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Abstract. Bacterial infections are among the major causes of mortal-
ity in the world. Despite the social and economical burden produced by
bacteria, the number of new drugs to combat them increases very slowly
due to the cost and time to develop them. Thus, innovative approaches
to identify efficiently drug targets are required. In the absence of ge-
netic information, chokepoint reactions represent appealing drug targets
since their inhibition might involve an important metabolic damage. In
contrast to the standard definition of chokepoints, which is purely struc-
tural, this paper makes use of the dynamical information of the model
to compute chokepoints. This novel approach can provide a more realis-
tic set of chokepoints. The dependence of the number of chokepoints on
the growth rate is assessed on a number of metabolic networks. A soft-
ware tool has been implemented to facilitate the computation of growth
dependent chokepoints by the practitioners.

Keywords: Chokepoint Reactions - Metabolic Networks - Petri Nets -
Flux Balance Analysis

1 Introduction

Diseases caused by bacteria are one of the main causes of mortality in both de-
veloped and in-development countries. According to the World Health Organisa-
tion (WHO) in 2016, tuberculosis was the tenth cause of death worldwide which
makes its pathogen, Mycobacterium tuberculosis, the infectious agent with the
higher caused mortality. Moreover, upper respiratory system’s diseases caused
by microorganisms, like virus and bacteria, were the fourth cause of mortality
[20]. In 2010 pneumonia was the leading cause of child mortality causing nearly
1.4 million deaths among children younger than 5 years of age [7].

Despite the high mortality caused by bacteria the development of new an-
tibiotics is slow and challenging. Furthermore, bacteria have evolved complex
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mechanisms which make them difficult to fight. Thus, there is an urgent need to
design novel methods for the development of new drugs. A promising possibility
is to consider basic cellular processes as targets for antibiotic development [12].

Metabolism is the set of basic life processes that take place in the cell, and it is
the means by which cells can maintain life and grow from their environment. The
metabolism of a cell can be represented by a metabolic network that accounts
for all the metabolic reactions that take place in the cell. A possible strategy
for drug discovery is to find and damage critical vulnerabilities of the metabolic
network that could stop the growth and replication of the bacteria.

Metabolism as a target has been proven to be an interesting approach in
other areas like oncology [9] or viral diseases [10]. A number of methods have
been proposed in order to find vulnerabilities in the metabolism that may lead to
therapeutic results. Some of these methods consider topological properties of the
metabolism with the purpose of finding possible critical spots, as for example:
determine the importance of a metabolite based on the k-shortest paths between
metabolites [15], or consider the inter-reactions dependence to find out how much
influence a reaction has on metabolism [16]. Other methods focus on the genetic
information associated with the metabolism, and compute, for instance, the set
of genes that are essential for the survival of the cell [21].

Although a number of genome-scale models (GEMs) have been developed
recently, most of them just account for the stoichiometry of their reactions and
lack genetic information. This is usually the case in GEMs of bacteria. This
dearth of data hampers the analysis of models, namely those based on gene
essentiality, and calls for the design of computational methods that exploit as
much as possible the available biological information. Here, we focus on the
computation of chokepoints in metabolic networks [18], where a chokepoint is
a reaction that is either the only producer or the only consumer of a given
metabolite. Hence, the inhibition of a chokepoint would lead to the depletion or
unlimited accumulation of metabolites, thus, potentially leading to an important
disruption in the cellular metabolism. Chokepoints are, therefore, appealing drug
targets of the bacterial metabolism.

The current approaches to compute chokepoints are based exclusively on the
topology of the metabolic network and disregard the dynamic information that
might be available. This dynamic information usually refers to the flux bounds
of some metabolic reactions. As it will be shown, ignoring such an information
can lead to the misidentification of chokepoints. The approach presented in this
paper exploits the available flux bounds and computes, for a given growth rate
of the cell, the set of chokepoints of the metabolic network. Such chokepoints
are potential drug targets whose inhibition could involve a metabolic burden at
the given growth rate.

The rest of the paper is organized as follows: Section 2 introduces the ba-
sic concepts and definition that will be used in the paper. Section 3 describes
the computational method to obtain growth dependent chokepoints. Section 4
analyses the relationship between growth rate and number of chokepoints in the
GEM of Mycobacterium leprae. The main conclusions of the paper are drawn in
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section 5. Finally, Appendix A introduces the software tool developed to com-
pute growth dependent chokepoints, and Appendix B reports the number of
chokepoints found in the GEMs of different microorganisms.

2 Preliminary concepts and definitions

2.1 Constraint-based models

A constraint-based model [19,13] is a tuple {R, M, S, Ib, ub} where R is a
set of reactions, M is a set of metabolites, S € RIMIXIRI ig the stoichiometric
matrix, and (b, ub: R — R are lower and upper flux bounds of the reactions.

