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Summary

ReMatch is a web-based, user-friendly tool that constructs stoichiometric network models
for metabolic flux analysis, integrating user-developed models into a database collected
from several comprehensive metabolic data resources, including KEGG, MetaCyc and
CheBI. Particularly, ReMatch augments the metabolic reactions of the model with carbon
mappings to facilitate 13C metabolic flux analysis.
The construction of a network model consisting of biochemical reactions is the first step
in most metabolic modelling tasks. This model construction can be a tedious task as the
required information is usually scattered to many separate databases whose interoperability
is suboptimal, due to the heterogeneous naming conventions of metabolites in different
databases. Another, particularly severe data integration problem is faced in 13C metabolic
flux analysis, where the mappings of carbon atoms from substrates into products in the
model are required.
ReMatch has been developed to solve the above data integration problems. First, ReMatch
matches the imported user-developed model against the internal ReMatch database while
considering a comprehensive metabolite name thesaurus. This, together with wild card
support, allows the user to specify the model quickly without having to look the names
up manually. Second, ReMatch is able to augment reactions of the model with carbon
mappings, obtained either from the internal database or given by the user with an easy-to-
use tool.
The constructed models can be exported into 13C-FLUX and SBML file formats. Further,
a stoichiometric matrix and visualizations of the network model can be generated. The
constructed models of metabolic networks can be optionally made available to the other
users of ReMatch. Thus, ReMatch provides a common repository for metabolic network
models with carbon mappings for the needs of metabolic flux analysis community.
ReMatch is freely available for academic use at http://www.cs.helsinki.fi/group/
sysfys/software/rematch/.

1 Introduction

Cellular metabolism has two vital main functions to carry: it produces energy for different cel-
lular operations and provides the cell with precursor molecules for synthesis of more complex
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Figure 1: An example of a reaction (fructose 1-phosphate aldolase) with two substrates and a
product showing the molecular structures of reactants as well as the reaction formula. EC number
(here 4.1.2.13) refers to the Enzyme Commission numbering, which is a functional classification
for enzymes [13].

molecules, such as proteins. To carry out these functions efficiently in a changing environment,
the cell regulates the velocities of its metabolic reactions, or metabolic fluxes, to match its ac-
tivity to current living conditions. Thus, information about metabolic fluxes provides important
knowledge about cellular regulation [1] that can be utilized in many applications, such as in
metabolic engineering of microorganisms for better yields of valuable target compounds [2], in
improving the plant fitness [3] or in mammalian drug development [4].

The first step in the systematic analysis of metabolism, as in any systems biology research, is
to obtain a network model of the system under study. In metabolic modelling, the simplest
framework available are the stoichiometric models, where the metabolic network is described
as a collection of biochemical reactions [5] (see Figure 1 for an example of one such reaction).
In particular, each reaction consists of substrate and product metabolites, together with the
molar ratios in which these reactants take part in the reaction. As different reactions share
common reactants, the reactions span an intertwined network of metabolic pathways. Despite
their simplicity, stoichiometric models allow the analysis of global structure and robustness of
metabolism [6, 7, 8, 9]. Most importantly, stoichiometric models facilitate different types of
analyses related to the metabolic fluxes [10, 11, 12].

Currently, the most accurate experimental method for estimating metabolic fluxes is the 13C
metabolic flux analysis [14]. In 13C metabolic flux analysis, a cell is fed with 13C labelled
substrates. The 13C labels are distributed in the metabolic network by biochemical reactions.
As two metabolic pathways that converge to a common metabolite may manipulate the carbon
chains of metabolites differently, the relative abundances of the different 13C labelling patterns
may differ in the molecules produced by different pathways. Thus, by measuring the abun-
dances of different 13C labelling patterns from the metabolites, information about the metabolic
fluxes can be inferred [14, 15, 16]. For the quantitative estimations of metabolic fluxes from
13C labelling measurements, basic stoichiometric models of metabolism have to be augmented
with mappings that describe how carbon atoms are transferred from substrates to products in
each reaction (see Figure 2).

