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necessary to illustrate signaling pathways. Each signaling
pathway in response to various external stimuli, can be regulated by changes of proteins and chemicals, and the network
assembling of various signaling pathways represents physiological phenomena (1). Recent advances in large-scale and
high-throughput techniques including functional genomics,
proteomics, RNAi technology, and genomic-scale yeast twohybrid assay provide a tremendous amount of information on
signaling pathways. To extract the biological significance
from such massively produced results, it is necessary to
develop an integrated environment for a formal and structured
organization of the available information, in a format suitable
for analysis with bioinformatics tools.
To present a signaling pathway, a database must include
the following concepts first: 1) which molecules are involved
in signaling in response to each external input, 2) which direction the signal is conveyed, that is, from a certain molecule
to another, and 3) how the activities and subcellular localizations of molecules are changed by protein modifications,
and/or protein-protein interaction changes. Based on the first
database including such information, we will further expand
the database to understand what the signaling results in (proliferation, differentiation, apoptosis, etc.) and how a network
can be composed of various signaling pathways in response
to multiple external inputs.
It is necessary to consider two distinct characteristics of
information to be stored in a database for cell signaling pathways. One is its diversity in data types. Signaling entities
range from small molecules and proteins to protein states and
protein complexes (2). It must be noted that these entities are
not independent of one another. For instance, protein complexes are composed of proteins, and a protein state can be
defined by a protein binding to small molecule. The other,
more significant characteristic is its incompleteness. It is not
surprising to find a lot of gaps in the current knowledge about
any signaling pathway. In order to organize such diverse and
incomplete information into a structured and coherent database, we find it indispensable to have a formal model. Our
formal model makes it explicit that multiple levels of abstraction are necessary for signaling events as well as for signaling
entities. Differing levels of abstraction are inter-related so that
an essentially-the-same signaling event can be described at
multiple levels of details.
As a model system that implements the formal model pro-
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To understand complex signaling pathways and networks, it is necessary to develop a formal and structured
representation of the available information in a format
suitable for analysis by software tools. Due to the complexity and incompleteness of the current biological
knowledge about cell signaling, such a device must be
able to represent cellular pathways at differing levels of
details, one level of information abstract enough to convey an essential signaling flow while hiding its details and
another level of information detailed enough to explain the
underlying mechanisms that account for the signaling
flow described at a more abstract level. We have defined
a formal ontology for cell-signaling events that allows us
to describe these cellular pathways at various levels of
abstraction. Using this formal representation, ROSPath
(reactive oxygen species-mediated signaling pathway)
database system has been implemented and made available on the web (rospath.ewha.ac.kr). ROSPath is a database system for reactive oxygen species (ROS)-mediated
cell signaling pathways and signaling processes in molecular detail, which facilitates a comprehensive understanding of the regulatory mechanisms in signaling pathways. ROSPath includes growth factor-, stress-, and
cytokine-induced signaling pathways containing about
500 unique proteins (mostly mammalian) and their related
protein states, protein complexes, protein complex
states, signaling interactions, signaling steps, and pathways. It is a web-based structured repository of information on the signaling pathways of interest and provides a
means for managing data produced by large-scale and
high-throughput techniques such as proteomics. Also,
software tools are provided for querying, displaying, and
analyzing pathways, thus furnishing an integrated web
environment for visualizing and manipulating ROS-mediated cell-signaling events.
Molecular & Cellular Proteomics 3:1009 –1022, 2004.
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EXPERIMENTAL PROCEDURES