Each reaction is associated with a set of reactant metabolites and a set of
product metabolites (one of these sets can be empty). For instance, the reaction
r1 : A — 2B has one reactant, A, and one product, B. The number 2 expresses
the stoichiometric weight, i.e. two units of B are produced per each unit of A
that is consumed. The stoichiometric matrix S accounts for all the stoichiometric
weights of the reactions, i.e. S[m,r] is the stoichiometric weight of metabolite
m € M for reaction r € R. Thus, if S[m,r] < 0 then m is consumed when r
occurs; if S[m, 7] > 0 then m is produced when r occurs; and if S[m, 7] = 0 then
m is neither consumed nor produced when r occurs.

Constraint-based models can be represented graphically as Petri nets [11,
5] where places, which are drawn as circles, are associated with metabolites,
and transitions, which are drawn as rectangles, are associated with reactions.
An arc from a place(transition) to a transition(place) means that the place is
a reactant(product). The weights of the arcs of the Petri net correspond to the
stoichiometric weights, in other words, the stoichimetric matrix of a constraint-
base model and the incidence matrix of its corresponding Petri net coincide.

Ezxzample 1. The Petri net in Figure 1 represents a simple contraint-based model
that consists of 13 reactions and 9 metabolites. As an example, transition ¢
models the reaction rg : mg — 2my.

2.2 Topological definitions.

Borrowing the usual Petri net notation (given a node x of a Petri net, *z and
x* denote the sets of the input and output nodes of x respectively), we define
the following sets for constraint-based models:

— Set of products of r: r®* = {m € M|S(m,r) > 0}
— Set of reactants of : *r = {m € M|S(m,r) < 0}
— Set of consumers of m: m® = {r € R|S(m,r) < 0}
Set of producers of m: *m = {r € R|S(m,r) > 0}

A chokepoint is a reaction that is the only producer or the only consumer of
a metabolite. More formally:
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Fig. 1: Petri net modelling a constraint-based model. The values [b and ub are
the lower and upper flux bounds of reactions. Non-reversible reactions are repre-
sented by simple rectangles, reversible reactions by double rectangles and dead-
reactions by rectangles with a cross.

Definition 1. A reactionr € R is a chokepoint if there exists m € M such that
m® = {r} or *m = {r}.

The set of chokepoint reactions will be denoted as C'P. Notice that the
inhibition of the enzymes associated with a chokepoint will lead either to the
depletion of metabolites (which might be essential for the cell) if the chokepoint
is the only producer, or to the indefinite accumulation of metabolites (which
will not be used as expected or might be toxic) if the chokepoint is the only
consumer. Thus, a chokepoint is an attractive drug target because in both cases,
essential functions of the cell can be affected by its inhibition [18].

A dead-end metabolite (DEM) is a metabolite that lacks either producing or
consuming reactions:
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Definition 2. A metabolite m € M is a dead-end metabolite (DEM) if m® = {}
or *m = {}.

The presence of a DEM in the network reflects an incompleteness in the
model, which might require further curation [8].

Ezample 2. In the Petri net in Figure 1, 71 is a producer of my, i.e. 71 € *myg;
r4 is a chokepoint because it is the only producer of me, i.e. {r4s} = *m, and
ry € CP; and my, is a dead-end metabolite, i.e. m;, € DEM.

2.3 Flux dependent definitions.

The functions (b and ub establish lower and upper steady state flux bounds
on the reactions, where flux is the rate of turnover of molecules through the
reaction. These functions must satisfy that Ib(r) < ub(r) for every r € R. Lower
and upper bounds provide useful information about the system and might alter
the sets of consumer and producer reactions previously defined. Such bounds
will be used in the following to improve the analysis of constraint-based models.

In contrast to Petri nets, these bounds can be negative, and hence, the flux
of a reaction can also be negative. A negative flux implies that the metabolites
on the left-hand side of the reaction (which in principle are "reactants”) are
produced, and the metabolites on the right-hand side of the reaction (which in
principle are ”products”) are consumed. A reaction whose flux can be both neg-
ative and positive is called reversible. Functions (b and ub will be used to define
the sets of flux dependent reversible reactions (RRg), dead reactions (DRy), and
non-reversible reactions (N R,), where the subindex d indicates that the sets are
flux dependent:

Definition 3. A reaction r € R is reversible if Ib(r) < 0 < ub(r).

The set of reversible reactions is denoted RRy, i.e. RRy = {r € R| r is
reversible}.

Definition 4. A reaction r € R is dead if Ib(r) = ub(r) = 0.
The set of dead reactions is denoted DRy, i.e. DRy = {r € R| r is dead}.

Definition 5. A reaction r € R is non-reversible if (0 < Ib(r) A0 < ub(r)) V
(Ib(r) < 0 Aub(r) <0).

The set of non-reversible reactions is denoted N Ry, i.e. NRg = {r € R| r is
non-reversible }.
Clearly, the sets RRy, DRy and N R, partition the set of reactions R, i.e.
RR;UDR;UNR; =R, RRyNDR,; = @, DRyNNRy = (Z), and RRyNNRy; = 0.
Non-reversible, reversible and dead reactions will be represented graphically
as rectangles, double rectangles, and rectangles with a cross inside respectively.