Recent work has provided us with new sources of metabolite, metabolic reaction and network
data [17, 18]. Unfortunately, integration of these data sources to construct complete models of
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Figure 2: The mapping of carbon atoms between D-Glyceraldehyde and D-Fructose 1-phosphate
in the fructose 1-phosphate aldolase reaction (EC 4.1.2.13) as seen in ReMatch. Here the carbons
(1, 2, 3) in D-Glyceraldehyde are mapped to carbons (6, 5, 4) in D-Fructose 1-phosphate. ReMatch
provides carbon mappings for many reactions through the ARM database, and also easy-to-use
tools for adding new user-defined carbon maps.

metabolism is not always seamless. A crucial bottleneck slowing the interoperability is caused
by heterogeneous naming conventions for metabolites and genes that encode the enzymes cat-
alyzing metabolic reactions. Recently, cross-linking between different metabolite databases has
been improving [19, 20, 21] but this alone does not solve all the problems hindering the easy
construction of metabolic models. Additionally, easy-to-use tools for mapping the metabo-
lite nomenclature between two existing user-developed models and between a user-developed
model and databases are required. For instance, the metabolite D-xylulose 5-phosphate might
be called ”XU5P-D” in the first model, while another model may use the systematic name. If
both names are carelessly used in the same model constructed by combining the models, the
stoichiometry of the combined model fails to represent the underlying metabolism as reactions
are incorrectly linked to each other through metabolites. Analogously, the mapping of the re-
actions in the existing user-developed model to databases such as KEGG LIGAND [21], is a
tedious task if metabolite name conflicts have to be resolved manually.

The construction of new models for 13C metabolic flux analysis is even more time-consuming as
the current metabolic model repositories do not contain curated, good-quality carbon mappings
in a systematic fashion [22, 23]. Adding carbon mappings manually to basic stoichiometric
models is an extremely error prone task as even small models of central carbon metabolism
contain hundreds, even thousands of carbon mappings. On the other hand, recent advance-
ments in the computational analysis techniques [24, 16, 25] and in the techniques for conduct-
ing isotopomer measurements [26, 27] would facilitate the use of more detailed models in 13C
metabolic flux analysis. These detailed models are not readily available, but have to be con-
structed before 13C metabolic flux analysis can take place. Thus, new tools are required to
rapidly build and share metabolic network models with carbon mapping information.

In this work we concentrate on solving the above data integration problems by introducing
ReMatch, a web-based tool for constructing, storing and sharing metabolic network models,
especially for the needs of metabolic flux analysis.
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Figure 3: Workflow through the main functionality of ReMatch.

In short, the main workflow of ReMatch consists of the following five steps:

1. Import a model to ReMatch or create a new model. For each metabolic reaction in the
model, the user needs to specify the substrate and product metabolites and their molar
ratios, or stoichiometric coefficients. The naming of metabolites does not need to be
consistent throughout the input file. Thus, the set of reactions can be compiled from
multiple sources.

2. Match the user-given reactions to the reactions stored in the database of ReMatch auto-
matically or semi-automatically. Matching resolves conflicts between the nomenclature
used in the user-developed model and in the database, and augments reactions with car-
bon maps, if available.

3. Visualise the metabolic network with the BMVis viewer.

4. Export the model in SBML [28], stoichiometric matrix [5] or 13C-FLUX [29] formats to
further analyse it or use as a part of a systems biology modelling workflow.

5. (Optionally) Share the model with others by exporting it into a suitable file format or
declaring it as a public model in ReMatch.

This workflow is illustrated in Figure 3 and it is discussed, together will the main functionality
of ReMatch, in depth in the following subsections.

