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Computational Modeling of Metabolic Networks
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Abstract—M etabolism is the set of biochemical reactions
occurring in living organisms. Metabolites are usually small
molecules like glucose, amino acids etc. These biochemical
inter-conversions are generally catalyzed by enzymes. The
sequencing of genomes and development of functional genomics
make it now possible to reconstruct and understand the
structure and function of metabolic networks at large scale.
New computational tools and biological concepts are being
developed to understand these metabolic networks more
precisely. Here attempts were made for reconstruction,
visualization, and graph representation of metabolic networks
for structural analysisi.e. connectivity and centrality analyses,
modularity and decomposition of the networks to fundamental
level. Reconstruction, visualization, and graphical
representation of glycolysis for structural analysis and
decomposition of the network to fundamental is done as an
example of basic metabolic network in cells. The methods and
concepts presented deals with static properties and functions of
glycolysis and more complex networks can be represented
following similar methods.

Index Terms— Metabolic networks, modeling, visualization.

I. INTRODUCTION

Metabolism is the set of biochemical reactions occurring in
living organisms. Metabolites are usually small molecules
like glucose, amino acids etc. These biochemical
inter-conversions are generally catalyzed by proteins which
have specialized functions known as enzymes. All
biochemical reactions are catalysed by enzymes with a few
exceptions that are spontaneous and may be non enzymatic.
Metabolic pathway is fundamental concept in biochemistry
comprising of arrays of successive or closely associated
biochemical reactions for a specific metabolic function.
Metabolic network is the network composed of metabolites
and their interconversions in a living organism. Glycolysis,
lysine degradation, and penicillin biosynthesis etc. are some
of the example of simple metabolic pathways. A metabolic
pathway can be considered as a small local area of a
metabolic network, whereas a metabolic network gives a
better and more complete view of the cellular metabolism.

Thus, in the general method of visualization and analysis,
it can be represented as a graph with two different kinds of
vertices - metabolite and enzyme. Thus in the most simplest
method of analysis, the metabolic networks can be
represented as a simple direct graph with vertices
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representing metabolites and edges corresponding to
reactions converting one metabolite into the other [1] [2]. As
a complement, a reaction graph can also be used [3]. In the
reaction graph, the vertices represent reactions and there will
be an edge between two vertices if the product of one reaction
is the substrate of the other. This simplification is helpful for
structural analysis as many graph algorithms do not consider
different types of vertices as in a bipartite graph. The
drawback of this representation is that if the utilized
metabolites are not removed, biologically meaningless
shortcuts may be introduced in the network.

II. RECONSTRUCTION OF METABOLIC NETWORK

A simple algorithm for metabolic network reconstruction
can be introduced. Fig. 1 shows the workflow to reconstruct
the metabolic network from genome annotation. The EC
numbers (Enzyme Commission numbers, a number
representing the biochemical reaction catalyzed by the
corresponding enzyme) can be extracted or enzyme name can
also be used where EC numbers were not assigned[4].

After representation of the reaction list, these reactions are
further converted to connection matrix: the substrate—product
pairs are recoded in a format that can be easily recognized
and processed by the computer. The connection matrix file
can be directly interpreted by many network visualization
tools for visualization and analysis. The connection matrix is
further treated by removing connections via conversion
metabolites such as H,O, CO,, ATP, etc [2]. Conversion
metabolites are mainly used as carriers for transferring
electrons and certain functional groups such as hydrogen,
phosphate, amino group, one carbon unit, methyl group, etc.
in the given reaction Glucose + ATP = G6P + ADP. ADP and
ATP are conversion metabolites for transferring phosphate to
glucose.

Fig. 1. The metabolic network of Escherichia coli. The nodes correspond to
chemicals (metabolites) linked by a metabolic reaction
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Fig. 2. Conventional representation of Glycolysis pathway

III. VISUALIZATION

The number of reaction steps in the glycolysis pathway
describes the path length, i.e. the conversion of glucose to
pyruvate should be nine steps in terms of biochemistry (Fig.
2). Whereas considering ATP and ADP as vertices in the
network there would be only two steps from glucose to
pyruvate, in the first reaction, the conversion of glucose and
produces ADP, while the last reaction consumes ADP and
produces pyruvate. Such short annotation in biological
reference will be meaningless. A number of approaches are
proposed to address this problem. A simple method is to
exclude the terminal metabolites based on their connection

degree i.e. the number of edges connected with a metabolite.

