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Abstract. The size and number of available genome scale metabolic models and reconstructions is growing
rapidly. Various computational methods and tools are developed in the last decades for metabolic network
construction, analysis and optimization. A software tool SpaceAnalyzer (SAnalyzer) is developed in Matlab
environment for automatic generation of biochemical pathways to new metabolites. The computational
experiments were performed to build automatically the connectivity tree for 2,3-Butanediol, r-Butanol,
caprolactam, lactose, penicillin and cellulose as substrates. The software tool is freely available online at:
http://www.biosystems.lv/sanalyzer.
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Introduction

Metabolic pathways consist of sequences of biochemical reactions acting in a microorganism.
Biotechnological pathway of reactions converts the available substrate via a set of reactions into a
more valuable biotechnological product. A reaction can happen if it is enabled by genetically encoded
enzyme that can be inserted into an organism.

Production of different substances using microorganisms is becoming more popular in last
decades. It is possible to use genetically modified organisms to produce valuable substances on an
industrial scale with a lower cost price. Metabolic Engineering (ME) usually is applied for
optimizing regulatory and genetic processes in cells to increase the yield of the biotechnological
process [1-5]. ME has developed towards detailed metabolic analyses to identify targets for genetic
manipulation and modification to improve or design cells thus overlapping with the field of synthetic
biology [6; 7] serving biofuels, biomedicals, environmental and other industries.

The reconstruction of the networks of biochemical pathways in organisms based on the genome
sequencing and annotation results [8-10] can be used for development and analysis of ME relevant
modifications.The reconstructions and reconstruction based models of the microorganisms can be
represented in a form of a graph [11-13] and can be used in design of new biological pathways.
Reconstructed networks and their models are available online in the biological databases, e.g., BIGG
[14], EcoCyc [15], BioCyc [16], TheSEED [17] and others. New models can be combined from the
existing ones of the same organism [18; 19].

Many successful reconstructions and models are developed [3; 5; 20-22] but just very few
methodologies can effectively aid in the rational design of microbial strains. Most of the proposed
analysis approaches are based on the experience of biologists without systematic analysis of all
possible solutions due to the high number of alternatives. Some attempts to construct metabolic
pathways in the automated way are presented [23; 24].

Automatic pathway construction tool Sanlyzer [25] is demonstrated. This tool creates a
connection matrix of metabolites based on scanning of the complete space of the possible pathways
enabled by reactions registered in databases. The dynamics and numerical characteristics of automatic
generation of the pathway tree are analyzed for different substrates using SAnlyzer.

SAnalyzer tool

SAnalyzertool is a set of algorithms for metabolic pathways construction [25]. SAnalyzer reads all
necessary data from KEGG database [26] REST web service and processes them in the real time. It
uses Matlab geturl function to read the data using KEGG API and parses it. KEGG API allows
searching biological data about biochemical networks. KEGG database keeps data about almost 17000
metabolites, molecules and other chemical substances and more than 9000 reaction entries taken from
the metabolic pathway maps. Each entry has KEGGID identifier, e.g., “C00243” for lactose
compound. All reaction identifiers are starting with “R”. KEGG database is provided only for
academic purposes and this service cannot be used for data downloads.
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Algorithms are realized in M scripts that can be places on the local PC and launched from the
Matlab command windows. The construction algorithm of the possible metabolic pathways
construction is independent software that can return nodes and edges of the constructed graph. The
tree construction proceeds recursively, beginning from the starting metabolite, i.e., initial substrate of
the pathway of interest given by the industrialist, as a root of a tree. We can call it “super graph”
which contains all possible pathways from the input substrate for fixed levels count. Construction is
performed based on the graph theory methods.

For each metabolite all reactions where it is involved are found in the data base. For each reaction
the main reaction pairs in KEGG data base are chosen where the active metabolite is involved. From
these reaction pairs the list with metabolites for the next construction level is created. If the metabolite
is already present in the graph, it is not used in the following reactions. That prevents appearance of
loops and reduces the number of iterations because only unique metabolites are presented in the graph.
On the next level for each metabolite all reactions are found. This continues while the level threshold
is reached. As a result we receive a supergraph which represents all possible metabolites and reactions
that are connected in one network.

Connectivity analysis of metabolites

To analyze the features of solution space of pathways constructed from the reactions available in
the KEGG database and the necessary time for its construction practical experiments with SAnalyzer
are performed. The performance of the presented algorithm is tested on the server computer with four
Intel Xenon CPU and 32 GB RAM installed.

