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The scientific literature contains a tremendous amount of kinetic data

describing the dynamic behaviour of biochemical reactions over time.

These data are needed for computational modelling to create models of

biochemical reaction networks and to obtain a better understanding of the

processes in living cells. To extract the knowledge from the literature, bioc-

urators are required to understand a paper and interpret the data. For

modellers, as well as experimentalists, this process is very time consuming

because the information is distributed across the publication and, in most

cases, is insufficiently structured and often described without standard ter-

minology. In recent years, biological databases for different data types

have been developed. The advantages of these databases lie in their unified

structure, searchability and the potential for augmented analysis by soft-

ware, which supports the modelling process. We have developed the

SABIO-RK database for biochemical reaction kinetics. In the present

review, we describe the challenges for database developers and curators,

beginning with an analysis of relevant publications up to the export of

database information in a standardized format. The aim of the present

review is to draw the experimentalist’s attention to the problem (from a

data integration point of view) of incompletely and imprecisely written

publications. We describe how to lower the barrier to curators and improve

this situation. At the same time, we are aware that curating experimental

data takes time. There is a community concerned with making the task of

publishing data with the proper structure and annotation to ontologies

much easier. In this respect, we highlight some useful initiatives and tools.

Introduction

In the present review, we aim to draw attention to the

view of database curators with respect to data con-

tained in their publications focussing on enzymatic

reaction kinetics. Experimentalists working in the labo-

ratory are keen to publish their results in a scientific

journal and to share their findings with the scientific

community. However, do they consider whether and

how these published data are reused or extracted from

the publication for further research? Are they aware of

the problems that other scientists have to deal with

when reading the paper and extracting information?

Of course, there are other experimentalists who are

trying to repeat experiments or compare the results

with their own data, and there are modellers who are

trying to integrate published data into simulatable

computer models. Both search for kinetic parameters

and additional information in databases for enzymatic

reaction kinetics and appreciate the structured,
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coherent and searchable format of already published

information, which is typically widely distributed in

the literature. Experimentalists use such databases to

obtain an overview of published data in their area of

interest and for reference. Moreover, the kinetic

parameters, together with their assay conditions, help

in the design of new experimental set-ups for related

studies. Modellers use such databases to extract bun-

dled information in standardized formats and integrate

data from different sources into their models.

For dynamic modelling and simulation of biochemi-

cal reactions and complex networks, computational

methods are used that either describe the reaction

dynamics as an approximate estimation applying con-

venience kinetics [1] or require detailed information on

the reactions and their kinetics. This required informa-

tion includes kinetic parameters with their rate equa-

tions that describe the dynamic behaviour of the

reactions over time, as well as detailed descriptions of

how these were determined.

The kinetic data needed to create a model can have

different sources: experimental results from personal

experiments or collaboration partners, data obtained

from other models or fitting procedures, as well as

data from scientific publications. Up to now, the main

sources are scientific publications. Although standardi-

zation efforts already exist, as well as standard identifi-

ers, a wide range of information is nonstandardized or

implicit in publications and has to be reconstructed. In

particular, information about which equations were

used for the determination of kinetic parameters is

rarely given. Additionally, detection of the relevant

information and extracting this from publications is

very cumbersome and time consuming, especially

because a structured and standardized format for the

description of the data and its context is missing and

corresponding information is scattered over the whole

publication. Also, there is almost no use of controlled

vocabularies, annotations to ontology terms or unique

database identifiers for the described data and the ref-

erenced entities (U. Wittig, unpublished data).

In recent years, the number of available biological

databases has grown, offering the advantage of provid-

ing unified structures. Included amongst them are

databases that contain enzyme and reaction kinetics

data to support the modelling and simulation pro-

cesses: enzyme databases such as BRENDA [2] or

protein databases such as UniProtKB [3], which both

also store kinetic parameters, as well as databases stor-

ing complete models with their parameters, including

BioModels [4], JWS Online [5] and DOQCS [6]. When

we started to develop SABIO-RK [7] in 2005, there

was no database that stored kinetic parameters for

single reactions together with their corresponding

kinetic rate equation, as well as the experimental con-

ditions under which the kinetic parameters were esti-

mated. Model databases actually store equations with

their parameters, although only in the context of the

corresponding model, usually obtained from quite

generic fitting procedures that fit the whole model to

experimental results. This makes it difficult to reuse

these data and integrate them into other models. The

modellers’ experience was that they could use the

kinetic parameters from databases but, additionally,

they always had to read the details in the publication

to extract the rate laws (if available at all) and check

the constraints. It is also important to know the exper-

imental conditions under which the kinetic parameters

were estimated to evaluate the portability of the

kinetic parameters and to understand the role of the

enzyme within the reaction process. However, to relate

the assay conditions to the kinetic parameters and rate

laws, modellers also had to extract the relevant infor-

mation directly from the publications because no data-

base stored all this required information in one place.