2 ReMatch

2.1 Importing or creating a new model

As a starting point for model construction the user may either import a model from an SBML
formatted file or a text file, copy one of the public models stored in ReMatch, or create a new
model from scratch. The imported or created model is stored in ReMatch until the user decides
to delete the model. It is particularly easy to switch between the models via the model selection
view: the models are persistent, needing no explicit effort from the user to save the model to
ensure that the current version stays stored. This enhances the usability of the software, and
allows editing multiple models at the same time.

ReMatch supports the SBML level 2 version 3, being able to both import and export SBML
formatted models. SBML is a popular XML file format designed for representing biochemical
reaction models that is supported by over 100 software tools [30].
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Figure 4: ReMatch reaction list view, showing model export options (1), model description (2),
data source options (3), access buttons for visualising the model and adding reactions to the model
(4), model reactions (5), candidate reactions for the selected reaction equation (6), and finally the
molecular structure of a particular reactant, namely D-Ribulose 5-phosphate (7).

Importing the model as a text file offers a light-weight alternative to SBML import. The model
is specified by listing each reaction of the model in one line of the file. Each line specifies
the substrates and products of the reaction. An example of such a reaction description is GLU +
ATP => G6P + ADP. Compartments are supported by prepending reactions or metabolites with
tags, such as cyt for cytosol (see Figure 4, panel 5). Alternatively, a reaction can be specified
with its EC number [13]. ReMatch will then give the user a list of all reactions matching the
EC number in the database to choose the correct reaction or reactions from.

Finally, it is also possible to start editing a copy of any of the public models stored in ReMatch.
Currently, ReMatch contains the KEGG models for Saccharomyces cerevisiae, Escherichia coli
and Bacillus subtilis, as well as a published model containing the central carbon metabolism
and amino acid biosynthesis pathways for S. cerevisiae [31]. These models, as well as other
public models from the users, are available for basis of model construction. A description on
how one of the current public models of S. cerevisiae was imported and processed in ReMatch
is given in Section 3.

2.2 Mapping reactions to database

After a model has been imported into ReMatch, the user needs to resolve any naming ambigu-
ities, if any, remaining after the import step. In this phase, the user-given reactions are mapped
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to corresponding reactions in the database. This is a non-trivial task, as the model may have
been specified, partly or fully, using a vocabulary not recognized by the public databases in-
tegrated into ReMatch. However, ReMatch assists in the matching phase by showing for each
user-given reaction all matching reactions in the database. A user-given reaction r matches to
a database reaction r′ when each reactant in r can be matched to some synonym of reactants in
r′. Additionally, we require that no two reactants in r are mapped to the same reactant of r′.

The collection of synonyms, or thesaurus, used by ReMatch was collected from ChEBI [19],
KEGG [21] and MetaCyc [20]. At first, we searched for additional synonyms to the KEGG
metabolites from ChEBI and MetaCyc, adding a synonym whenever two metabolites in KEGG
and either in ChEBI or MetaCyc already shared a name but ChEBI or MetaCyc also had an-
other name for the metabolite. After this step, we further expanded the thesaurus by considering
metabolites with similar molecular structures in KEGG and MetaCyc. If two metabolites were
found to share a similar structure but no common name, all the names given for the two metabo-
lites in both databases were assigned to the KEGG metabolite in the thesaurus. This way we
were able to further extend the thesaurus even in absence of common metabolite names. Partic-
ularly, we needed to consider not only exact structural matches because the molecule structures
are described in KEGG and MetaCyc at different levels of abstraction, for example with re-
spect to chirality. In such situation, identical molecules in the two databases cannot be exactly
matched, but the match can be found when one allows inexact matches as well. The structural
comparison was done using the nauty library for isomorphism detection [32].

ReMatch will show the number of matching reactions in the database for each user-given re-
action (see Figure 4, panel 5). Clicking the reaction will open a list of matching candidate
reactions in the upper right panel (Figure 4, panel 6). If the database contains exactly one
match, there is no ambiguity to be resolved. If two or more matching reactions were found,
the user needs to choose which of these candidate reactions he or she wants to include in the
model.

