
Enzyme kinetics informatics: from instrument to browser
Neil Swainston1,*, Martin Golebiewski2,*, Hanan L. Messiha1, Naglis Malys1, Renate Kania2,
Sylvestre Kengne2, Olga Krebs2, Saqib Mir2, Heidrun Sauer-Danzwith2, Kieran Smallbone1,
Andreas Weidemann2, Ulrike Wittig2, Douglas B. Kell1, Pedro Mendes1,3, Wolfgang Müller2,
Norman W. Paton1 and Isabel Rojas2

1 Manchester Centre for Integrative Systems Biology, University of Manchester, UK

2 Heidelberg Institute for Theoretical Studies, Germany

3 Virginia Bioinformatics Institute, Virginia Tech, Blacksburg, VA, USA

Introduction

The field of systems biology is heavily reliant on reli-

able experimental data in order to create predictive

models. With the establishment of high-throughput

technologies in genomics, proteomics and metabolo-

mics over the past decade, the amount of data avail-

able to the biochemistry community is increasing

exponentially. However, the collection and dissemina-

tion of experimental data can be a labour-intensive

process, such that much acquired data never becomes

available to the community in an accessible and utiliz-

able form. Thus, the data flow from the experiment to

the consumer performing the analysis, the comparison

or the set-up of computer models can still constitute a

bottleneck. This problem calls for systems that capture

the data directly from the experimental instrument,

process and normalize it to agreed standards and

finally transfer these data to publicly available data-

bases to make them accessible.

To facilitate the dissemination of data, a number of

initiatives have been developed to advise on the mini-

mum requirements to follow in the storage and dis-

semination of experimental data in fields such as

transcriptomics and proteomics, which will ultimately

allow data to be easily and freely shared between
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A limited number of publicly available resources provide access to enzyme

kinetic parameters. These have been compiled through manual data mining

of published papers, not from the original, raw experimental data from

which the parameters were calculated. This is largely due to the lack of

software or standards to support the capture, analysis, storage and dissemi-

nation of such experimental data. Introduced here is an integrative system

to manage experimental enzyme kinetics data from instrument to browser.

The approach is based on two interrelated databases: the existing SABIO-

RK database, containing kinetic data and corresponding metadata, and the

newly introduced experimental raw data repository, MeMo-RK. Both sys-

tems are publicly available by web browser and web service interfaces and

are configurable to ensure privacy of unpublished data. Users of this sys-

tem are provided with the ability to view both kinetic parameters and the

experimental raw data from which they are calculated, providing increased

confidence in the data. A data analysis and submission tool, the kinetics-

wizard, has been developed to allow the experimentalist to perform data

collection, analysis and submission to both data resources. The system is

designed to be extensible, allowing integration with other manufacturer

instruments covering a range of analytical techniques.
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laboratories worldwide [1–3]. The enzyme kinetics

community is active in this area with the development

of both standardized experimental operating procedures

[4] and recommendations on data storage in the form

of the Standards for Reporting Enzymology Data

(STRENDA, http://www.strenda.org) [5] guidelines.

There exist several publicly available databases con-

taining enzyme kinetics data that adhere to these recom-

mendations, with BRENDA [6], a database for enzyme

functional data, and the biochemical reaction kinetics

database, SABIO-RK [7], as the two most comprehen-

sive and most used examples. The data gathered in these

resources were typically manually extracted from the

biochemical literature and entered into the databases by

hand, a labour-intensive and time-consuming process.

To support this manual work SABIO-RK offers a tai-

lored input interface [8], which allows users to manually

enter kinetic data and corresponding metadata, utilizing

standardized terms in the form of controlled vocabular-

ies and references to external resources. BRENDA

recently also introduced the support of kinetic parame-

ter submission. These input interfaces could in principle

assist experimenters in submitting their kinetic data to

the databases. However, entering each dataset manually

can be a tedious and error-prone process and is unlikely

to be accepted as standard practice by the scientific

community. To date there has been no support for

automated submission of kinetic data or for storage of

the original raw experimental data from which these

constants were calculated.

We here introduce an automated system to support

the whole workflow of deriving kinetic data from the

laboratory instrument and make it accessible in the

web. The task of managing enzyme kinetics data

involves four steps: data capture, analysis, submission

and querying ⁄ visualization. The first three tasks have

been integrated in a unified tool, the kineticswizard.

Data querying and visualization are provided by web

browser interfaces for manual access and web services

for automated access to both the newly developed

MeMo-RK and the existing SABIO-RK databases.