The SABIO-RK database has been developed to

meet these requirements and to support scientists in

modelling and understanding of complex biochemical

networks by structuring kinetic data and related infor-

mation from the literature. Compared to most of the

other databases with a focus on proteins and enzymes,

SABIO-RK uses a reaction-oriented approach to

represent the available kinetic parameters from publi-

cations or directly from in vitro wet-laboratory experi-

ments together with kinetic laws, corresponding rate

equations and the environmental conditions (e.g. pH,

temperature, buffer), including the initial concentra-

tions of reaction participants and enzymes under

which the kinetic data were measured. From the begin-

ning, SABIO-RK was implemented to represent both

metabolic and signalling reactions but, because most

publications of the past 50 years focused on metabolic

reactions, this type of reaction represents the vast

majority in SABIO-RK. In the future, there will be

more signalling reactions included in SABIO-RK

because, in recent years, knowledge of kinetic data for

signalling reactions is growing.

Enzymatic reaction kinetics

The kinetics of enzyme catalyzed reactions is described

by the reaction rates that depend on the mechanisms

regarding how chemical compounds (e.g. substrates,

products, cofactors, activators, and inhibitors) interact

with the catalyzing enzyme. The first mathematical

descriptions of kinetic rate equations for such reactions
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were described in detail by Victor Henri [8] and Leo-

nor Michaelis and Maud Leonora Menten [9]. Besides

the intrinsic thermodynamic and sterical properties of

these interactions encoded in the kinetic parameters,

the most essential external factors affecting the enzy-

matic reaction kinetics are the concentrations of the

enzyme and the interacting chemical compounds, as

well as pH, ionic strength and temperature. The influ-

ence of these environmental conditions on enzymatic

reactions was one of the most important findings of

Michaelis and Menten in 1913 and the subsequent use

of buffered systems was a major prerequisite for

obtaining reproducible kinetic data [10,11]. The con-

centrations of the reaction participants have an impact

on the frequency of collisions between them because

higher concentrations increase the probability of such

encounters between these molecules, and therefore

increase the probability for a conversion. The factors

pH, ionic strength and temperature are very important

because they not only influence the frequency of colli-

sions between the molecules [12], but also can influence

the active site of the enzyme by changing the charges

of amino acids residues, etc. [13].

Thus, knowledge of the experimental conditions dur-

ing the determination of kinetic parameters and rate

equations is of crucial relevance for assessing the

boundary conditions of the described kinetics. This

information is important for the appropriateness of

the chosen parameter values in the context of bio-

chemical reaction networks that are modelled in sys-

tems biology. In classical enzymology, the parameter

values of a reaction are determined by measuring the

initial rate of product formation at increasing substrate

concentrations up to a maximum concentration. From

a secondary plot that describes reaction velocity as a

function of substrate concentration (e.g. by transfor-

mation according to Lineweaver–Burk [14] or by plot-

ting the reaction velocity against the logarithm of the

substrate concentration [9]), the parameters of this

function can be inferred (e.g. the Michaelis constant

Km and the turnover number kcat) that describe the

kinetic properties of the reaction and its dependency

on concentrations of the participating molecules.

Under nonsaturating substrate concentrations, Km can

be determined and, through extrapolation to infinite

substrate concentrations, an apparent unimolecular

rate constant kcat can be estimated if the enzyme

concentration [E ] in the assay is known using the defi-

nition of V = [E ] 9 kcat [15]. The International Union

of Biochemistry and Molecular Biology recommends

to use V instead of Vmax because the rate does not

define a maximum in the mathematical sense but a

limit [16,17]. However, in publications analyzed for

SABIO-RK, Vmax is mainly used but, often, it is not

clear whether the substrate concentration is saturating,

nor whether the authors are aware of the difference

between the maximum and limiting rate. Because of

the often ambiguous and sometimes even incorrect

descriptions in the original articles, and also because

of the aim of distinguishing between V and v for rates,

SABIO-RK uses the term Vmax.