The problem is that certain primary metabolites such as
pyruvate may also have high connection degrees. Hence the
conversion metabolites cannot be defined per se by
compounds but defined according to the reaction.

IV. PARTICIPATING COMPONENT

There are various ways of visualizing the metabolic
network according to the focus selected. The complexity of
the network is such that there is no single approach that can
include all its aspects. This is not evident immediately when
the fundamental unit of the network is considered, but when a
reaction catalyzed by an enzyme in where one of the
chemical reactants in metabolism is metabolic intermediate
or substrate and is transformed into another intermediate or
product. For instance, if water is overlooked as a reactant
being it presences everywhere in the cells, three quarters of
the biochemical reactions actually involve two or more
reactant / substrates interacting to form two or more products.
Considering the example of two substrates — A and Y
reacting to form two products — B and Z. This can be
presented in very simple methods. Considering one pair of
metabolites A and B can be shown as the basic link while the
involvement of Y and Z is concealed or presented as a
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byproduct of the main conversion. This is due to the facts that
metabolism involves carbon, which form the bulk and the
largest component of living systems. The linkage between A
and B is that the most of the carbon in A are also present in B.
If the maps represent two substrates with equal importance it
means that the both the reactants contribute carbon atoms to
the product leading to formation of two products, since the
substrate has split into two fragments. Thus, there is basic
understanding of chemical and biochemical knowledge
involved considering the statement with the reaction ‘A +Y
— B + Z ’ occurs in the network and converting that to a
network link ‘A — B’ on the basis being the principal
conversion involved in the reaction.

Here, the implications of including or deleting
co—substrate / co—product pairs such as Y and Z as they have
immediate implications for the connectivity of the network
can be considered. Since, these pairs generally take part in a
large number of reactions where the identities reactants A
and B differ. Some of these reactions will convert Z backto Y,
so that the total cyclic flux converting Y to Z and back again
is much more higher than the rates of conversion of Y and Z
other different compounds.

For instance, the pair ATP and ADP are standard
abbreviations for the most connected metabolites in the
metabolic network. They have a major role in the energetics
of the cell, but chemically ATP differs from ADP having
three phosphate groups which is one more than ADP. So
these reactions involve transfer of phosphate group without
change in carbon atom among them. But in most of these
biochemical reaction, which involves change in state of
carbon atom of the metabolite are stressed much rather than
the reaction like ADP and ATP or NADP/NAD / NADPH,/
NADH, are taken into consideration. This also implies that
generally, the total rate of conversion of ATP to ADP is equal
to the rate of conversion of ADP back to ATP or rate of
conversion of NADP/NAD to NADPH,/ NADH, are always
equal. Therefore, the addition to the links in the network with
flows and there are additional linkages across the network
pointing toward the possibility of interpreting an invalid
pathway that are controlled by mass conservation of carbon
[5] (Fig. 3)

NADH2

|
Fig. 3. The graphical representation of Glycolysis with metabolites shown as
nodes and vertices and reactions as connections
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V. MATHEMATICAL REPRESENTATION

Mathematical representations of all such methods are
necessitated for representation of the metabolic network. The
starting point for this is provided by the stoichiometry matrix.
To illustrate this, consider the following small network

This stoichiometry matrix can also represented in two
different following methods