ROSPath data model has been fully implemented as a web-based
integrated software environment and is publicly available at http://
rospath.ewha.ac.kr. All the pages are manually curated by experts in
cell signaling. For each of proteins and protein complexes, its name,
synonyms, species, subcellular localization, tissue information, enzymatic reaction, sequence information, chromosome localization,
crystal structure, domain and motif information, cellular activities in
terms of Gene Ontology ID, and references to the primary literature
are included. Whenever possible, such information is automatically
obtained from external sources such as GenBank, Swiss-Prot, Pro1
The abbreviations used are: ROS, reactive oxygen species;
PDGF, platelet-derived growth factor; PI3K, phosphatidylinositol 3-kinase; PTP, protein tyrosine phosphatase; PTEN, phosphatidylinositol
3-phosphatase; ERK-2, extracellular signal-regulated kinase 2; Trx,
thioredoxin.
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tein Data Bank, and Gene Ontology and updated weekly.
Implementation—The ROSPath database service is made available
using ORACLE 9iTM (9.2.0) and MySQL (3.23.53). A simplified form of
Entity-Relationship diagram for the ROSPath database is shown in
Fig. 1.
RESULTS

Structure and Content—An important challenge in constructing signaling pathway databases is to collate and integrate fragmented and incomplete pieces of evolving information, in a principled manner. ROSPath integrates and explains
available information on molecules and interactions involving
signaling pathways via combining the newly produced results
while making links to other existing databases available.
The ROSPath database is designed to describe signaling
events at differing levels of abstraction, thus enabling identification of gaps in the present knowledge. In the past, most
signaling pathway databases have been focusing on directions of signal flow, often omitting detailed mechanisms of
regulation, either because of lack of critical knowledge or for
the sake of simplicity. Recently, more emphasis is put upon
detailing how molecules coordinate with one another during
cellular responses. The ROSPath data model is along the
same lines as such recent change of focus and is designed to
convey detailed biochemical changes that form the basis of
signal flow, as well as logical information flows represented at
a higher level of abstraction.
In this study, we use the PDGF receptor signaling pathway
as a model system to explain the schematic representation
and formal ontology of ROSPath. Fig. 2A is a conventional
presentation of a signaling pathway depicted in a previous
report by Rhee et al. (3). It summarizes a variety of experimental results in a compact visual representation, with hydrogen peroxide serving as a key messenger in a signaling
process triggered by the activation of cell-surface PDGF
receptor. Oftentimes, this type of representation does not
meet the needs of a reader by omitting many details on one
hand and not providing the proper level of abstraction on
the other hand. For instance, there is an arrow from PDGF
receptor to phosphatidylinositol 3-kinase (PI3K), indicating
that PDGF receptor “sends a signal to” PI3K, but fails to
indicate that this signaling event happens due to the binding
between the two molecules (16). In other words, the information level of this signaling event may not be specific
enough to provide us with the exact mechanism underlying
the signaling event. On the other hand, the diagram may
well not be considered as abstract enough to explicitly
show, for instance, that the activation of NADPH oxidase by
PDGF inhibits protein tyrosine phosphatase (PTP) via production of H2O2, thus raising the cellular protein tyrosine
phosphorylation level.
In an attempt to overcome aforementioned limitations of
conventional presentations of signaling pathways, we propose a new data model that allows us to present the data at
multiple levels of abstraction and thus leads to improved
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posed in this study, reactive oxygen species (ROS)1-mediated
signaling has been selected. Of many known signaling pathways, involvement of ROS are intensively reported (3, 4). The
transient production of ROS, including hydrogen peroxide
(H2O2), is an important signaling event triggered by the activation of various cell-surface receptors that include growth
factors (platelet-derived growth factor (PDGF), epidermal
growth factor, and vascular endothelial growth factor) (5–10),
cytokines (transforming growth factor-␤1, tumor necrosis factor-␣, and CD40) (11, 12), agonists of heterotrimeric GTPbinding protein-coupled receptors (13), and environmental
stresses such as heat shock (14, 15), heavy metal, and oxidative stresses. ROS-mediated signaling pathways can be
divided into three components: the ROS production system,
the oxidized targets of produced ROS, and the recovery system of reduction machinery (13). The signaling pathways are
turned on in different cell lines and tissues by different external inputs showing different kinetics, bringing about different
results of inducing various physiological phenomena including proliferation, differentiation, apoptosis, disease, etc., indicating that these pathways include both common and distinct
events (14). We believe that a better understanding of complex interactions among various participants of these pathways will be facilitated if all the available massive data on
differential protein expression, protein modifications, and protein-protein interactions generated from newly developed
high-throughput technologies are collated.
In the following, we first explain why a multi-layered representation is necessary for cell signaling pathways, and then
present a formal ontology that supports multiple abstraction
levels. Then, the ROSPath web environment is introduced by
showing various ways to query the database. Especially, the
ROSPath visualization software tool is provided to help researchers analyze a pathway, predict new regulatory key signaling steps, and identify key participants at a molecular level
in major ROS-mediated signaling pathways. Finally, the ROSPath database and data model is compared with other pathway databases and other signaling pathway modeling efforts.