In publications, the majority of kinetic parameters

specifying biochemical reactions are Vmax or rather V,

kcat and Km values. These kinetic constants are critical

to understanding how enzymes work. Kinetic parame-

ters are important for computational modelling (e.g. to

reconstruct and understand biochemical networks,

their regulation and the interaction of the network

components). These parameters are also used by wet-

laboratory scientists to obtain insights into the mecha-

nisms regarding how chemical compounds interact

with selected enzymes under specific environmental

conditions. Therefore, the collection of information

about enzyme kinetics in a specialized database and its

presentation in a structured and standardized format

will support diverse users with different backgrounds

and requirements.

In summary, knowledge of kinetic parameters with-

out being aware of further details about the kinetic

mechanism and environmental conditions (pH, temper-

ature and buffer) is not sufficient for the modelling

and simulation of experimental results. Ideally, the

correct mathematical description of the corresponding

rate equation should exactly characterize the complete

information about how all the reactants and modifying

ligands of a reaction interact to affect the reaction

velocity. The completely known kinetic mechanism of

a reaction may indicate the way in which the activity

of the enzyme is regulated.

Over past decades, the description of enzymatic

reaction kinetics in the scientific literature remains far

from complete. During the analysis of papers for data

extraction for the SABIO-RK database, we could not

perceive a difference in the completeness of informa-

tion by comparing articles from different publication

years over the past five decades. Sometimes, concentra-

tion ranges have to be estimated from graphs or the

original data of the graphs are not provided at all.

Apart from kinetic parameters, the kinetic mechanisms

and rate equations are rarely given. More than 90% of

publications analyzed contain no rate equation.

Authors who applied the Michaelis–Menten equation

to determine kinetic parameters only used the term

‘Michaelis–Menten’ in approximately 40% of the

papers to describe the experimental set-up and the

parameter determination. In many publications,
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authors have used graphical representations to esti-

mate affinity constants for substrates (Km) or inhibi-

tors (Ki) but a detailed characterization of the kinetic

mechanism and their description in mathematical

equations is missing. There are different ways of

applying the graphical representation for the determi-

nation of the kinetic parameters (e.g. Lineweaver–
Burk, Hanes–Woolf or Eadie–Hofstee plots). Many of

the publications describe the use of the double-

reciprocal Lineweaver–Burk plot (1/v against 1/S ),

remaining unaware of the fact that results could be

misleading with regard to the experimental errors.

Parameters determined by Hanes–Woolf (S/v against S)

or Eadie–Hofstee (v against v/S ) plots are more accu-

rate because these plots are more robust against error-

prone data [16]. For publications where such graphical

representations were used without describing the rate

equation, SABIO-RK provides the equation supple-

mentary with the corresponding kinetic law type

‘Michaelis–Menten’.

When Michaelis and Menten published their paper

in 1913 about the kinetic analysis of invertase ‘all of

the original data for each of the figures was provided

in tables, a useful feature lacking in today’s publica-

tions’ [18]. Nowadays,+ it is ‘increasingly common that

papers not only report no primary data but also report

no secondary data either’ [19] by giving only the final

results of the data processing, which makes it hard to

reproduce and compare the data with other experi-

ments. The format in which kinetic parameters are

represented within articles comprises tables, figures or

free text, and the information is highly scattered. For

most journals, there is no specification provided to

authors with respect to how kinetic parameters or

kinetic rate equations should be represented in a publi-

cation. Additionally, the publication of the data in

more detail as supplementary information (e.g. online)

would greatly increase its value and reusability.

Standard formats and controlled
vocabularies

Especially for computational modelling and computer-

assisted exchange of knowledge, a definition of stan-

dard data exchange formats and a common language

are essential [20]. Therefore, the use of existing ontolo-

gies and controlled vocabularies for all reaction partic-

ipants (e.g. small chemical compounds and proteins),

as well as for kinetic rate laws, parameters, units, etc.,

is becoming more and more essential. This requires

that wet-laboratory scientists, who prefer focusing on

research rather than the importance of automatic data

processing, should also use standard terminologies and

formats when describing their data in publications,

with the aim of facilitating the exact identification of

objects and enabling their peers to compare different

experimental results. Ever since the foundation of pro-

tein and gene related databases (e.g. UniProtKB [3],

PDB [21], DDBJ/EMBL/GenBank [22]) in the 1980s,

protein and gene identifiers have been provided in

publications to some extent. However, according to

our observations, there is no tendency for their ele-

vated usage over the last 20 years (U. Wittig, unpub-

lished data).