Ezample 3. In Figure 1, the above defined sets are: RRq = {rs,r9r10}, DRy =
{T3}7 and NRd = {Tla T2,T4,T5,T6,T7,7T11,T12, rlS}'
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Given that, in constraint-based models, reactions can be reversible or can
proceed only backwards, i.e. Ib(r) < ub(r) < 0, the concepts related to the
consumption and production of metabolites must be revisited. Thus, new sets of
reactants, products, consumers, and producers which take into account the flux
bounds are defined as follows:

— Set of products of r:
ry ={m e M|(S(m,r) > 0Aub(r)>0)V (S(m,r) <OAI(r) <0)}

— Set of reactants of r:

*rag ={m e M|(S(m,r) <OAub(r)>0)V (S(m,r)>0AIb(r)<0)}
Set of consumers of m:

my = {r € R|(S(m,r) <0Aub(r) >0)V (S(m,r) >0AIb(r) <0)}
Set of producers of m:

*mq = {r € R|(S(m,r) > 0Aub(r) >0)V (S(m,r) <0AIb(r)<0)}

Flux dependent definitions of chokepoints and dead-end metabolites can be
written as:

Definition 6. A reaction r € R is a flur dependent chokepoint if there exists
m € M such that m$ = {r} or *mgq = {r}.

Definition 7. A metabolite m € M is a flux dependent dead-end metabolite if
my={} or *mq ={}.

The sets of flux dependent chokepoint reactions and dead-end metabolites
will be denoted as C'P; and DE M, respectively.

Ezample 4. In Figure 1, 715 is a flux dependent chokepoint, i.e. 712 € C'Py; and
my, is a flux dependent dead-end metabolite, i.e. my, € DEMy.

3 Growth dependent chokepoints

In GEMs, unknown flux bounds are given default values, e.g.
Ib(r) = —1000 mmol g='h=1 and ub(r) = 1000 mmol g~ 'h~! (recall that
flux bounds establish the direction in which the reaction can proceed). Thus,
all the reactions that are given default values are considered as reversible.
However, not all the fluxes in the ranges given by the flux bounds of GEMs
models are compatible with a positive growth rate. By using Flux Balance
Analysis (FBA)[14] and Flux Variability Analysis (FVA)[4] it is possible to
obtain tighter flux bounds for a given growth rate. Such tighter bounds could
imply that, reactions which were initially considered as reversible, are in fact
non-reversible for the given growth rate. This might alter the original set of
chokepoints, i.e. the set of chokepoints depend on the growth rate. This section
describes how growth dependent chokepoints can be computed.

Flux Balance Analysis (FBA) is a mathematical procedure for the estimation
of steady state fluxes in constraint-based models. FBA can be used, for instance,
to predict the growth rate of an organism or the rate of production of a given
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metabolite. Mathematically, FBA is expressed as a linear programming problem
that maximises an objective function subject to steady state constraints. In the
case of estimating the growth rate, the objective function is biomass production,
a reaction that defines the ratios at which metabolites are converted into basic
constituents of the cell as nucleic acids or proteins [14].

Let v € RIRI be the vector of fluxes of reactions and v[r] denote the flux of
reaction r. At steady state, it holds that S -v = 0, where S is the stoichiometric
matrix. The steady state fluxes of reactions are also lower and upper bounded
by (b and ub. Thus, the FBA linear programming problem is:

max z - v
st. S-v=0 (1)
Ib(r) <wlr] <ub(r) VreR

where z € RIRI expresses the objective function.

It is a common assumption that the metabolism of prokaryotes has evolved
to maximize the growth of the cells. Hence, the growth rate given by the biomass
production is an empirically reasonable choice for the objective function of FBA
applied to bacteria [17].

A given growth, i.e. a given flux through the reaction modelling biomass
production, can be achieved by different fluxes of the reactions. This means that
each reaction can have a range of fluxes that is compatible with a given growth.
Flux Variability Analysis (FVA) can be used to compute such range of fluxes for
each reaction. [2].

More precisely, FVA[4] is a mathematical procedure to compute the mini-
mum and maximum fluxes of reactions that are compatible with some state,
e.g. supporting 90% of the maximum growth yielded by FBA. Among other ap-
plications, FVA can be used to study the network flexibility, and studying the
network response under suboptimal conditions.

Let ftymaz be the maximum growth calculated by FBA. FVA is computed by
solving two independent linear programming problems per reaction r € R. One
programming problem maximizes the flux of 7, v[r], and the other minimizes
v[r]. The constraints of both problems are the same: the steady state condition
S v = 0, the flux bounds Ib(r) < v[r] < ub(r), and the maintenance of the
optimum value given by FBA to a certain degree. This last constraint is expressed
as v - ez < z- v where z is the same vector as in (1) and v € [0, 1] represents
the fraction of optimal value that must be satisfied. Thus, the two programming
problems for a given reaction r € R can be expressed as:

max / min v[r]
st. S-v=20
I(r) <wvfr] <ub(r) VreR
Y Hmaz < 20U

(2)

Let lby,uby, : R — R be the result of running FVA on a constraint-based
model {R, M, S, b, ub} for a given ~. If the flux bounds Ib,ub of the
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constrained-based model are replaced by (b., ub.,, a new constraint-based model,
{R, M, S, lby, ub,}, with more constrained flux bounds is obtained.

