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Abstract Efficiently identifying drug targets with minimal side effects is a major challenge in
new drug development. In this paper, we develop a method based on flux balance analysis (FBA)
to identify drug targets in metabolic networks. The method, which is formulated into two linear
programming models, first finds the steady flux of reactions and mass flow of metabolites in the
pathologic state and determines the optimal flux and mass flow in the medication state such that the
side effect caused by medication is minimized. Then drug targets can be identified by comparing
the flux of reactions in both states and checking the reactions whose fluxes are changed. We give
an illustrative example to show that the drug target identification problem can be solved effectively
by our method.
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1 Introduction

Identification and validation of disease-causing genes as drug targets is an essential
first step in new drug discovery and development. In pharmaceutics, drugs generally fail
in the clinic for two reasons: they either do not work or are proved to be unsafe [14]. For
example, if components other than intended targets are affected by a drug, toxicity or lack
of efficacy will arise. Both of these problems lead to sloppy early target discovery and
are among the main challenges in developing new drugs. Traditional drug development
approaches focused more on the efficacy of drugs than their toxicity, which does not meet
the increasing demand of public health on new drug development. In contrast, recent drug
research in post-genomic era stresses on the identification of specific biological targets
or gene products, such as enzymes or proteins for drugs, which can be manipulated to
produce the desired effect of curing a disease with minimum disruptive side effects [14,
1]. With the complete sequencing of human and bacterial genomes and the subsequent
accumulation of genomic, proteomic, and metabolomic data, systems biology approaches
or network-based analyses hold great promise for identifying drug targets by analyzing the
topological structure of biological networks, such as gene regulatory networks, metabolic
networks and protein interaction networks [8, 5, 15, 6, 9, 7]. However, most of these
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network-based methods do not consider the factor of side effects, which may be the main
reason why only modest results have been obtained so far.

Recently, a drug target identification model based on metabolic networks has been
proposed by Sridhar et al. [12, 13], in which a set of enzymes (drug targets) is to be
found to inhibit target compounds through drugs’ action on these enzymes and meanwhile
reduce the side effects caused to non-target compounds. In other words, inhibition of the
identified drug targets will stop the production of a given set of target compounds, with
eliminating a minimal number of non-target compounds. In their models, the side effect of
a drug is defined as the number of non-target compounds eliminated while drugs inhibit
the target compounds. They presented a scalable heuristic iterative algorithm as well
as a branch-and-bound exact algorithm for solving the formulated drug target detection
problem [12, 13]. Song et al. developed a double iterative optimization algorithm for
the same problem [11]. Li et al. formulate this metabolic network-based drug target
identification model as an integer linear programming (ILP) which ensures that optimal
solutions can be exactly and efficiently obtained without any heuristic manipulation [10].

The drug target discovery model mentioned above is based on the logic biochemical
relationships between reactions, enzymes and compounds: a reaction is inhibited if and
only if at least one of its reactant metabolites is inhibited, and a product metabolite is
inhibited if and only if all reactions producing this metabolite are inhibited. Although
the definition of damage in this model reflects side effects to some extent, it is still too
coarse and cannot capture the quantitative relationships among reactions, metabolites and
enzymes. In the process of metabolism, the mass flow of metabolites and the flux of re-
actions satisfy balance relationships. If the target compounds are completely inhibited
by manipulating drug targets, some non-target compounds may also be eliminated, which
may make some other non-target compounds’ concentrations changed. If the concen-
trations of these non-target compounds are out of healthy range, some symptom of side
effects will appear. In fact, although the accumulation of target compounds in the so-
phisticated metabolic system may result in diseases, it is not reasonable to inhibit them
completely. We only need to adjust their concentration or mass flow to a healthy range
by medication strategies. For example, the healthy range of normal empty blood sugar
concentration of a person is [0, 6.11] mmol/L. If his/her empty blood sugar concentra-
tion is larger than 7.0 mmol/L, then he/she may be diagnosed to be a diabetic patient.
To cure diabetes, we need to reduce their empty blood sugar concentration to a healthy
range. Sridhar et al.’s drug target identification model cannot handle this case. In [15],
Vera et al. proposed a method called optimization program for drug discovery (OPDD) to
identify enzyme targets in an enzymopathy. But this method needs to solve a large num-
ber of optimization programs and select the most feasible solution by additional criteria.
Furthermore, it does not consider more about side effects.

In this paper, we give a new definition of damage to reflect side effects of drug action,
which is quantitative and more reasonable. Then we propose a method to identify drug
target based on flux balance analysis. The method is formulated into two linear programs:
one is to find the steady flux of reactions and metabolites in the pathologic state, and
the other is to determine the optimal flux in the medication state such that the side effect
caused by medication is minimized. Then drug targets are identified by comparing the
flux of reactions in both states and checking the reactions whose fluxes are changed. An
illustrative example is given to show that the drug target identification problem can be
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solved effectively by our method.