Also, EC numbers are only used in less than half of

the publications, although they are the most unique

identifiers for the enzymatic activity of a protein in a

biochemical reaction given by the International Union

of Biochemistry and Molecular Biology. In addition,

unique identifiers are mostly missing for small chemi-

cal compounds acting as reaction participants (e.g.

substrates, products, inhibitors, activators).

For kinetics data related information in articles, the

situation is even more inexplicit. Apart from lacking

identifiers, there is also no exact terminology for

kinetic rate laws, parameter types or unit definitions.

Already in the original paper of Michaelis and Men-

ten, a ‘loose usage of concepts’ was criticized [18].

However, at present, ontologies are developed such as

the Systems Biology Ontology (SBO) [20]. This is com-

posed of hierarchically arranged sets of controlled

vocabularies that are commonly used in mathematical

modelling in the field of systems biology. Besides

others, SBO includes the description of kinetic rate

laws, reaction participant’s roles and kinetic parameter

types. The use of SBO terms would be beneficial

because it is also employed for the unambiguous

description in databases and within the standard data

exchange formats: Systems Biology Markup Language

(SBML) [23] and Systems Biology Pathway Exchange

(SBPAX) [24]. However, in the literature concerning

biochemical reaction kinetics data, no usage of a con-

trolled terminology or unique identifiers can be found.

For example, the maximal velocity of an enzymatic

reaction could not only be given in a publication as V

or Vm or Vmax, but also as the ‘maximum rate’ or

‘maximum velocity’. Independent of the naming, this

kinetic parameter should be referred to the SBO entry

SBO:0000186 for a unique identification or, more spe-

cifically, to the forward maximal velocity SBO:0000324

or the reverse maximal velocity SBO:0000325, which

are both ontological children of the superior term.

Besides term definition and ontological relations to

other objects, the SBO also provides the equation for

the calculation of the parameter. If this would be kept

in mind by authors, no misrepresentation would occur,
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such as the use of the unit 1/s for a maximal velocity,

as is often used in articles. The maximal velocity is

defined by the equation Vmax = [E ] 9 kcat. This for-

mula implies that the unit for the enzyme concentra-

tion [E ] has to be included in the unit for Vmax.

Because kcat is the maximum number of substrate mol-

ecules that an enzyme converts per time per catalytic

site, the above mentioned unit 1/s refers to kcat instead

of Vmax. Obviously, both terms are often mixed up in

publications. Another misrepresentation of kinetic

parameters in the literature is the often confusing and

sometimes wrong assignment of ‘enzyme activity’,

‘specific activity’, Vmax and ‘specific Vmax’. ‘Enzyme

activity’ describes the catalytic effect (conversion of

substrate per time) exerted by the active enzyme for

given concentrations of all reaction participants,

whereas ‘specific activity’ gives this information for the

active enzyme per total amount of protein used in the

assay. Vmax (or more precisely the limiting rate V )

represents the activity of the enzyme under infinite

substrate concentrations, a constant at a given temper-

ature and a given enzyme concentration. Finally, the

‘specific Vmax’ defines the limiting rate per total

amount of protein used in the assay. Sometimes, all

four terms can be found mixed up within one publica-

tion. Especially if the substrate and/or enzyme concen-

tration is not correctly defined, it is difficult to

estimate the correct parameter type.

The reference to the term ‘enzyme concentration’,

which, for example, is important for the calculation of

Vmax, can be different dependent on the purity of the

enzyme. There are publications that describe the con-

centration per number of cells or based on the fresh

weight of the cells or tissue. Other authors describe an

experimental assay that may contain crude extract, or

purified or partially purified protein containing the

enzyme. Thus, without the molecular weight of the

enzyme protein, the enzyme composition of catalytic

sites and detailed information about the purity of the

enzyme, it is very hard, if not impossible, to calculate

parameters such as Vmax [25].