Given 7, the sets of flux dependent products, reactants, consumers, and pro-
ducers of the model {R, M, S, lb,, ub,} are denoted as 3, *r.,, m?3, *m., respec-
tively. Similarly, the sets of flux dependent reversible reactions, dead reactions,
and non-reversible reactions are denoted as RR., DR,, N R, respectively. The
sets of flux dependent chokepoint reactions and dead-end metabolites are de-

noted as CP, and DEM,.

In Algorithm 1, an iterative procedure is proposed that, given an input
constrained-based model and 7, it produces a list of pairs (reactant,reaction)
((reaction, product)) where reaction is a growth dependent chokepoint and
reactant(product) is the metabolite whose only consumer(producer) is reaction.

Algorithm 1 Growth dependent chokepoint reactions computation

INPUT: {R, M, S, lb, ub}, .

OUTPUT: List of tuples (reactant, reaction) and (reaction, product) such that
reaction € C'P, and reaction is the only consumer of reactant or the only producer
of product.

procedure FINDCHOKEPOINTREACTIONS
lby,uby < FVA{R, M, S, b, ub},~)
{R, M, S, Ib, ub} + {R, M, S, lby, uby}

for reaction in R do
for reactant in *reaction, do

1:
2
3
4:
5: result <— empty list
6.
7
8 if reactants, = {reaction} then

9: result < result + (reactant, reaction)
10: end if

11: end for

12: for product in reaction’ do

13: if *product, = {reaction} then

14: result < result + (reaction, product)
15: end if

16: end for

17: end for

18: return result

19: end procedure

Prior to the computation of chokepoints (lines 5-18), the algorithm refines the
input model as explained by replacing the initial flux bounds by the flux values
computed with FVA (lines 2-3). To compute chokepoints, the algorithm iterates
over the reactions of the model. For each reaction, the reactants and products
involved are iterated. For each pair (reactant, reaction) and (reaction, product),
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if Definition 6 is satisfied, the reaction is considered a chokepoint reaction with
the given metabolite.

Ezample 5. Let us assume that r13 in Figure 1 represents growth, i.e. the compo-
nent of z in (1) that corresponds to r13 is equal to 1 and the rest of components
of z are 0. Let us also assume that it is desired to assess the directionality of
the reactions and compute the set of chokepoints when the growth is maximum.
This can be achieved by applying Algorithm 1 with v = 1. The new flux bounds
yielded by the algorithm are shown in Figure 2.

As a result of the new flux bounds given to the model, reactions 75, r7
and 717 become dead reactions, i.e. r5,7r7,711 € DRy, and reactions g, rg, 710,
which where reversible reactions in Figure 1, become non-reversible reactions,
i.e. rg,r9, 10 € NRy. This change in the directionality of the reactions involves
changes in the set of flux-dependent chokepoints, in particular rg becomes a
chokepoint, i.e. r4 € C'P;, and 711, which was a chokepoint in Figure 1, becomes
a dead-reaction, i.e. r1; € DR;.

4 Chokepoint Analysis

The computation of flux bounds by means of FVA can be carried out with an
optimal state, i.e. v =1 in (2), or with suboptimal states, i.e. 0 < < 1. While
in an optimal state all the fluxes must be optimally directed towards growth, in
suboptimal states fluxes are allowed to be diverted towards other functionalities.
This section analyses the impact of « in the sets of reversible, non-reversible,
dead and chokepoint reactions of a constraint-based model. To achieve this goal
the flux bounds of the model will be refined according to different values of ~y
and the mentioned sets of reactions will be computed.

All the results presented in this section have been obtained by a software
tool which implements Algorithm 1 and computes the sets RR~, DR.,, NR, and
CP,. A description of the tool can be found in Appendix A. The tool has been
executed on a number of constraint-based models yielding the results presented
in Appendix B.

4.1 Case study: Mycobacterium leprae

This subsection presents the results obtained for the constraint-based model of
the in vivo GEM of M. leprae [1,6]. This model is composed of 998 metabo-
lites and 1228 reactions. The sizes of the flux-dependent sets of reactions are
|RR;|=288, |NR4|=938, |DR4|=2, and the number of flux-dependent CP is
|CP;| = 667. In order to assess the dependence of these sets on ~, the flux
bounds of the model have been refined for different values of v in the interval
[0, 1].