The kineticswizard, introduced here, provides a

unified interface for capturing and fitting raw kinetics

time series data along with sufficient metadata to allow

these data to be queried, such as detailed and unam-

biguous descriptions of the reactions studied, their

reactants and modifiers, and experimental conditions.

Data can then be automatically submitted to the rele-

vant data repositories. By collecting this in a principled

manner, the intention is that any data collected and

submitted to the repositories will be complete, consis-

tent and adhere to defined standards, such as the

STRENDA recommendations.

Although much of this work has been developed in

the context of systems biology, the tools described are

sufficiently generic to be used in other fields, such as

molecular enzymology and drug discovery.

Results

Data capture, analysis and submission

KINETICSWIZARD data capture

The key to ensuring that resources storing enzyme

kinetics data can be usefully employed in a systems

biology environment is in the richness and accuracy of

the metadata associated with the kinetic constants.

Specifically, for instance, we need to know the experi-

mental conditions under which in vitro assays were

performed, such as pH, temperature and buffer. Addi-

tionally, the components of the assay, such as enzyme

variants, substrates, products and modifying molecules,

must be unambiguously defined.

Designed to be used by experimentalists rather than

bioinformaticians, the kineticswizard is intended to

hide much of the more technical aspects of data manage-

ment from the user and present an intuitive, user-friendly

interface from which this necessary metadata can be

obtained. The kineticswizard can be launched auto-

matically from the instrument software, allowing data to

be captured, analysed and submitted to databases

immediately upon acquisition. The kineticswizard has

been developed initially to integrate with a BMG

Labtech NOVOstar instrument (Offenburg, Germany).

A generic version, which reads experimental data from

a spreadsheet, along with an example of experimental

data in this spreadsheet format, is also available

(http://www.mcisb.org/resources/kinetics/). The system

has been designed in a modular manner to allow the

support of different instruments and experimental

techniques (see Fig. 1).

In a typical experimental set-up, the user runs sev-

eral time series assays, in which a reactant concentra-

tion is varied. The wizard allows the user to specify

these varying reactant concentrations, which are then

associated with the experimental data, and used in the

subsequent fitting step to calculate kinetic parameters.

A number of assays can be ‘grouped’ together, sup-

porting experimental set-ups in which numerous reac-

tions are assayed on a single plate.

To provide this functionality, the tool draws heavily

on the use of existing data resources that are relevant

to the task, and queries these resources via web service

interfaces where possible. Exploiting existing data

resources has the advantages of greatly reducing the

volume of metadata that the experimentalist must
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submit, while also annotating the submitted data with

standard ontological terms to facilitate subsequent

querying.

An example is in the specification of the reaction

itself. It has been reported that relying on textual

descriptions of small molecules and enzymes can result

in inconsistencies, as the naming of such species is lar-

gely subjective and can differ greatly from individual

to individual [9]. The kineticswizard ensures the con-

sistent specification of reaction components by utilizing

libAnnotationSBML [10], a library that provides an

interface to the KEGG database [11]. The user speci-

fies an organism and a gene name, from which the

KEGG web service is queried and all reactions cataly-

sed by the enzyme encoded by the supplied gene are

returned (see Fig. 2). An individual reaction can then

be selected, and the corresponding database entry que-

ried to harvest a number of terms that would other-

wise have to be specified manually by the user, such as

EC term and the identity of reactants, products and

enzyme. By utilizing KEGG reactions in this way,

reaction participants are specified internally as entries

in either the KEGG or the ChEBI [12] databases, and

enzymes as UniProt [13] terms. Accurate stoichiometry

of each of the reaction participants is also gathered.

This provides an unambiguous, computer-readable

‘signature’ for the specified reaction, which facilitates

subsequent querying of the data themselves.

Situations may arise in which reactions are being

studied that are not in the KEGG database. Future iter-

ations could query other sources containing such data,

such as Reactome [14], BRENDA or SABIO-RK itself.

Alternatively, the user interface could be extended to

allow the user to specify the reaction manually. How-

ever, this approach would put a greater burden on the

user, and would increase the likelihood that inconsistent

reactants, enzymes, EC terms, etc., would be input.

After defining the reaction, the user is provided with

the facility to specify buffer reagents and coupling

enzymes, along with other metadata values, including

the environmental conditions, such as pH and temper-

ature, under which the assays were performed.