As already noted above, the experimental conditions

are essential for the interpretation of the kinetic behav-

iour of an enzymatic reaction. As described for enzyme

concentrations, there is also no standard for the

representation of assay buffers and substrate

concentrations. First, information about the experi-

mental conditions can be distributed over the whole

publication. Of course, assay information is expected

in the Materials and methods section of a paper,

although most legends of any tables and figures also

contain information about pH, temperature, buffer,

and/or concentrations of reaction participants. Often,

participant concentrations are only given within figures

and have to be estimated from the axis of a diagram.

Dependent on the quality of the diagram, the extracted

values might be inexact. Sometimes conflicts can be

even observed between the information written in the

Materials and methods sections and in the legends or

figures.

Additionally, sometimes experimental conditions are

not adequately described. In approximately 10% of

papers, the information on the assay temperature is

missing and, in 3% of the papers, it is just specified as

‘room temperature’. Furthermore, in 20% of publica-

tions, the concentrations for compounds and buffer

components are not provided in standard units (SI

units, according to the International System of Units)

but, for example, as the absolute amount of compound

used in the assay volume, and therefore these have to

be converted manually.

Standardization initiatives and tools

As a result of the increasing need to standardize data

and its description (so-called metadata), there are more

and more different initiatives that define exchange

formats, controlled vocabularies and reporting guide-

lines representing the knowledge of a specific field. At

the same time, there is insight that scientists need help

to create data conforming to standards in a time-sav-

ing manner. The goal here is to make adherence to

standards less of a chore and rather a direct time saver

in the self-management of local data.

Most of the initiatives in the biomedical field are

registered at BioSharing (http://www.biosharing.org),

which is a catalogue of reporting standards. The

Minimum Information for Biological and Biomedical

Investigations [26] project provides a framework for

coherent minimum reporting guidelines for different

data types in the form of minimum information check-

lists. Especially for enzyme kinetics, the Standards for

Reporting Enzymology Data (STRENDA) initiative

[27] defined minimal information for reporting enzyme

data (http://www.strenda.org). Many of the existing

databases already use standards defined within these

different standardization projects such as STRENDA,

and journals should now also implement them and

enforce authors to publish complete, consistent and

structured data in standard formats. It should be an

integral part of the peer reviewing process and be

assimilated in the instructions to authors. The main

goal of the STRENDA initiative is to establish a

database that could be used by authors when submit-

ting a manuscript to a journal to store data about the

experimental set-up and the measured results in a
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standardized format in parallel to the written paper.

After the publication of these data, other databases

such as SABIO-RK would be able to download these

structured data. From a database point of view, we

prefer the direct submission of published data in a

structured and standardized format instead of the need

to manually extract information from the text.

Authors would be guided through an electronic sub-

mission form and standards and identifiers could be

automatically included. SABIO-RK together with col-

laboration partners [28] have already implemented a

data submission workflow directly from laboratory

experiments into a database. Here, methods for com-

prehensive data annotation in spreadsheets using, for

example, RIGHTFIELD [29] or in SBML files using SE-

MANTICSBML [30] could support the integration process.

The tool EXCEMPLIFY [31] is built to create RIGHTFIELD-

compatible templates at the same time as helping

experimentalists with the handling of experimental

data. Thus, even preliminary data that are likely to be

discarded later can be enriched using metadata of the

experiments compliant with definitions in ontologies

and controlled vocabularies.

SABIO-RK database

SABIO-RK is a manually curated database for enzy-

matic reaction kinetics. Data are either extracted from

scientific articles [32] or directly submitted by wet-

laboratory experimentalists [30]. During a typical

workflow (Fig. 1), published data are manually

inserted by the students or biological experts who first

read the publications using a web-based input inter-

face. Subsequently, the same input interface is used by

database curators who read the paper a second time to

validate the data and to adjust them to SABIO-RK

data standards. This double check is needed to avoid

errors and inconsistencies. Finally, the data are trans-

ferred to the public online database.

In the SABIO-RK database, biochemical reactions

are defined by their reaction participants (substrates,

products), modifiers (inhibitors, activators, cofactors),

catalyst details (e.g. EC enzyme classification,

UniProtKB accession numbers, protein complex com-

position of the active enzyme, isozymes, wild-type/

mutant information, molecular weight) and their bio-

logical source (organism, tissue/cell type, cell location).