2 Drug Target Identification Based on FBA Models

In a metabolic network, enzymes catalyze reactions which take substrates and produce
metabolites. Such processes constitute the whole metabolism system of a living organ-
ism. However, the malfunctions of some enzymes may lead to production of excessive
concentration or mass flow of certain compounds in the sophisticated metabolic system,
and thereby may result in diseases [2, 4]. Such compounds are generally considered as
target compounds because they are directly related to the diseases. The remaining com-
pounds in the metabolic system are all considered as non-target compounds. On the other
hand, those enzymes are considered as drug targets if when manipulated by drugs the con-
centrations or mass flow of target compounds can be adjusted to healthy ranges. Hence,
the drug target identification problem is to identify an enzyme set that can be manipulated
by drugs to adjust the concentrations or mass flows of all target compounds to healthy
ranges, while minimizing the gap between the concentration or mass flow of non-target
compounds after medication and their healthy range. The sum of the gap between the
concentration or mass flow of all non-target compounds in the medicine state and their
healthy state range is defined as the side effects of the corresponding enzyme set (drug
targets).

2.1 Metabolic Network Representation

A metabolic network is generally a biochemical network, in which chemical com-
pounds are nodes and reactions catalyzed by one or several certain enzymes are denoted
by directed edges. In order to make drug target identification easily understood, we de-
velop another graphical representation of the metabolic network. This type of metabolic
network is directed and has two types of nodes (bipartite digraph). One type represents
chemical reactions and the other metabolites. A directed edge from a reaction to a metabo-
lite means that the metabolite is a product of the reaction. A directed edge from a metabo-
lite to a reaction represents that the metabolite is a reactant of the reaction. A reversible
reaction is considered as two separate reactions corresponding to forward and backward
reactions.

Suppose that there are m metabolites {A,A,, - ,A,,} and nreactions {R;,Ry, - ,R,}
in a metabolic network. S = [sjj|mxn and T = [t}i],xm are the stoichiometric coefficient
matrices of reactions. The kth column of matrix S denotes the coefficients of reactants
in reaction Ry, while the kth row of matrix T denotes the coefficients of metabolites pro-
duced by reaction R;. We can obtain the kth column of matrix S and the kth row of matrix
T from the chemical equation of reaction R;. In the contrary, the chemical equation of
reaction R can be deduced from the kth column of matrix S and the kth row of matrix 7.
For example, the chemical equation of reaction Ry is

2A1 4+ 3A; — As+2A¢

Then sy =2, sop =3, 15 = 1, e = 2.
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2.2 Determining Pathologic Fluxes of Metabolites and Reactions

Given a metabolic network in the pathologic state, in which we delete the reac-
tions which cannot take place because its catalyzing enzyme is inhibited. Although the
metabolic network is in the pathologic state, it still can produce as much biomass or en-
ergy (i.e. ATP) as possible so as to maintain tissue growth. So we can determine the flux
of each reaction and mass flow of each metabolite in the pathologic state by a optimization
model.

Letv;,j=1,2,---,n denote the flux of reaction R}, x;,i = 1,2, -+ ,m denote the mass
flow of metabolite A;, that is, the mass of metabolite A; produced or consumed by all the
reactions it involves in the metabolic network. We use the following linear programming
model of flux balance analysis (FBA) to determine the mass flow of metabolites and the
flux of reactions in the pathologic state:

m
max z = Lbiomass,iXi (1
i=1
n n
S.t. ZsijVj = Zl‘jivi (2)
j=1 Jj=1
n
X = Zsijvj (3)
=1
n
X = thiVj “4)
=1
0<v;<Uj, j=12,---,n &)
0SXi§Qi7i:1,2,"',m (6)

The objective function denotes the maximization of biomass produced by the metabolism
process. Eq. (2) is a constraint that guarantees the mass balance of each intermediate
metabolite. Eq. (3) defines that the mass flow of each metabolite is equal to sum of
mass of this metabolite consumed by all reactions. Similarly, Eq.(4) guarantees the mass
flow of each metabolite is equal to sum of mass of this metabolite produced by all reac-
tions. Constraints (5) and (6) represent the capacity limits of fluxes and mass flows in the
pathologic state, where U; and g; are the upper bounds of variable v; and x; respectively.

2.3 Determining Medication Fluxes of Metabolites and Reactions

In the pathologic state, the concentrations or mass flow of some metabolites are out of
healthy ranges which result in the disease symptoms. For example, if the healthy range
of the jth metabolite’s mass flow is [a;,b;], it means that x; should satisfy a; < x; < b;.
If x; > bj or x; < aj, we want to adjust some fluxes of chemical reactions by using drugs
such that x; € [a;,b;]. In this adjustment process, the mass flows of some other non-target
compounds may change to be out of their health ranges, which we define as the side
effects of the drugs. A good drug should have minimal side effects. Aiming to minimize
the side effects, we can find the concentration or mass flow of the metabolites and the flux
of reactions in the medication state by using the following linear programming model:
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where N is the set of non-target compounds and 7 is the set of target compounds, and
a;,b; are respectively the healthy lower and upper bounds of the mass flow of the ith
compounds, d; ,d;" are respectively the negative difference variable and the positive dif-
ference variable. Constraints (8),(9) and (10) are only for intermediate metabolites.