Figure 3 shows the sizes of the sets DR, NR, and C'P,, in plot (a), (b) and
(c) respectively, for different values of 7. Notice that if v = 0 then the constraint
v fmar < 2z -0 in (2) does not impose a minimum growth on the model, and
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Fig. 2: Petri net resulting from the application of Algorithm 1 to the Petri net
in Figure 1 with r13 as the objective function and ~v = 1.

only the steady state condition S - v = 0 must be satisfied. In addition to the ~y
dependent sets, the leftmost value of each plot (depicted in green) in Figure 3
represents the sizes of the flux-dependent sets prior to FVA, i.e. DRy, N Ry and
CP,.

It can be seen that the set of dead reactions exhibits two major increases,
the first one from |DRy| = 2 to |DRy| = 219, and the second one at v = 1
(IDR;y| = 667), see Figure 3(c). Given that only the steady state condition is
active for v = 0, the first increase implies that the fluxes of all the reactions in
DRy must necessarily be 0 in the long run regardless of the growth rate. Thus,
this increase can be due to a shortcoming or incompleteness in the model.

The second increase in the set of dead reactions takes place at v = 1 and
can be caused by the existence of alternative pathways that consume nutrients,
one of them being more efficient than the others in terms of biomass production.



Non-Reversible Reactions

1,000

Growth Dependent Computation of Chokepoints in Metabolic Networks

Chokepoint Reactions

700

600

Dead Reactions

11

< 800 } ac o5 400
g < o 3
* _ 200
600 - 1 500
0
0 05 I 0 05 1 0 05 1
v Y
(a) (b) ()

Fig.3: Sizes of the sets of reactions DR,, NR, and CP, of M. leprae for
~ € [0,1]. The leftmost value of each plot corresponds to DRy, NRy and C' Py
respectively.

The next subsection proposes simplified models that illustrate how these sudden
increases take place.

With respect to chokepoints, see Figure 3(b), the number of flux-dependent
chokepoints is |C'Py4| = 668. This number increases to |CPy| = 733 when the
steady state constraint is forced, and increases slowly with -, at v = 0.9 it
holds |C'Py9| = 741. That is, Algorithm 1 identifies more chokepoints than the
ones that are present originally in the model. The sudden drop of chokepoints at
v =1, |CP;| = 469, is due to the fact that at the optimal state many chokepoints
become dead reactions as discussed previously.

In a similar way to the set of chokepoints, the number of non-reversible
reactions increases slowly with v and it falls abruptly at v = 1 . This means that
the sets NR, and CP, decrease at the optimal state as many of these reactions
become dead reactions.

Figure 4 presents a Sankey diagram showing how reactions are distributed
among the sets NR, RR and DR and the flow of transformations that takes place
among these sets from the initial model to a model refined with a suboptimal
state of v = 0.9, and from this suboptimal state model to an optimal state model
refined with v = 1.0. Notice that at v = 1.0 the set of dead reactions becomes the
largest set of reactions, and that the set of reversible reactions is vastly reduced
at both suboptimal and optimal growth.

As it is reported in Appendix B, similar trends to the ones discussed here for
the sets NR, DR and C'P are exhibited by other models.

4.2 Dead reactions and growth rate

It has been shown that refining a model with a suboptimal growth can cause the
set of dead reactions, DR, to increase, and also that this set increases further with
an optimal growth refinement. These changes in DR are caused by particular
network structures that can appear in a metabolic network. This subsection
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DRy=10
NR NRy=0.9
— = / NRY=10
RR DRy=0.9 //
S > d -
—— —JRRY=09 RRy=10.

Fig. 4: Sankey diagram showing the dependence of the sets NR, RR and DR on
the growth rate.

illustrates through an abstract model the types of structures that can produce
such changes in DR.

Let us consider the constraint-based model depicted as a Petri net in Figure 5.
The lower and upper flux bounds of the model are reported in Table 1 of the
figure. According to such flux bounds all the reactions are non-reversible, i.e.
DR = {}, see column type. The exchange reactions are r; and r1, which could
model nutrient uptake and secretion of a metabolite respectively. The reaction
modelling biomass production is r7, i.e. the flux of r7 represents the growth
rate of system being modelled. Hence, the objective funcion of FBA, see (1),
is the maximization of v[r7]. For the given net structure and flux bounds, the
maximum growth rate yielded by FBA (1) is ptymaz = 200.

Table 2 reports the refined flux bounds and the type of each reaction for
v =20,v =09 and v = 1. If v = 0 then only the steady state constraint,
S-v =0, of FVA (2) is taken into account to compute the refined flux bounds.
Thus, any possible steady state must satisfy the bounds, [bg and ubg, of the rows
associated with v = 0. For such +, all the lower bounds, lby, are kept to 0 and
the upper bounds, ubg, are constrained by the upper flux bound of r; which is
ub(r1) = 100. It should be noted that ubg(rs) = ubg(re) = ubg(r10) = 0, that is
reactions rg, r9 and 71 are dead at any steady state, i.e. DRy = {rs, r9,710}-

Recall that this increase in the number of dead reactions, DRy, also took
place in the previous subsection for the M. leprae model. The reason why rg
becomes dead is because it is producing a DEM my, if the flux of rg was positive
then the concentration of m, would increase indefinitely which contradicts the
existence of a steady state.