I 1-110
L 01-1-1

Or

RI: A— 1,
R2: ;- 1,
R3:L— 1
R4: 1, »B

The upper one is the stoichiometry matrix where the
numbers represent the moles of the substrate in row taking
part in the reaction specified by the column. The negative
numbers indicating substrates of the reaction. The lower form
is a symbolic list of reactions, starting with a reaction number
(R1, 2, 3, 4) representing the balanced equation of the
reaction in text form. All these three forms can be
inter-converted where the point of initiation of these
reactions is to be ascertained in the set of reactions taking part
in the network. Here, the stoichiometry matrix contains rows
of the intermediates of the network. The system needs to
define to such an extent that many of the modes of analysis of
the steady states of the system are in balance. This implies
that the synthesis and utilization of each intermediate is at
equilibrium. The products or out put of the reaction are not at
equilibrium since there should be a mass flow through the
metabolic network which maintains its shift from chemical
equilibrium. If the synthesis and utilization of these products
or out put of the reaction is to be computed, then a full
stoichiometry matrix is required, with additional rows
describing the involvement of other reactants/products in the
reactions. Here it is becomes necessary to decide whether the
intermediates of each reaction are treated as products or
reactants.

VI. CONNECTIVITY AND CENTRALITY IN METABOLIC
NETWORK

Metabolic networks derived from the information
embedded in the genome have imparted a remarkable insight
into the fundamental aspects of cellular metabolism. The key
finding is that metabolic networks exhibit typical
characteristics of small-world networks like many non
-biological complex systems viz. a power law connection
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degree distribution [6], high cluster coefficients and a short
network diameter [7] [8] [9]. This small world structure is
regarded as one of the design principles of many robust and
error-tolerant networks such as the computer network, neural
network, and certain social and economic networks [6] [10].
Metabolic networks were scale free networks in terms of the
connections through currency metabolites [9]. The structure
of metabolic networks still has the characteristics of a
scale-free network even after deleting the linkages through
currency metabolites [2]. One important feature of scale-free
network is the power law distribution of connection degree
among the vertices [6]. A random network has a Poisson
distribution of the connection degree as opposite to the
scale-free network. The connection degree is defined as the
number of connections linked with each metabolite (vertex).
Considering the direction, the number of connections starting
from the metabolite is called output degree, and the number
of connections ending at the metabolite is called input degree.
The input degree distributions for these organisms also have
similar power law relations. The power law degree
distribution exists in networks of all the organisms studied in
the work of Ma and Zeng [2]. This indicates that the
metabolic network without connections through currency
metabolites is still a scale- free network.

VII. MODULARITY AND DECOMPOSITION OF METABOLIC
NETWORKS

In biochemistry, modules consisting of several interacting
biological reactions or metabolic pathways build discrete
functional units of metabolism. Thus such smaller modules
are linked to form a complex metabolic network. However,
the structural analysis of metabolic networks indicates a
small world structure [1][2] where all the vertices in the
whole network are linked through a short path. The modular
organization seems missing in this small-world structure. To
resolve the apparent contradiction between the small-world
structure and modularity organization Ravasz et al. [11]
proposed a hierarchical modularity model for metabolic
networks. According to this model, metabolic networks of
organisms are organized as many small, but highly connected
modules that combine in a hierarchical manner to larger, less
cohesive units. Several studies using concepts such as the
reaction connectivity centrality distribution and the
dependency of metabolites have further verified that
metabolic networks are organized in a hierarchical way [12]
[13]. These results indicate that hierarchical modularity is
also an important feature of metabolic networks. Modularity
has been shown to be common in the organization of robust
and sustainable complex systems [14]. Therefore, identifying
the modular organization of metabolic network by certain
network decomposition methods can help us in better
understanding the organization principle of complex
systems.

VIII. CONCLUSION AND PERSPECTIVE

The recent interest in the structural properties of networks
has highlighted the limitations of viewing metabolism as the
sum of a small number of underlying pathways. Metabolism
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is the set of biochemical reactions occurring in living
organisms. Metabolites are usually small molecules like
glucose, amino acids etc. These biochemical
inter-conversions are generally catalyzed by proteins which
have specialized functions known as enzymes. The
sequencing of genomes and development of functional
genomics make it now possible to reconstruct and understand
the structure and function of metabolic networks at large
scale. Elucidating the substructure that is helpful to biologists
in understanding the different metabolic phenotypes of
different organisms still remains a challenge. New
computational tools and biological concepts are being
developed to understand these metabolic networks more
precisely.
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