2.4 Identifying Drug Targets and Drug Dose for Diseases

By comparing the flux vector Y in the pathologic state and the flux vector ¥! in the
medication state, we can easily find the reactions whose flux has been changed by medi-
cation. We can construct a sub-metabolic network by using all these reactions along with
their reactants and products. All the compounds with zero in-degree are then deleted, that
is, delete all the compounds which is not a product of any reaction in this subnetwork.
These compounds come into the metabolism process from the outside of the system. We
can find all the reactions without reactants in the resulting graph. These reactions are de-
termined as drug targets. In other words, we can manipulate the concentration of enzymes
that catalyze these reactions by drugs so as to adjust the fluxes of these reactions such that
the mass flow of target compounds is in healthy range.

In [3], itis indicated that the flux of a reaction is correlated with the concentration level
of the enzymes catalyzing this reaction. The concentration of enzymes can be controlled
by drugs, so the drug dose can be determined according to the flux of reactions in both
pathologic and medication state. We can also integrate the result with other successful
methods such as primarily experimental methods for determining the suitable dose to
cure the disease.

3 A Numerical Example

Figure 1 is an illustrative example of 12 metabolites and 8 reactions, where we assume
that metabolites Ag,A9,A11,A17 are involved in the biomass reaction. In the pathologic
state, the upper bounds of all reaction fluxes are taken as 10, and the upper bounds of
mass flow of all metabolites are taken as infinity. The metabolic network in Figure 1 can
be expressed by the following chemical reaction equations.
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Figure 1: A metabolic network with 12 metabolites and 8 reactions.

Ri: 2A1+A; — As+Aq
Ry: 4A3 — 3A¢+ A7

R3: 3A; — Ag

Ry: A4 — 2Ag

Rs: 2A5 — 3Ag

Rg: 2A¢ — Ajo+2A14

R7: Ag+3A¢ — 2A11+3A1n
Rg: 2A3 —3A12

Using Lingo software to solve the pathologic linear programming model, we can ob-
tain the results expressed in Figure 2(a), where the optimal mass flow of metabolites
is X = (20,40,15,5,10,21.25,3.75,20,15,10,22.5,33.75), depicted beside the corre-
sponding nodes, and the flux of reactions is ¥° = (10,3.75,10,5,5,10,1.25,10), also
depicted beside the corresponding nodes. Let

w = ([0,M],[0,M],[0,M],[0,M],[0,M],[0,M],[0,M],[0,M],[10, 15],[10, 15],[10,15], [0, 1])

be the healthy range of all the metabolites, and U; = 10 for all 1 < j < 8 be the upper
bound of each reaction flux. we can find the optimal flux of reactions and mass flow
of metabolites in medication state. The optimal mass flow of each metabolite is X' =
(20,10,4,0,10,13,1, 0,15,6.33,13.33, 1) and the optimal flux of each reaction is Yl =
(10,1,0,0,5,6.33,0.33,0), both shown in Figure 2(b). The side effect is 3.667 since the
mass flow of metabolite A is 6.33 which is out of the healthy range [10, 15].

By comparing Y° and Y', we construct a sub-metabolic network, shown in Figure
3(a). According to the method described in Section 2, drug targets are the enzymes which
catalyze R», R3, R4 respectively. If we adjust the flux of R, R3, R4 respectively to be 1,0,0
by drugs, then the concentration or mass flows of target compounds will be in healthy
range with side effect 3.667. This result can also be obtained by the pathologic model
with the constraints of reaction R», R3,R4’s fluxes being 1,0, 0 respectively.
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(b)

Figure 2: (a) The flux of reactions and mass flow of metabolites in the pathologic state.
(b)The flux of reactions and mass flow of metabolites in the medication state.

(a) (b)

Figure 3: (a) The sub-metabolic network. (b) The reactions corresponding to drug targets
are R2,R37R4.

4 Conclusion

Efficiently identifying drug targets with minimal side effects is a major challenge in
new drug development. Previous models for identifying drug targets either are not quan-
titative or do not consider side effects. In this paper, we develop a quantitative method
based on flux balance analysis to identify drug targets in metabolic networks. The method
involves finding the steady flux of reactions and concentration or mass flow of metabolites
in both pathologic state and medication state and also considers the side effects of drug
action. We give an illustrative example to show that the drug target identification problem
can be solved effectively by our method. In the future, we will explore the application of
this method in the large human metabolic network.
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