Let us now focus on r9 and r1g. The steady state condition, S - v = 0, for
metabolite myp, imposes v[rg] = v[rig] (i.e. input flur = output flux), while
for m; the steady state condition is 2 - v[rg] = v[rig] (see weight 2 in the arc
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1 Table 2: Refined model flux

L bounds
- vy Iby(r) uby(r) type
L myg mg 0.0 0.0 100.0 NR
) N o 0.0 100.0 NR
2 | }—'Q—D—@ ry 0.0 1000 NR
4 0.0 100.0 NR
s 0.0 2000 NR
My 6 0.0 200.0 NR
rr 0.0 2000 NR
s 0.0 0.0 DR
g o 0.0 0.0 DR
10 0.0 0.0 DR
2 09 71 90.0 100.0 NR
- 0.0 20.0 NR
h rs 0.0 200 NR
T4 80.0 100.0 NR
s 160.0 2000 NR
10 6 180.0 2000 NR
. 180.0 2000 NR
r 0.0 0.0 DR
Table 1: Initial flux bounds rz 0.0 00 DR
T lb(T) ub(r) type T10 0.0 0.0 DR
™ 0.0 100.0 NR 10 n 100.0 1000 NR
o 0.0 1000.0 NR T2 0.0 0.0 DR
r3 0.0 1000.0 NR T3 0.0 0.0 DR
rs 0.0 1000.0 NR T4 100.0 100.0 NR
s 0.0 1000.0 NR s 200.0 200.0 NR
6 0.0 1000.0 NR T6 200.0 200.0 NR
7 0.0 1000.0 NR 7 200.0 200.0 NR
rs 0.0 1000.0 NR T8 0.0 0.0 DR
o 0.0 1000.0 NR o 0.0 0.0 DR
10 0.0 1000.0 NR 10 0.0 00 DR

Fig. 5: Petri net illustrating the evolution of dead reactions at v =0 and v = 1.

(rg,m;). The only fluxes that satisfy these two conditions simultaneously are
v[rg] = v[rip] = 0, i.e. the reactions are dead at any steady state.

At v = 0.9, the flux of r7 (biomass production) must be at least 0.9 ez =
180. Notice that, although DRy = DRy g, the lower bounds of some reactions are
higher at v = 0.9 than at v = 1, and the upper bounds of some other reactions
are lower at v = 0.9 than at v = 1. In general it holds:

ubg.glr] — lbo.o[r] > ubs[r] — lby[r] Vr € R

In other words, the range of steady state fluxes allowed for each reaction de-
creases with . This is due to the existence of alternative paths in the metabolic
network. In the present example, there are two alternative pathways to biomass
production, namely p; = (r1,72,73,76,77) and ps = (r1,74,75,76,77). Notice
that ps is more advantageous than p; for biomass production as 2 metabolites
m. are produced per each metabolite m,. Thus, near optimal solutions will tend
to exploit ps instead of p;. This implies strictly positive lower bounds, lbg. g, for
all the reactions in po, and decreased upper bounds, ubg g, for the reactions that
belong exclusively to p1, i.e. ro and 3.
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The interval [Iby[r], ub,[r]] shrinks for every reaction r € R as v increases,
and at v = 1 the intervals become points. Moreover, at v = 1 only the most
favourable path po can be used, and hence reactions ro and r3 become dead.
This type of phenomenon causes the sudden increase of DRy in the M. leprae
model of the previous subsection.

5 Conclusions

This work has introduced a computational method to incorporate dynamic in-
formation, namely flux bounds, in the computation of chokepoints in metabolic
networks expressed as constraint-based models. The goal behind this approach is
to obtain more realistic chokepoints, which are known to be potential drug tar-
gets, than those based only on the net topology. Given that flux bounds depend
on the growth rate of the organism, the concept of growth dependent choke-
points has been defined and an algorithm to compute such chokepoints has been
designed.

It was found that the number of chokepoints was seriously affected by the
number of dead reactions, i.e. by reactions with null lower and upper flux bounds.
Although the number of dead reactions is not relevant in most of the original
models, this number increases significantly when dynamic information is ac-
counted for. A major increase takes place when the steady state constraint is
enforced on the metabolic network, i.e. at v = 0. As discussed in subsection 4.2,
we hypothesize that such an increase is a sign of some incompleteness in the
model such as the existence of dead-end metabolites, or to missing reactions
that lead to the incompatibility of positive fluxes with the network stoichiom-
etry. Another major increase of dead reactions takes place when the growth
rate is maximum, i.e. at v = 1. At such a rate, all the flux is diverted towards
the optimal paths for biomass production, and hence, the fluxes of non-optimal
alternative paths leading to biomass production and other non-essential paths
become 0, i.e. such paths contain dead reactions at v = 1. Thus, in this case dead
reactions might indicate the existence of alternative, or redundant, paths leading
to biomass production. Notice that such redundant paths have the potential to
make the metabolism more robust to attacks.