It is also possible that no matching reactions are found for a particular reaction formula. In
this case, the user needs to modify the reaction formula to find candidate reactions. Wildcard
support provided by ReMatch can be useful in this situation in finding partial matches to user-
given reactions. Partial matching helps to resolve metabolite naming ambiguities that remain
in the model after vocabulary matching: the correct metabolite can be found from the reaction
context. For instance, replacing the ATP and ADP in GLU + ATP => G6P + ADP with question
marks ?, will show all reactions in the database with two substrates, two products, and having
Glucose as a substrate and Glucose-6-phosphate as a product. Again, the user is able to choose
the correct reaction from the list provided by the software. Asterisk * can be given instead of
question mark ?, if the user wants to match the wildcard with one or more reactants instead of
exactly one (see Figure 4, panel 5, for an example).

For the purposes of 13C metabolic flux analysis, it is often feasible to limit the search for match-
ing reactions to reactions with carbon maps. ReMatch allows this restriction by letting the user
to choose the individual databases where the reaction matches are searched from. In this par-
ticular case, we would want to restrict the search to the ARM database [33, 34] that contains
the carbon mapped reactions (see Figure 4, panel 3), although it is possible to use also carbon
maps from the KEGG database in the future versions of ReMatch.

Finally, it is possible to easily add new reactions into the ReMatch database. The added re-
actions are available for subsequent searches in a separate database that may be included or
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Figure 5: Visualisation of a small example model with four enzymatic reactions (green nodes) and
seven metabolites (blue nodes) in the BMVis viewer.

excluded with the option described above. ReMatch also provides an easy-to-use tool for man-
ually adding carbon mappings to reactions that currently do not have them (see Figure 2). In
13C metabolic flux analysis, besides carbon mappings, one also needs information on molecule
symmetry. The user is able to add new symmetry information to the molecules, if needed.

In summary, the underlying database contains 14013 reactions and 11030 metabolites gathered
from the above-mentioned three databases. The metabolite thesaurus holds 43186 synonyms in
total, an average of 3.92 synonyms per metabolite. Finally, 5178 reactions have an associated
carbon mapping.

2.3 Exploring the model

ReMatch incorporates the BMVis graph visualisation tool1 for quick visual exploration of the
metabolic model. The model visualisation allows the user to get a topological overview of
the network as well as obtain illustrations by taking screenshots. Figure 5 shows a BMVis
visualisation of a small model with four reactions.

BMVis is an efficient yet easy-to-use Java applet that is launched from ReMatch to a separate tab
or window in the browser. The applet allows interactive exploration of the metabolic model by
letting the user to drag the metabolites and reactions around while the layout is still in progress.
Thus, it is possible by quick inspection to check the model consistency, for example.

Metabolic models are visualised as reaction-metabolite graphs where both reactions and

1BMVis, BioMine project, Department of Computer Science, University of Helsinki, http://www.cs.
helsinki.fi/group/biomine/.
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metabolites are represented as nodes. Consumption and production relationships between reac-
tions and metabolites are given by edges between the nodes. Moreover, metabolites in different
cellular compartments are drawn as separate nodes, allowing exploration of compartmentalized
models as well.

2.4 Sharing and subsequent use of ReMatch models

ReMatch provides several ways to subsequently use the processed models. These features
enable the software to both act as a public repository for carbon-mapped metabolic models for
13C metabolic flux analysis and as a part of a metabolic modelling workflow. In particular,
ReMatch can be used as the first phase of the workflow where a large model is being put
together from smaller models given inconsistent reaction and metabolite name vocabulary.

Firstly, it is possible to share a model with other users of ReMatch by declaring it public in the
reaction list view. A public model remains editable only by its creator. However, any user is
able to make a copy of a public model and edit the copy. By default all new models are private.
A public model may be set private again at any time by its owner. As discussed in Section 2.1,
we have provided ReMatch users a set of models to serve as the basis of new models.

