA }

This means that the pathway under study consists of three moiety-conserved
cycles coupled in series to attain a very high amplification capacity [18] against an
increase in hydrogen peroxide concentration. In its evolution, since the appear-
ance of oxygen in the atmosphere, the cell has developed a very efficient defense



Analysis of the GSH-ASC cycle PETRI NETS & CONCURRENCY — 127
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outwater

K5APXo K5APXi

Fig. 4. Petri net model for the GSH-ASC cycle (orange arcs are of weight 2)

tool against oxygen toxicity, although it needs a continuous supply of NADPH.
Observe that for each P-invariant there must be a non-zero initial concentration
spread along its places, otherwise these places would remain unmarked forever.

(i) P — invy captures the consumption of NADPH by the Calvin cycle and GR,
and its corresponding recovery in daylight.

(ii) P — invg corresponds to the glutahione pool in chloroplasts involving the
enzymes GR and DHAR. Spontaneous oxidation of GSH in the presence of
DHA and O, is also included.
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(iii) P — invg is related to the interconversion of ASC both spontaneously and

catalyzed by DHAR and APX.

4.2 T-invariants

A T-invariant defines a state-conserving subnetwork and has associated its corre-
sponding biological interpretation. In our case (Table 8), using again the Charlie
tool, there are 26 minimal semipositive transition invariants.

k12

NADPH NADPplus

Fig.5. T — invy

Let us see a brief description of some of them:

(i) T — invy (Fig. 5) is a trivial T-invariant. These transitions capture a re-
versible reaction, each one modeling a direction in this reaction. Biologically
speaking, it corresponds to the consumption and regeneration of NADPH
in the two stages of the photosynthesis.

(ii) T — inve (Fig. 6) represents in a very clear way the removal of O; and
H504 (reactive oxygen species) by reaction with the reducing agents GSH
and ASC, at the expense of the reducing power of NADPH.

(iii) T — inv7 (Fig. 6) refers to the catalytic cycle of APX.

(iv) T — invy5 (Fig. 7) represents the removal of O, by its spontaneous reduc-
tion to H2Os in the presence of ASC, the subsequent removal of HoOy by
the catalytic cycle of APX, and the recovery of ASC through the substrate
cyclying of GSH and NADPH.

(v) T —invey (Fig. 7) is a reflection of the enzymatic steps involved in the
pathway: SOD, GR, DHAR and APX.

Another advantage of the Petri net representation is that it can be easily
modified for modeling different situations. For instance, in order to consider
the same cycle in dark conditions, we only have to remove in Figure 4 the
transition F. Then, if we now apply structural analysis we obtain the same
three P-invariants, but we only obtain the two first T-invariants, T — inv; and
T — invg, which are the input (synthesis de novo) and output (inactive enzyme)
of APX, and the two stages of photosynthesis.
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Table 8. T-invariants

T-invariant Transitions/Reactions (number of fires)
T — invs k5APXo (1), kKbAPXi (1)
T — invs kN (1), k12 (1)
T —invs k13 (3),k6 (1), k8 (1), F (1)
T — invy k13 (2), k8 (1), SOD (1), F (2)
T —invs k13 (2), k8 (1), k5 (1), F (2)
T — inve GR (1), k12 (1), k7 (1), k13 (2), k8 (1), F (1)
. k13 (3), k2APX (1), k3APX (1), k6(1),
T — invy

k1APX (1), F (1), outwater (1)
k13 (2), k2APX (1), k3APX (1), SOD (1),

T — invy k1APX (1), F (2), outwater (1)
S k13 (2), k2APX (1), k3APX (1),k5 (1),
k1APX (1),F (2), outwater (1)
) GR (1), k12 (1), k7 (1), k13 (2), k2APX (1), k3BAPX(1),
T — invig

k1APX (1), F (1), outwater (1)

T — inv11 GR (3), k12 (3), k4 (3), k1 (3), k6 (2), k8 (2), F (2)
T —invi2 | GR (1), k12 (1), k4 (1), k1 (1), k8 (1), SOD (1), F (2)
T — invis GR (1), k12 (1), k4 (1), k1 (1), k8 (1), k5 (1), F (2)
T —invia | GR (2), k12 (2), k4 (1), k7 (1), k1 (1), k8 (1), F (1)
GR (3), k12 (3), k4 (3), k1 (3), k2APX (2),

T=invis | 1 gAPX (2), k6 (2), KIAPX (2), F (2), outwater (2)
. GR (1), k12 (1), k4 (1), k1 (1), k2APX (1),
k3APX (1), SOD (1), k1APX (1), F (2), outwater (1)
— GR (1), k12 (1), k4 (1), k1 (1), k2APX (1),
k3APX (1), k5 (1), kIAPX (1), F (2), outwater (1)
P GR (2), k12 (2), k4 (1), k7 (1), kL (1),

k2APX (1), k3APX (1), k1APX (1), F (1), outwater (1)
T —inv1s | GR (3), k12 (3), DHAR (3), k1 (3), k6 (2), k8 (2), F (2)
T — invy |GR (1), k12 (1), DHAR (1), k1 (1), k8 (1), SOD (1), F (2)
T —inva1 | GR (1), k12 (1), DHAR (1), k1 (1), k8 (1), k5 (1), F (2)
T —invee | GR (2), k12 (2), k7 (1), DHAR (1), k1 (1), k8 (1), F (1)
GR (3), k12 (3), DHAR (3), k1 (3), k2APX (2),