NOVOstar data parser

Java data model

Spreadsheet
(data and metadata)

KineticsWizard

Instrument independent

SABIO-RKMeMo-RK

Experimental data
+ meta data

Parameters
+ meta data

Web/web service Web/web service

SBMLSBRML

Browser

Fig. 1. Enzyme kinetics from instrument to

browser. Data are extracted from the

NOVOstar instrument as a Microsoft Excel

spreadsheet. They are parsed into a data

model and imported into the KINETICSWIZARD.

The KINETICSWIZARD provides a graphical user

interface that allows the experimenter to

associate metadata to the experimental

data. Kinetic constants are then calculated

and the data submitted to appropriate repos-

itories: MeMo-RK (http://www.mcisb.org/

MeMo-RK/) for the experimental raw data,

and SABIO-RK (http://sabio.h-its.org/) for the

derived kinetic parameters, equations and

appropriate metadata. Links are maintained

between the repositories allowing both raw

data and parameter sets to be accessed

through web browser interfaces and web

services. Kinetic data can be exported from

SABIO-RK in SBML format and experimen-

tal data exported from MeMo-RK in SBRML

format.
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In order to ensure that a given parameter is used in

the intended manner, it is also necessary to specify the

kinetic mechanism and equation that was used

to determine the parameter. The initial version of the

kineticswizard assumes that all reaction mechanisms

follow irreversible, steady-state Henri–Michaelis–Men-

ten kinetics [15]. Future releases of the kineticswiz-

ard will support more complex mechanisms, for

example in cases where inhibition or allostery is

observed. The kinetic mechanism and all kinetic

parameters are specified internally, and later archived

with, unambiguous terms from the Systems Biology

Ontology [16].

Utilizing existing bioinformatics resources provides

the twin advantages of reducing the burden on the

experimentalist in redefining metadata that are already

present digitally elsewhere, while also ensuring the con-

sistency of the metadata, aiding subsequent compari-

sons, analyses and reuse of data from different

experiments or different laboratories.

vmax parameters are often specified without any indi-

cation of the enzyme concentration contained within

the term. To prevent this, the kineticswizard cap-

tures the enzyme concentration used in the assay,

allowing the kinetic parameter to be submitted as a

kcat value. This decouples the parameter from the

enzyme concentration and increases the usability of the

value. To facilitate this further, standard units are

specified for all parameters, with substrate and enzyme

concentrations input in mm and nm, respectively.

Finally, a free text field is available, allowing the

user to assign notes and comments to the dataset.

KINETICSWIZARD data analysis

Following the data capture phase, the next step before

data submission is data analysis [17], whereby kinetic

parameters are determined by applying an appropriate

fitting algorithm to the experimental time series data.

By default, the initial version of the kineticswizard

provides a fitting algorithm that assumes irreversible

Henri–Michaelis–Menten kinetics. As the tool develops

further, fitting to other more complex kinetic mecha-

nisms will be supported.

During the experimental set-up, individual assays

may be specified as being either samples or blanks.

Blanks are assays that contain all components apart

from the enzyme under investigation, and if present

their data are subtracted from those of the sample

assays. A straight-line fit is then used to estimate ini-

tial reaction rates. These values are then fed into the

Eadie–Hofstee linearized version of the Michaelis–

Menten equation [18,19] to provide estimates of kcat
and KM. More accurate parameter values are subse-

quently obtained through nonlinear regression via the

Levenberg–Marquardt algorithm [20,21]. Although the

curve-fitting algorithm is automated, the user is pro-

vided with a visual representation of the fit from

which the initial rate is calculated. The user may then

perform a manual refit by dragging the initial rate line;

a feature that can be utilized to correct for lag times

of coupling enzymes, for example. Overriding the

automated initial rate calculation will update the cal-

culated kcat and KM parameters in real time (see

Fig. 3).

Fig. 2. Specifying the reaction components.

Upon specification of an organism and a

gene, a search is performed against the

KEGG web service, allowing the user to

select from a list of reactions. The user can

then specify the direction of the reaction,

and which substrate concentration was

varied during the assays.
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In order to test and validate the kineticswizard fit-

ting algorithm, home-produced enzymes have been

assayed (see Materials and methods). A number of

time series assays were acquired for each enzyme, and

the data captured and analysed using the kineticswiz-

ard. The calculated kinetic parameters were compara-

ble with those calculated by the grafit software

package (Erithacus Software Ltd, Horley, UK), ver-

sion 5.0 (see Table 1).

KINETICSWIZARD submission tool

The data submission task is two-fold: submission of the

raw experimental data to MeMo-RK and submission

of derived kinetic equations with their kinetic para-

meters and corresponding metadata to SABIO-RK.