Secondly, a model can be exported into SBML format [28]. As currently it is not possible to
include carbon mapping information into SBML data, we have used SBML annotation fields
to store the mappings augmented to the user-developed model. The encoding used is general
and flexible, and able to describe reactions with an arbitrary number of reactants and associ-
ated mappings, in contrast to the 13C-FLUX format, where the reaction formula is allowed to
contain a maximum of two substrates and two products. The carbon mapping annotation, in
addition to the representation of symmetry and molecular structure information, is described
in detail on the ReMatch web page. Annotations are used because the SBML level 2 does not
support carbon mappings, and this way the carbon mapping information can be added to the
SBML file without breaking SBML compliance.

Thirdly, models can be exported into 13C-FLUX compatible text files [29]. 13C-FLUX is a
popular computational tool for 13C metabolic flux analysis. However, the amount of manual
work involved in writing compatible inputs for 13C-FLUX can be significant due to complexity
of carbon maps for large molecules. This phase is automated by the 13C-FLUX export in
ReMatch, removing this hindrance from the 13C metabolic flux analysis modelling workflow.
ReMatch will also support the file format of the upcoming version of 13C-FLUX [25], as well
FluxDirect [16], an upcoming software for 13C metabolic flux analysis developed in the same
research group as ReMatch.

Lastly, ReMatch is able to write the stoichiometric matrix [5] corresponding to the model in
text format. The matrix can be then read into any general computing package, such as R or
MATLAB, for further analysis.

2.5 Software architecture and supported browsers

ReMatch is a web application implemented in Java, which runs on the Apache Tomcat 6.02

platform. Java was a logical choice as the implementation language, as Tomcat implements
2Apache Tomcat, http://tomcat.apache.org
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Java Servlets and Java Server Pages. Metabolite name thesaurus was built by using a graph iso-
morphism library nauty [32] to compare the structures of metabolites in KEGG and MetaCyc
databases. A relational database management system PostgreSQL3 is used to store all the data
used by ReMatch, including reactions, metabolites, synonyms and models. SBML support is
implemented with the libSBML library [35].

ReMatch was developed using Mozilla Firefox 2.0 on Linux as a client platform. Firefox 2.0+

is also the only Linux web browser currently supported. On Microsoft Windows the supported
browsers are Mozilla Firefox 2.0+ and Microsoft Internet Explorer 7.0. Future work may be
done to support also some other major browsers, such as Opera on Windows and Safari on Mac
OSX. ReMatch requires JavaScript to be enabled in the browser.

3 Case study

To demonstrate the practical usefulness of ReMatch, we next describe how we used the software
to construct a model of the central carbon metabolism for S. cerevisiae [31]. We constructed the
model to estimate metabolic fluxes based on isotopomer measurement data from metabolites
and biomass amino acids and to generate artificial 13C isotopomer data for testing the framework
for 13C metabolic flux analysis under development, FluxDirect [16]. Therefore each reaction of
the model had to be associated with a carbon map and the model had to contain the necessary
reactions for amino acid synthesis.

We first imported a stoichiometric model of yeast central carbon metabolism into ReMatch as
a text file containing a list of 34 reactions [31]. Majority of metabolite names in the imported
model were automatically mapped to the corresponding KEGG metabolites by the thesaurus
of ReMatch. We added information on carbon position symmetry to symmetrically reacting
metabolites such as succinate and fumarate. Since comprehensive carbon mapping of model
reactions was required, we limited the search for matching our user-given reactions to the ARM
database. For many reactions in the imported model, a corresponding reaction with carbon
mappings was readily available.