T—invas | 12 ApX (2), K6 (2), KIAPX (2), F (2), outwater (2)
T — invas GR (1), k12 (1), DHAR (1), k1 (1), k2APX (1),
k3APX (1), SOD (1), k1APX (1), F (2), outwater (1)
T — invas GR (1), k12 (1), DHAR (1), k1 (1), k2APX (1),
k3APX (1), k5 (1), k1APX (1), F (2), outwater (1)
‘ GR (2), k12 (2), k7 (1), DHAR (1), k1 (1),
T — invag

k2APX (1), k3APX (1), kIAPX (1), F (1), outwater (1)
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Fig.6. T — invg and T — invy
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Fig.7. T — invis and T — invyy

4.3 Core network

We now apply the procedure proposed in [5] in order to identify the core net
that represents the network’s dynamics. Transition k4/APX does not belong to
any T-invariant, therefore, it can be removed at the steady-state, together with
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the place APXi, which becomes isolated upon the removal of k4APX. Further-
more, T — invq is a trivial T-invariant, so that we can use a macro transition for
these transitions. Next, we compute the maximal Abstract Dependent Transition
(ADT) sets, considering that two transitions depend on each other if they occur
always together in the set of T-invariants. In this case we obtain an only con-
nected ADT set {k1APX, k2APX, k3APX}, which can also be collapsed in a
single macro-transition (together with T — inwv ). This coarse network (Figure 8)
gives us a reduced vision of the chemical process behavior, so it contributes to
attain a better understanding of this process, also allowing us to test the robust-
ness and the identification of the fragile nodes.

k12/kN

k1APX/k2APX/k3APX

Fig. 8. Coarse Petri net structure of the GSH-ASC cycle

Robustness is defined as the ability of the system to maintain its function
against internal and external perturbations [6]. In the pathway under study,
robustness is directly related to APX activity [17]. To maintain APX activ-
ity, the cell has developed a very efficient defense tool against oxygen toxicity,
based on two coupled substrate cycles: GSH-GSSG (P — invg) and ASC-MDA-
DHA (P — invg), although it needs a continuous supply of NADPH (P — inv;).
Substrate cycles are powerful metabolic tools involving two enzymes acting in
opposite directions, whereby a target metabolite is reversibly interconverted into
another chemical species without being consumed [19]. The physiological expla-
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nation proposed for this wasteful cycling is that is mainly a way of amplifying
a metabolic response to a change in a metabolic concentration, thus greatly im-
proving the sensitivity of metabolic regulation. The waste of NADPH can the
be understood as the cost that chloroplasts must pay to swiftly detoxify Hs Og
and O, .

It is also very important to analyze the redundancy of a pathway. It is the
hallmark of biological networks where the very same function is carried out by
different pathways, which provides robustness against perturbations like mu-
tation. In the GSH-ASC cycle, if a mutation block SOD, there is a parallel
spontaneous step for Oy~ dismutation (ks5), as can been seen in Figure 8. The
same holds for DHAR (k4), in such a way that chloroplasts can recover the re-
ducing power necessary to detoxify reactive oxygen species in the absence of
these enzymes. Redundancy of the pathway under study is clearly revealed by
comparison of T — invys and T — invgy, which represent the chemical and the
enzymatic pathways, respectively, to eliminate H2O5.

Another information that is teased out from the coarse network is that
NADPH is the shared node for two pathways: the Calvin cycle and the GSH-
ASC cycle. If the recovery of NADPH is silenced, it results in a complete loss
of function of both pathways in the core network indicating that it is indeed
the fragile node in the network. The pathway under study is very interesting,
since the same day-light that gives rise to O; radicals also generates NADPH
and ASC to detoxify HyO9 arising from O, dismutation. Therefore it is very
important to know the relative weight of each route in the growth conditions of
plants.

5 Conclusions and Future Work

The GSH-ASC cycle in chloroplasts has been modelled using continuous and
discrete Petri nets. For that purpose, we have defined the specific continuous
Petri net model that corresponds to the network of chemical and enzymatic steps
involved in the cycle, and we have studied it in two ways: the quantitative one,
which helps us to make a prediction behavior; and the qualitative one, applying
structural techniques, considering the core structure. We have obtained their
corresponding biological interpretation that help us to understand this biological
system.

As future work we intend to add some additional steps into the pathway,
which would be helpful to have a better understanding of the biological behavior
considering some new features, such as dark-light interactions. We also intend
to apply other known formal techniques to the study of the GSH-ASC cycle in
chloroplasts, for instance, we may apply model checking techniques in order to
conclude whether a certain property is fulfilled or not by the chemical system.
Finally, it can also be of interest to derive probabilistic informations from a
chemical system, i.e., we can use a probabilistic framework, like stochastic Petri
nets (SPNs), for the modeling of the GSH-ASC cycle in chloroplasts, and derive
the relevant stochastic information of the system.
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