This is not restricted to any organism classes. SABIO-

RK data can be simply accessed through web-based

user interfaces and web services. Various search crite-

ria are selectable to search for biochemical reactions

and their kinetics. Beside a free text search, complex

and detailed queries can be executed in the advanced

search. This may include the combination of several

search criteria [e.g. reaction participants (substrates,

products, inhibitors, activators etc.), pathways,

enzymes, organisms, tissues or cellular locations,

kinetic parameters, environmental conditions or litera-

ture sources]. When entering the search terms, the

number of kinetic data entries is displayed that is

available in the database matching the search criteria.

Further sorting and grouping features are implemented

in three views with a different focus, which also offer

alternatives for further modification of the query. The

search criteria also comprise SABIO-RK internal

identifiers and identifiers from external databases (e.g.

UniProtKB [3], KEGG [33], ChEBI [34]) based on

supplementary added annotations. Selected complete

database entries or grouped datasets can be exported

in different file formats: SBML, BioPAX/SBPAX and

a simple table format. With the exception of the latter,

annotations to external databases and ontologies are

always included [7].

SABIO-RK stores all of the kinetic information for

one specific reaction under specific experimental condi-

tions from a defined biological source in one dataset

called the database entry. This information can be

viewed and exported as a single dataset. As shown in

Fig. 2, the general information about the organism

and the tissue is described, as well as the enzyme and

reaction participants (yellow), followed by kinetic

information including rate laws and formulas and the

Fig. 1. Representation of the SABIO-RK data workflow.
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corresponding parameters (red). Then, the experimen-

tal conditions pH, temperature and buffer are repre-

sented (green) and, finally, the original source of the

data is cited (blue).

One of the main goals of the SABIO-RK database

is to facilitate and support the process of computa-

tional modelling. Accordingly, SABIO-RK is inte-

grated in systems biology applications [35] and a

number of modelling platforms, including CELLDESIGNER

[36], VIRTUAL CELL [37] or SYCAMORE [38], which either

make use of SABIO-RK’s web services or the web

interface.

The SABIO-RK database is mainly populated with

data manually extracted from the literature, which

requires biological expert knowledge for an under-

standing of the publication, the extraction and stan-

dardization of relevant information, and the guarantee

of high-quality data in the database. As a result of the

missing controlled vocabularies and annotations to

standard identifiers, the manual data extraction

comprises extra work for the biological expert to inter-

pret and assign the information. To reduce errors and

inconsistencies during data insertion, database internal

selection lists with controlled vocabularies are used

and constraints are included to check and structure the

data. For example, a consistency check is implemented

within the input interface to control the parameters

given in the rate equation with the list of available

parameters. If not all of the parameters are given in

the paper, for consistency reasons, ‘dummy’ parame-

ters are created with values of ‘null’ to offer complete

datasets for modellers during data export, especially in

SBML format. Therefore, parameters are sometimes

defined in the database, although no values were

provided in the original literature. Only 78.8% of the

database entries in SABIO-RK containing a rate equa-

tion include a substrate affinity constant (Km or

S_half) together with a reaction velocity constant

(Vmax or kcat). Therefore, for more than 20% of the

entries, either a substrate affinity constant or a velocity

Reaction details, 

enzyme, organism

Kinetic law, formula, 

parameters

Experimental 

conditions

Source

Fig. 2. SABIO-RK database entry representing the data structure.
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constant, or both, are missing, with the last represent-

ing, for example, rate equations for inhibitions where

only a inhibition constant is given without further

substrate or reaction-related parameters.

The manual data extraction and curation process

also includes the annotation of data to ontologies,

controlled vocabularies and external databases.

SABIO-RK uses the following biological ontologies

and controlled vocabularies for the various attributes:

ChEBI [34], SBO [20], BTO (BRENDA Tissue Ontol-

ogy) [39], NCBI (National Center for Biotechnology

Information) organism taxonomy [40] and Gene

Ontology [41]. Based on these annotations, the correct

interpretation, exchange, comparison and cross-

referencing of data is possible. On the other hand,

external databases such as KEGG [33], UniProtKB [3]

or ChEBI use these annotations to cross-reference to

SABIO-RK database entries [7].