Often in metabolic modelling, sets of subsequent reactions in a real metabolic pathway are fused
together into single reactions, because of the complexity of metabolic networks. In particular,
the fused reactions do not correspond to any real biochemical reactions, and hence they are not
found from the public databases. Therefore, we manually added the fused reactions found in the
imported model and the corresponding carbon mappings to the ReMatch database from where
they can be utilized in future models. Also transport reactions with carbon mappings were
added in this fashion. We then expanded the model to include the amino acids by inserting fused
amino acid synthesis reactions with carbon mappings into the model and the ReMatch database.
The manual carbon mapping was facilitated considerably by the side-by-side visualizations
of metabolite structures and default carbon mappings provided by ReMatch. We took into
account the compartmentalization of yeast metabolism as in the imported model by assigning
the isolated metabolite pools with compartment tags.

The final consistent carbon mapped metabolic model included 111 metabolites and 105 reac-
tions, of which 40 were transport reactions. In total, 1165 mapped carbon atoms were associ-
ated with the reactions.

3PostgreSQL, http://www.postgresql.org
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The final model stored into ReMatch was utilized for various tasks. For generation of artificial
13C distributions the model was exported into the 13C-Flux file format. Also the stoichiometric
matrix of the model, directly exported from ReMatch, was used in the data generation. More
importantly, the constructed model was applied to analysis of isotopomer measurement data
with FluxDirect [16]. The constructed model was further used as a starting point in construction
of metabolic models of B. subtilis and E. coli by first taking a copy of the model of S. cerevisiae
and then modifying it. All the above models were made publicly available for users of ReMatch
and can also be used as starting points for a quick model construction.

The case study was carried out by an experimentalist not involved in the software develop-
ment. Based on the study we conclude that ReMatch considerably facilitates the construction
of metabolic models for 13C metabolic flux analysis and is user-friendly for experimentalists
with basic knowledge of metabolic modeling.

4 Discussion

Existing data integration approaches for metabolic models have focused on developing data
warehouses, which collect metabolic data from different databases under integrated nomen-
clature, such as SABIO-RK [36], BNDB [37], Reactome [38], and model repositories, such
as JWS Online [22] and BioModels Database [23], which store user-developed models but not
necessarily using a unified nomenclature. In contrast, ReMatch was developed to act as a model
repository that uses a unified nomenclature, improving reusability of stored metabolic models.
Importantly, ReMatch is able to both read and write models in the popular SBML format which
allows the software to work as a part of a systems biology workflow.

To the authors’ knowledge, ReMatch is the first web-based tool which enables integration of
carbon mapping information into user-developed metabolic models for 13C metabolic flux anal-
ysis purposes. Moreover, we believe that the extensive metabolite thesaurus and wildcard-
assisted reaction matching will prove useful when converting any metabolic model to use stan-
dardized metabolite nomenclature. This has the immediate benefit of being able to access data
on reactions and metabolites that have been stored in the matched database, such as KEGG.

We argue that the ability to share the models with the 13C metabolic flux analysis community
is a very important feature of ReMatch. Online repositories have been developed for SBML
models [22, 23], but they do not contain carbon mapping information. Thus they are not imme-
diately usable for 13C metabolic flux analysis. From ReMatch, on the other hand, public models
can be immediately exported into file formats compatible with popular 13C metabolic flux anal-
ysis software. In this fashion, researchers can easily test their carbon labelling data with the
published models to obtain estimations of the activities of reactions in the model, without the
need of going through the laborous step of model construction.

The software is easy and fast to use: due to the intuitive user interface, the user can export a stoi-
chiometric metabolic network model of a realistic size with carbon mappings and consistently
named metabolites within minutes after importing a set of reactions to ReMatch. The process
is accelerated further by the possibility to take a copy of an existing public network model as
the basis of the new model. Thus, it is often not necessary to start building new models for 13C
metabolic flux analysis from scratch.
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ReMatch is constantly being updated, reflecting the feedback and needs of users. Some of the
planned features include more fine-grained access control to model sharing and better visuali-
sation options. In the future we will also provide the carbon maps from the KEGG database to
the users of ReMatch.
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[25] M. Weitzel, W. Wiechert, and K. Nöh. The topology of metabolic isotope labeling net-
works. BMC Bioinformatics, 8(315):315, 2007.
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