In this example the connectivity analysis options are shown for metabolites that can be used like a
product or substrate. The time of graph construction algorithm, explored reactions and metabolites
count for each construction level are shown. The data are shown for six metabolites — 2,3-Butanediol
(KEGGID:C03046), n-Butanol(KEGGID:C06142), caprolactam(KEGGID:C06593),  lactose
(KEGGID:C00243), penicillin (KEGGID:C00395) and cellulose (KEGGID: C00395). 2,3-
Butanediol is a chemical compound that is produced by a variety of microorganisms. It can be used in
synthetic rubber producing and in gas chromatography. We can analyze producing pathways of this
metabolite [27]. n-Butanol is alcohol, occurs naturally as a minor product of the fermentation of sugars
and is present in many foods and beverages. The largest use of n-butanol is as an industrial
intermediate, particularly for the manufacture of butyl acetate. We can analyze producing and
consuming pathways of n-butanol[28]. Caprolactam is an organic compound and it is the precursor
to Nylon 6, a widely used synthetic polymer[29]. We can analyze producing pathways of caprolactam.
Lactose is sugar derived from galactose and glucose that is found most notably in milk. Lactose is not
fermented by yeast during brewing. Another major use of lactose is in the pharmaceutical industry by
adding it to pills as filler because of its physical properties. We can analyze consuming pathways of
lactose to produce other substances [30]. Penicillin is a group of antibiotics, they are the first drugs
that were effective against many previously serious diseases, such as syphilis, and infections caused
by staphylococci and streptococci [31].

Cellulose is an organic compound, it is the structural component of the primary cell wall of green
plants and many forms ofalgae. Converting cellulose from energy crops into biofuels such
as cellulosic ethanol is under investigation as an alternative fuel source [32].

Using SAnalyzer tool it is possible to build a graph that represents metabolic pathways for the
given substrate and get a list of nodes of this graph. Supergraph with 15 levels is constructed for each
metabolite starting from the input substrate.

In this paper we present some data that can be obtained using SAnalizer tool. We show the count of
connected metabolites on 15 levels. We can see similarities between all test cases. More additional
data can be obtained using SAnalyzer scripts.

Results and discussion

For each test case the execution time, number of new added metabolites per level, number of
added reactions per level and processing time per level have been measured. After 15 iterations more
than 5000 metabolites are involved in the pathway tree for each test case (Fig. 1) from all 17000
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metabolites kept in the KEGG database. In case of n-Butanol and caprolactam new metabolites are
added slower than in other examples.
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Fig. 1. Number of metabolites in the constructed graph

For caprolactam there are less than 5000 metabolites added in the constructed graph. The
connectivity of caprolactam indicates that there are a small number of reactions to reach metabolites
which are highly interconnected with other ones. Lactose in contrast demonstrates very fast growth of
the metabolites involved in the pathway tree. All example cases show similar behavior with
exponential growth on the number of new metabolites. For most metabolites it starts after 5
construction levels and after 10 iterations the number of new metabolites and reactions is increasing
slowly. We can conclude that most of the reachable metabolites from KEGG are involved.

The execution time for each construction level (Fig. 2) demonstrates similar behavior for all 6
figures. Execution of 15 level graph construction takes about 10000 seconds that is about 3 hours for
each metabolite. It correlates with new metabolite count graphs.
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Fig. 2. Runtimes of graph construction levels

The number of newly included metabolites and reactions for each new level and time spent for
each level demonstrate very clear peaks of the number of newly included reactions and metabolites in
the area of 5-th till 11-th level (Fig. 3). Also it is possible to get the nodes and edges count of the
constructed graph. After 15 iterations the nodes and edges count in all three cases is similar — about
14000 unique nodes (metabolites and reactions) and 31000 edges. A similar situation is for the
explored reactions and metabolites count during supergraph construction.

This example does not provide complete information about the constructed graph metabolites and
reactions. These data depend on the quality of KEGG data because for some reactions and metabolites
the necessary data were not available. The achieved result shows the direction for future research in
building new metabolic pathways.
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Fig. 3. Runtime in seconds and the number of newly included elements (reactions and
metabolites) - discovered in each construction level

Conclusions

1. In this paper we present an application of SAnalyzer tool algorithms for possible metabolic
pathways construction. Six structured supergraphs are built taking the initial substrate as the
starting point and extending the graph by reactions from KEGG database.

2. This approach can be used to identify novel, non-native synthesis pathways for metabolite
production.

3. It allows building a computer model of metabolic pathways from an initial compound to a product
compound that potentially can be implemented into a living organism.

4. These data can be useful not only for analysis of biodegradation or producing new biological
substances, but also for investigation of chemical transformations or chemical producing. One of
the possible applications is recycling -a process that is using waste to produce potentially useful
materials.

5. Experiments with six chemical substances are performed. The execution time, number of added

metabolites per level, number of added reactions per level and processing time per level
demonstrate similar behavior showing peaks in all the mentioned parameters around the level five
till eleven. No significant further expansion of the supergraph after level thirteen is possible as
most of the possible metabolites are already involved in the supergraph.
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6.

Additionally SAnalyzer functionality can be used to: construct possible pathways; examine how
metabolites can be connected to each other, test different options of metabolic paths and show
how biological data are connected related to KEGG database knowledge.
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