MeMo-RK is a derivation of the MeMo database,

originally constructed for storage of metabolomics

data [22]. It has been amended to store raw, experi-

mental kinetics data and associated metadata, includ-

ing submitter, laboratory, instrument settings and

experiment type, such as absorbance or fluorescence.

Derived, secondary data in the form of kinetic param-

eters and equations, definitions of the reactions being

studied and relevant metadata describing the experimen-

tal and environmental conditions such as temperature,

pH, buffer solution, coupling enzymes are represented

in an Extensible Markup Language (XML) document

and submitted directly to the SABIO-RK submission

web service. SabioML, a novel XML schema, has been

developed for this purpose and could also serve as a

kinetic data transfer format between sources other than

SABIO-RK. Derived from the SABIO-RK database

schema [23], it comprises kinetic laws, parameters and

relevant metadata in a structured and standardized for-

mat, exploiting a controlled vocabulary and appropriate

Fig. 3. Displaying and manipulating the

results of the curve-fitting algorithm. The

left-hand panel allows the user to view each

assay in the data set and its automatically

fitted initial rate. The red initial-rate line may

be manually corrected by dragging, allowing

the default fit to be overridden for noisy or

anomalous data. These initial rates are plot-

ted against substrate concentration in

the right-hand panel, which shows the

Michaelis–Menten curve. The top panel

shows the calculated kinetic parameters kcat

and KM, together with their standard errors.

Manually correcting an initial rate updates

both the Michaelis–Menten curve and the

calculated kinetic parameters in real time.

Table 1. Comparison of kinetic parameters calculated by the KINETICSWIZARD and GRAFIT. Detailed views of the reaction, parameters

and metadata can be found at the appropriate SABIO-RK records, http://sabio.h-its.org/kineticLawEntry.jsp?kinlawid=29371,

http://sabio.h-its.org/kineticLawEntry.jsp?kinlawid=29401 and http://sabio.h-its.org/kineticLawEntry.jsp?kinlawid=29390, respectively).

Enzyme KINETICSWIZARD GRAFIT

Fructose-bisphosphate aldolase (ALF1_YEAST, EC: 4.1.2.13) kcat: 4.14 ± 0.061 s)1

KM: 0.451 ± 0.024 mM

kcat: 4.27 ± 0.097 s)1

KM: 0.442 ± 0.037 mM

Pyruvate decarboxylase isozyme 2 (PDC5_YEAST, EC: 4.1.1.1) kcat: 1.78 ± 0.037 s)1

KM: 11.4 ± 0.65 mM

kcat: 1.79 ± 0.029 s)1

KM: 11.3 ± 0.51 mM

Glucose-6-phosphate isomerase (G6PI_YEAST, EC: 5.3.1.9) kcat: 247 ± 5.1 s)1

KM: 0.307 ± 0.021 mM

kcat: 253 ± 5.1 s)1

KM: 0.304 ± 0.020 mM
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ontologies. Upon submission, the data are held in a

gatekeeper database that can only be accessed by the

submitter and curators of SABIO-RK. Upon formal cu-

ration and release by the submitter, the data are then

made public in the database. This process ensures con-

sistency and completeness of the data and provides data

confidentiality, such that data can remain privately

accessible before publication.

The kineticswizard can be configured to perform

these submission steps automatically, ensuring that

both experimental data and derived kinetic parameters

are captured and stored immediately upon acquisition

and analysis.

Data access

Access to the submitted data utilizes the two data

repositories, MeMo-RK for experimental raw data and

SABIO-RK for derived kinetic equations with their

parameters and corresponding metadata. This

approach is consistent with a distributed, loosely cou-

pled system [24], in which a number of independent

data resources are populated, and then later queried via

web browser or web service interfaces. The key to the

development of such a distributed system is to ensure a

consistent means of identifying species, reactions and

parameters across each of these data resources. Data

submitted from the kineticswizard populates both

databases, and from this, each resource can sub-

sequently cross-reference the other, providing a link

from kinetic parameters to raw data and vice versa.

An advantage of this approach is that it uncouples

the storage of raw data from the storage of derived

kinetic parameters, such that users have a single inter-

face to query and retrieve kinetic parameters, irrespec-

tive of whether they have been extracted from

literature or submitted by the kineticswizard. Also,

this separation facilitates submission of kinetic param-

eters to other repositories, such as BRENDA, without

affecting the raw data storage in MeMo-RK.