As of May 2013, the SABIO-RK database stores

kinetic parameters for 5737 different biochemical

reactions in approximately 44 000 database entries. On

average, ten database entries are extracted from one

publication because any possible variation of the

experimental conditions or tissues or organisms results

in the creation of a new entry in the database. Based

on the information available in publications, rate

equations are available for approximately 52% of all

entries in the database. The majority of these database

entries are defined as being of Michaelis–Menten

kinetic law type and represent 42% of all SABIO-RK

entries (Fig. 3). Michaelis–Menten kinetics is provided

for 3659 different biochemical reactions. Because only

one-third of these reactions are single-substrate reac-

tions (water is ignored as a substrate for that calcula-

tion), two-thirds of the biochemical reactions with

Michaelis–Menten kinetics in SABIO-RK are multiple-

substrate reactions and therefore do not represent real

Michaelis–Menten laws in vivo. For multiple-substrate

reactions, there are different types of kinetic mecha-

nisms (e.g. ordered or random sequential ternary-

complex, Theorell-Chance or Ping-Pong mechanisms

for Bi-Bi reactions). These kinetic law types are usually

only tagged by the type of reaction, although the

corresponding rate equation is not provided by the

authors. This missing information cannot be supplied

by SABIO-RK database curators without making

further assumptions, and therefore it cannot be con-

sidered by modellers for their computational model

set-up [42]. If needed, modellers are able to handle

this by using convenience kinetics [1], in contrast to

enzymologists who typically need to know the correct

and detailed enzyme kinetic mechanism.

For the determination of kinetic parameter values

for multiple-substrate reactions, Michaelis–Menten

kinetics could be applied if one substrate is varied and

the other substrate(s) is kept constant on a saturating

Number of parameters

Michaelis-Menten
18594

Inhibition
6679

Hill cooperativity
1702

Ping Pong Bi Bi
302

Sequential ordered Bi Bi
259

Activation
195

Distribution of kinetic law types
(number of database entries)

Kinetic data statistics in SABIO-RK

Km
34485

kcat
17611

Vmax
13237

kcat/Km
12737

Ki
6775

IC50
2250

Vmax/Km
1908

Hill coefficient
1798

S_half
1643

Fig. 3. Statistics on the most frequent kinetic parameters and kinetic law types stored in SABIO-RK.
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level. Therefore, kinetic parameters such as Km values

are measured under pseudo-single-substrate conditions

for one substrate at varied concentrations to determine

its Km value, whereas all other substrates are kept con-

stant under saturating concentrations. Many publica-

tions describe the use of Michaelis–Menten kinetics for

this single substrate without explaining detailed kinet-

ics for the whole reaction. Under these conditions, the

reaction could be seen as a single-substrate reaction

and the parameter values should be given as ‘apparent’

values. In the literature, the naming of such parameter

values as ‘apparent’ is not consistent. These in vitro

analyses of multiple-substrate reactions cannot be

extrapolated to in vivo conditions within living cells

where the concentrations of the reaction participants

are different from the in vitro saturating conditions

[15]. Because of numerous problems with respect to

measuring in vivo data, it should be realized that all

current data in SABIO-RK are in vitro data and there-

fore any models built from these data should be criti-

cally regarded and extrapolated to the situation in

living cells. ‘Models are not descriptions of reality;

they are descriptions of our assumptions about reality’

[10].

Summary

In the present review, we describe the challenges experi-

enced with respect to the development and maintenance

of a database for biochemical reaction kinetics using

SABIO-RK as a paradigm. The typical workflow not

only includes data extraction from the literature, but

also extensive manual work to complete and annotate

the information for data storage and export in a stan-

dardized way. From computational modelling and

database development points of view, it appears that

authors are usually unaware of the importance of the

reusability of their published data. Accordingly, we

highly recommend that authors use standard terminol-

ogies and unique identifiers referring to databases and

ontologies. This should be ideally supported by pub-

lishers and journal editors. Furthermore, all assay

details (e.g. temperature, pH, etc.) should be described

in the publication and should not only refer to other

publications. When writing papers, authors should keep

in mind the reusability of their data. Minimal informa-

tion for enzyme kinetics are recommended within the

STRENDA initiative, which defined guidelines for the

publication of enzyme data that are already accepted

by some biological journals and have been inserted in

the author’s guidelines of these journals. The Interna-

tional Society for Biocuration (http://www.biocurator.

org) representing the biocuration community also

initiates collaborations between database curators and

publishers. Ideally, authors should take advantage of

the possibility of storing supplementary data related to

the publication and additionally submit their data

directly to databases. This would support both compu-

tational modelling and database population, although

changes for a better way of writing papers would only

affect future publications. The extraction of data from

already existing publications will still comprise time-

consuming manual curation work.
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