The protocol for chokepoint computation presented on this paper can re-
duce the time spent identifying drug targets in the process of drug discovery.
Drug discovery is a time-consuming process, which involves the identification
and validation of drug targets, optimisation, lead discovery and testing before
the production of drug candidates. Our protocol can contribute reducing the drug
target identification time by prioritising the selection of potential top targets of
the pathogenic organism for subsequent validation and optimisation protocols
of the drug discovery process.
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A Appendix

The software tool findCPcli developed in this work consists of a command line
application that, given an input model provided by the user, computes the sizes
of the sets of non-reversible reactions, reversible reactions, dead reactions and
chokepoint reactions for different values of . The results are saved in a spread-
sheet file with a format similar to the one presented in Table 3.

The tool findCPcli is distributed as a Python package and requires Python 3.5
or a higher version. The source can be found at github.com/findCP/findCPcli.
findCPcli can be installed with the pip package management tool:

pip install findCPcli
Once installed, the results for a given SBML model can be computed running:
findCPcli -i <input_file> -cp <output_file>

, where:

— <input_file> is the path of the input SBML model file to be used. The
supported file formats are .zml, .json and .yml.

— <output_file> is the path of the spreadsheet file that will be saved with the
results computed on the model. The available file formats for the spreadsheet
file are .zls, .xlsz and .ods.

When the above command is executed, the command line application will
inform about the task that will be computed. If the task finishes successfully
and the spreadsheet file has been saved, the application will inform about it and
will end the execution.

Further information about the operations provided by the application can be
found by executing: £indCPcli -h .



Growth Dependent Computation of Chokepoints in Metabolic Networks 17
B Appendix

Table 3 reports the sizes of the sets of reversible, non-reversible, dead and choke-
point reactions for several constraint-based models of the Biomodels repository
[3]. All the results were computed by the tool findCPcli. The maximum CPU
time was 82.776s to compute the results of model MODEL1507180017 in an Intel
Core i5-9300H CPU @ 2.40GHz x 8.
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Table 3: Sizes of the sets of reversible, non-reversible, dead and chokepoint re-
actions for several constraint-based models.