Database for Reactive Oxygen Species-mediated Signaling Pathways
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FIG. 1. A simplified form of Entity-Relationship (ER) diagram for the ROSPath database.
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FIG. 2. Signaling pathways in ROSPath. A, conventional presentation of PDGF receptor signaling pathway: PDGF-induced production of
H2O2 and the role of H2O2 as a modulator of protein tyrosine phosphorylation (3). B, manual reconstruction of PDGF receptor signaling pathway
in terms of signaling steps as defined by the ROSPath multi-layer model. C, manual reconstruction of PDGF receptor signaling pathway in
terms of signaling interactions, including state transitions, bindings, and reactions as defined by the ROSPath multi-layer model. In the signaling
step level, regular arrows depict positive control, disconnected arrows indicate intermediate steps, not yet known, and arrows with a bar-type
arrowhead depict negative control.

1012

Molecular & Cellular Proteomics 3.10

Database for Reactive Oxygen Species-mediated Signaling Pathways

TABLE I
Physicochemical factors currently used by ROSPath
Factor
PIP2
PIP3
IP3
DAG
H2O2
ROS
O2
NADPH
Calcium
UV
Heat shock
Small molecules
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understanding of cell signaling pathways. We believe that it is
essential to have a formal model for cell signaling events, so
that a comprehensive yet coherent database structure shall
be realized as well as the model support functional computations and simulations. We will first give an intuitive explanation for types of entities and relations that our ontology provides for, explaining how they may be used to describe
various cell signaling events. Then our formal model will be
presented.
Signaling is mediated through interactions of participating
molecular entities. Proteins and their states, protein complexes and their states, and physicochemical factors are the
major signaling entities of ROSPath. The concepts of protein
state and state transition were introduced to describe the
protein-protein interaction in the Live DIP database (2). For the
purposes of ROSPath, we define “protein” as a single
polypeptide gene product; “protein complex” is an entity
comprising of more than two protein units regardless of the
nature of their interaction or the stability of the complex;
“physicochemical factor” refers to external stimuli including
oxidative and heat stress, as well as chemical entities and
small molecules involved in signaling. Table I shows the complete list of physicochemical factors currently used by ROSPath. “Protein states” are defined so that we can differentiate
proteins existing in various forms in post-translational modifications, activity profiles, conformational changes, subcellular localizations, ligand binding, etc. Table II lists the attributes
used to define protein states in ROSPath, together with possible descriptions for each attribute. “Protein complex states”
are defined as structural changes that occur in the process of
protein complex formation. The protein complex state is critical to many signaling processes because protein complex
formation can determine a signaling event. A protein complex
exemplifies the use of multiple levels of abstraction in defining
ROSPath entities. Protein complexes can be defined among
various component proteins or protein complexes. Structured
representation of protein complex is made possible because
ROSPath allows the protein complex itself to be a component
of another protein complex. When such structural information