Web browser interface

Both MeMo-RK and SABIO-RK have web browser

interfaces. SABIO-RK provides an interface for per-

forming sophisticated searches for kinetic parameters,

based on a combination of reactants, enzymes, organ-

isms, tissues, pathways, experimental conditions, etc.

Pages displaying a set of kinetic parameters link to the

original data source, e.g. to the PubMed reference of

the paper from which the data have been extracted, or

to the corresponding page in MeMo-RK displaying

the raw experimental data where the data have been

submitted from the kineticswizard (see Table 1 and

Fig. 4). Similarly, MeMo-RK provides a link to the

associated kinetic parameters in SABIO-RK, and con-

tains a searchable interface to the raw experimental

data (see Fig. 5).

Web service interface

The SABIO-RK web services (http://sabio.h-its.org/

webservice.jsp) provide flexible programmatic access to

the data, allowing users to write clients to customize

and automate access directly from their simulation

software, systems biology platforms, tools or databases

[25]. The web services provide customizable points

of entry and thereby an extensive search capability

for kinetic data and corresponding metadata stored in

SABIO-RK. The task of automatically finding para-

meters and associated data is aided by specifying and

storing metadata using controlled vocabularies and

ontological terms. As in the web browser interface,

reactions with their kinetic data can be exported in

Systems Biology Markup Language (SBML) [26]. An

example of direct access to kinetic data through these

web services has been implemented in celldesigner, a

modelling tool for biochemical networks [27].

Once a given set of kinetic parameters has been dis-

covered from the SABIO-RK web services, the user

may then retrieve associated raw data in Systems Biol-

ogy Results Markup Language (SBRML) [28] format

via the MeMo-RK web services, allowing the data to

be viewed or refitted. Such a query across distributed

web services can be performed with specialized work-

flow software, such as taverna [29].

Discussion

The development of this system was driven by the need

to exchange kinetic data between experimentalists and

consumers, particularly in the context of high-through-

put assays and the integration of their results into bio-

chemical computer models for simulation. Such a

system had the following requirements: to provide a

means of calculating kinetic parameters from raw

experimental data; to store these parameters in a stan-

dardized and consistent way, such that they can readily

be queried and used in systems biology studies [30,31];

and to archive the raw experimental data such that it

could be reused if required, e.g. for quality control or

for refitting. Furthermore, the system was to be appli-

cable to data from a number of instruments using dif-

ferent experimental techniques, and the intended users

of the system were experimental biologists, not bioin-

formaticians.

Enzyme kinetics: from instrument to browser N. Swainston et al.

3774 FEBS Journal 277 (2010) 3769–3779 ª 2010 The Authors Journal compilation ª 2010 FEBS



The kineticswizard addresses many of these issues

by providing an interactive tool that integrates with

instrumentation software and allows kinetic parameters

to be calculated from experimental data, also provid-

ing the facility to manually correct the automated fit

for noisy or anomalous data. The data model repre-

senting raw experimental data is a simple one that can

be applied to many experimental techniques.

The tool manages the collection of metadata and the

submission of these data to appropriate resources. In

order to facilitate both the querying of these resources

and subsequent data integration, standardized terms or

references to external resources are associated with the

data, and these can be assigned in an intuitive, user-

friendly manner. Considering systems biology studies,

the task of parameterizing models with kinetic parame-

ters is greatly simplified with data in this form, as both

the SBML file containing the model and the underly-

ing data stored in the resources can be annotated with

the same terms for metabolites, enzymes, EC codes,

parameter types, etc. This task is facilitated by the

storage of kinetic data in SABIO-RK, from which data

Fig. 4. Screen capture of the web browser interface to SABIO-RK (http://sabio.h-its.org/), showing a coherent set of kinetic parameters sub-

mitted from the KINETICSWIZARD. A cross-link to the corresponding experimental raw data in MeMo-RK is shown at the bottom.

N. Swainston et al. Enzyme kinetics: from instrument to browser
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can be exported in SBML format either through a web

browser or web service interface.

Beyond the calculation, storage and dissemination of

kinetic parameters, another primary focus of the work

is on the management and distribution of raw experi-

mental data. It is hoped that the introduction of a sys-

tem for the storage and retrieval of raw enzyme

kinetics assay data will encourage the community to

share such data and to make it available in tandem

with any kinetic parameters that are published. The

proteomics community have made progress in this area

in recent years, both with the development of standards

for representing data [32] and encouraging major jour-

nals to advise that instrument data be shared in addi-

tion to derived results [33,34]. Crucially, such efforts

have been supported by the development of software

tools to aid experimentalists in making their data avail-

able [35–37]. It is hoped that the introduction of such a

system here, along with the standardization efforts of

the STRENDA commission, will encourage compara-

ble behaviour in the enzyme kinetics community, such

that the publication of enzyme kinetic parameters with-

out the sharing of associated experimental data

becomes the exception rather than the norm.