v
00 01 02 03 04 05 06 07 08 09 1.0

model set |initial| set
mlep_inVivo_media | RRy| 288|RR,| 53 52 51 51 51 50 48 48 43 39 10
reactions: 1228 |NRg| 938/ NR,| 956 957 958 958 958 959 961 961 966 970 551
metabolites: 998 |DRy 2|DR,| 219 219 219 219 219 219 219 219 219 219 667
CPy| 668/CP,| 733 733 733 733 733 733 735 735 739 741 469
MODEL1507180021| RR;| 208|RR,| 72 72 72 72 72 72 65 64 63 60 20
reactions: 900 |NR4| 692|NR,| 710 710 710 710 710 710 717 718 719 722 417
metabolites: 688 |DRy 0|DR,| 118 118 118 118 118 118 118 118 118 118 463
(M. tuberculosis) |CP;| 506|CP,| 504 504 504 504 504 504 510 510 510 512 350
MODEL1507180007| RRy| 183|RR,| 27 27 27 26 26 24 24 24 22 20 6
reactions: 554  |[NR4| 371 NR,| 377 377 377 378 378 380 380 380 382 384 304
metabolites: 485 |DRy 0|DR,| 150 150 150 150 150 150 150 150 150 150 244
CPy| 277|/CP,| 315 315 315 315 315 317 317 317 319 319 271
MODEL1507180063| RR;| 184|RR,| 32 32 31 31 31 31 28 26 26 13 6
reactions: 556  |NR4| 370|NR,| 399 399 400 400 400 400 403 405 405 418 316
metabolites: 549 |DRy 2|DR,| 125 125 125 125 125 125 125 125 125 125 234
CPy| 274|CP,| 316 316 316 316 316 316 318 321 321 330 291
MODEL1507180030| RRy| 193|RR,| 28 28 28 28 28 27 27 27 27 27 12
reactions: 560 |NR4| 305|NR,| 317 317 317 317 317 318 318 318 318 318 278
metabolites: 479 |DRy 62|DR,| 215 215 215 215 215 215 215 215 215 215 270
CPy| 310|{CP,| 257 257 257 257 257 258 258 258 258 258 258
MODEL1507180070| RRy| 216|RR,| 25 21 20 18 18 18 17 17 17 17 13
reactions: 743  |NR4| 513|NR,| 425 429 430 432 432 432 433 433 433 433 420
metabolites: 655 |DRy 14|DR+| 293 293 293 293 293 293 293 293 293 293 310
CPy| 324|CP,| 330 333 333 335 335 335 335 335 335 335 336
MODEL1507180045| RRy| 354|RR.,| 171 171 171 171 171 171 171 171 171 169 149
reactions: 778  |NRy| 424|NR.| 487 487 487 487 487 487 487 487 487 489 295
metabolites: 662 |DRy 0|DR,| 120 120 120 120 120 120 120 120 120 120 334
CP;| 336|/CP,| 387 387 387 387 387 387 387 387 387 389 229
MODEL1507180024| RRy| 318|RR.| 75 75 75 75 75 75 75 75 74 62 21
reactions: 832 |NR4| 514/NR,| 510 510 510 510 510 510 510 510 511 523 438
metabolites: 790 |DRy O|DR,| 247 247 247 247 247 247 247 247 247 247 373
CPy| 397|CP,| 406 406 406 406 406 406 406 406 406 414 380
MODEL1507180036| RRy| 277|RR.,| 103 103 103 103 103 103 99 99 93 89 51
reactions: 870  |NR4| 593|NR,| 593 593 593 593 593 593 597 597 603 607 460
metabolites: 713 | DRy O|DR,| 174 174 174 174 174 174 174 174 174 174 359
CP,; 433 C'P7 402 402 402 402 402 402 406 406 409 411 346
MODEL1507180049| RRy| 271|RR.,| 189 189 189 189 189 189 189 188 188 184 140
reactions: 971 NRy| T700|NR,| 717 717 717 717 717 717 717 718 718 722 388
metabolites: 496 |DRy 0|DR,| 65 65 65 65 65 65 65 65 65 65 443
CP;| 265|CP,| 273 273 273 273 273 273 273 273 273 273 156
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MODEL1507180068| RRq| 361|RR,| 84 84 84 84 84 80 80 77 77 77 71
reactions: 1056 |NRgq| 695|NR,| 568 568 568 568 568 572 572 575 575 575 463
metabolites: 911 |DRy O|DR,| 404 404 404 404 404 404 404 404 404 404 522
CPy| 549|CP,| 469 469 469 469 469 471 471 474 474 474 395
MODEL1507180060| RRq| 254|RR,| 57 57 57 57 54 54 52 50 50 48 8
reactions: 1075 |NRgq| 821|NR,| 610 610 610 610 613 613 615 617 617 619 356
metabolites: 761 |DRy O|DR,| 408 408 408 408 408 408 408 408 408 408 711
CPy| 441|CP,| 363 363 363 363 364 364 366 368 368 370 304
MODEL1507180020| RRy| 256/ RR,| 50 48 48 48 47 47 45 45 45 45 12
reactions: 1110 |NRgq| 751/ NR,| 556 558 558 558 559 559 561 561 561 561 367
metabolites: 879 |DRg| 103|DR,| 504 504 504 504 504 504 504 504 504 504 731
CPy| 455|CP,| 396 398 398 398 398 398 400 400 400 400 319
MODEL1507180059| RR4| 630|RR.,| 203 203 203 203 203 203 202 202 200 196 142
reactions: 1112  |NRgq| 482|NR,| 511 511 511 511 511 511 512 512 514 518 358
metabolites: 1101 | DRy O|DR,| 398 398 398 398 398 398 398 398 398 398 612
CP;| 470|CP,| 436 436 436 436 436 436 436 436 436 438 306
MODEL1507180013| RRq| 551|RR,| 249 249 249 249 249 249 249 249 247 242 49
reactions: 1245 |NRgq| 694|NR,| 708 708 708 708 708 708 708 708 710 715 390
metabolites: 987 |DRy O|DR,| 288 288 288 288 288 288 288 288 288 288 806
CP;| 484|CP,| 533 533 533 533 533 533 533 533 534 536 346
MODEL1507180058| RRy| 452|RR.,| 155 155 155 155 155 155 155 155 150 147 97
reactions: 1285 |NRg| 833|NR,| 904 904 904 904 904 904 904 904 909 912 547
metabolites: 943 |DRy O|DR,| 226 226 226 226 226 226 226 226 226 226 641
CP;| 584|CP,| 611 611 611 611 611 611 611 611 614 616 409
MODEL1507180015| RR4| 1093|RR,| 510 510 510 510 510 510 510 510 510 510 334
reactions: 1681 |NRg| 583/ NR,| 822 822 822 822 822 822 822 822 822 822 667
metabolites: 1381 |DRy O|DR,| 349 349 349 349 349 349 349 349 349 349 680
CP;| 473|CP,| 612 612 612 612 612 612 612 612 612 612 551
MODEL1507180054| RR4| 546|RR,| 8 8 8 82 8 80 77 77 75 71 10
reactions: 2262 |NRg| 1716/ NR,|1138 1138 1138 1141 1143 1143 1146 1146 1148 1152 397
metabolites: 1658 |DRy 0|DR,|1039 1039 1039 1039 1039 1039 1039 1039 1039 1039 1855
CP;| 1039|CP, | 748 748 748 750 750 750 752 752 754 759 319
MODEL1507180017| RRy| 606|RR,| 8 8 8 81 80 78 78 77 77 75 13
reactions: 2646 |NRg| 1923|NR,|1504 1504 1504 1508 1509 1511 1511 1512 1512 1514 525
metabolites: 1802 |DRy 17\DR,| 957 957 957 957 957 957 957 957 957 957 2008
CPy| 1112|CP,| 984 984 984 986 986 988 988 988 988 990 478