Materials and methods

Enzyme expression, purification and

quantification

Enzymes were expressed in Saccharomyces cerevisiae strains

containing either overexpression plasmid [38] or chromo-

some-integrated gene fusion [39] and purified essentially as

described previously [40]. Enzyme purity was analysed by

SDS ⁄PAGE according to Laemmli [41]. The amount and

concentration of purified enzyme was determined using a

standard method [42] and preparation quality confirmed

with the 2100 Bioanalyzer (Agilent Technologies, Foster

City, CA, USA).

Kinetic assays

Kinetic time course data of purified enzymes were deter-

mined in high-throughput measurements using a NOVOstar

plate reader in 384-well format plates. All measurements

were carried out at 30 �C in 60 lL reaction volumes in a

reaction buffer that consisted initially of 100 mm Mes, pH

6.5, 100 mm KCl and 5 mm free magnesium chloride plus

other reagents and substrates that were specific for each

individual enzyme.

Fig. 5. Screen capture of the web

browser interface to MeMo-RK

(http://www.mcisb.org/MeMo-RK/),

showing instrument raw data, the

Michaelis–Menten curve and a link to

parameter data in SABIO-RK.
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Assays were automated so that all reagents in the reac-

tion buffer were in 45 lL, enzyme in 5 lL and substrate in

10 lL volumes. In almost all cases, the enzyme was incu-

bated in the reaction mixture and the reactions were started

by the addition of the substrate.

Assays for each individual enzyme were either developed

or modified from previously published methods to be com-

patible with the conditions of the reactions (e.g. pH com-

patibility or unavailability of commercial substrates). For

each individual enzyme, the forward and the backward

reaction were measured whenever applicable, depending on

the possibility of the production of active enzyme, the avail-

ability of substrates as well as the suitability of the assays

at the specified pH. Some assays were modified, altering the

concentration of coupling enzymes or other reagents to

ensure that the rate measured was the rate of the reaction

of interest.

All assays were coupled to enzymes where NAD(P) or

NAD(P)H was a product or substrate whose formation or

consumption could be followed spectrophotometrically at

340 nm using an extinction coefficient (R340 nm) of

6.620 mm
)1Æcm)1.

All measurements were based on at least duplicate deter-

mination of the reaction rates at each substrate concentra-

tion. For all assays, control experiments were run in

parallel to correct for any unwanted background activity.

Implementation and distribution

The kineticswizard, MeMo-RK web browser interface

and web service interface are written in java 1.6. MeMo-

RK has been tested on postgresql 8.3. All are supported

in Windows and MacOS X and are distributed as source

code and associated build files. They are distributed under

the open source Academic Free Licence v3.0 from http://

mcisb.sourceforge.net. An example version of the kinetics-

wizard, and usage instructions, can be found at http://

www.mcisb.org/resources/kinetics/, together with links to

the MeMo-RK web browser and web service interfaces.

The SABIO-RK web browser and web service interfaces,

submission tool and the transfer procedures are written in

java 1.6 and owned by HITS gGmbH (Heidelberg Institute

of Theoretical Studies, Heidelberg, Germany). The SABIO-

RK database system is currently implemented in Oracle

10 g and is owned by HITS gGmbH. Free access to data in

SABIO-RK is granted for academic use via web browser

interface or web services. Terms and conditions can be

found at the SABIO-RK homepage (http://sabio.h-its.org/).
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lecture. FEBS J 273, 873–894.

25 Golebiewski M, Mir S, Kania R, Krebs O, Weidemann

A, Wittig U & Rojas I (2007) Integration of SABIO-

RK in workbenches for kinetic model design. BMC

Syst Biol, 1(Suppl 1), P4.

26 Hucka M, Finney A, Sauro HM, Bolouri H, Doyle JC,

Kitano H, Arkin AP, Bornstein BJ, Bray D, Cornish-

Bowden A et al. (2003) The systems biology markup

language (SBML): a medium for representation and

exchange of biochemical network models. Bioinformat-

ics 19, 524–531.

27 Funahashi A, Jouraku A, Matsuoka Y & Kitano H

(2007) Integration of CellDesigner and SABIO-RK. In

Silico Biol 7(Suppl 2), S81–90.
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