is not available, one can always define protein complex as an
aggregation of proteins only.
Dynamic interactions among signaling entities control a
course of signaling events. State transitions and binding interactions between two signaling entities, possibly together
with their effectors, and any accompanying chemical and
structural changes constitute the details of signaling events.
“State transitions” are defined for a pair of protein states or
protein complex states. For example, two state transitions of
PTP are defined in Fig. 2A: oxidation with H2O2 as an effector
and reduction with thioredoxin (Trx) as an effector. Signaling
events are often mediated by physical interactions of more
than two signaling entities. Some proteins carry out their
functions exclusively when complexed with other protein(s),
while other proteins interact with each other only when the
signaling events occur. The physical interaction of two protein
entities is called “binding.” In Fig. 2A, a signaling event from
PDGF receptor to PI3K is shown without explaining the detailed mechanism. The ROSPath model shown in Fig. 2, B and
C, allows us to specify that this signaling event occurs due
to the binding of specifically phosphorylated PDGF receptor
to PI3K and provides information on the features of the
binding phenomenon such as whether the binding molecules must be in a specific state; which subcomponent of a
binding molecule (PI3K, in this example) actually participates in the binding, and what the binding site is. Signaling
events that do not occur as binding and/or state transition
are described as “reactions.” Reactions are general interactions involving any signaling entities including protein, protein
complexes, protein/protein complex states, and physicochemical factors. Reactions describe chemical transitions
among proteins and chemicals, and association and dissociation of more than two protein/protein complexes. For
example, a chemical transition from phosphatidylinositol
4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate (PIP3) catalyzed by PI3K in Fig. 2A is defined as
a reaction in ROSPath.
“Signaling events” are composed of chemical and biological transformations among signaling entities, but these individual changes do not necessarily convey the information flow
involved in signaling pathways. A “signaling step” is the basic
logical unit that corresponds to a signal flow within a single
signaling event. The mechanism underlying the signal flow
represented by a signaling step is represented as a set of
“signaling interactions.” A signaling interaction can be a state
transition, a binding interaction, or a chemical reaction. Signaling steps and signaling pathways are designed to convey
signal flow in a complex biological system, at a higher level of
abstraction than the abstraction level of signaling interactions.
In ROSPath, protein state transition from PTP-SH to PTPSOH with H2O2 as an effector can also be modeled at the
same time as a signaling step from H2O2 to PTP-SH, where
the type of signaling step is “inhibition” as shown in Fig. 2B. A
“signaling pathway” is defined as a set of signaling steps that
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TABLE II
Description of protein states
Attributes
Post-translational
modification

Description
Carbohydrate modifications

Glycation/deglycation
N-Glycosylation, O-glycosylation/deglycosylation

Lipid modifications

Farnesylation/defarnesylation
Geranylation/degeranylation
Myristoylation/demyristoylation
Palmitoylation/depalmitoylation
Prenylation/deprenylation
Stearoylation/destearoylation

Oxidation/reduction of cysteine

Cysteine-cysteine
Cysteine-cysteine
Cysteine-cysteine
Cysteine-cysteine
Cysteine-cysteine

Oxidation/reduction of selenocysteine

Selenocysteine-selenocysteine diselenide/selenocysteine diselenideselenocysteine
Selenocysteine-selenocysteine selenenate/selenocysteine selenenateselenocysteine
Selenocysteine-selenocysteine selenenylsulfide/selenocysteine
selenenylsulfide-selenocysteine
Selenocysteine-selenocysteine seleninate/selenocysteine seleninateselenocysteine

Other oxidation or reduction

Carbonylation/decarbonylation
S-Glutathiolation/deglutathiolation
Hydroxylation/dehydroxylation
Iron-sulfur oxidation/iron-sulfur reduction
Methionine sulfoxide/Methionine sulfoxide-methionine
S-Nitrosylation

Phosphorylation or dephosphorylation

Phosphorylation/dephosphorylation

Proteolytic modifications

Neddylation/deneddylation
Sumoylation/desumoylation
Ubiquitination/deubiquitination

Other modifications

5⬘-Adenosylation
Acetylation/deacetylation
ADP-ribosylation
Amidation/deamidation
Biotinylation
Carboxylation/decarboxylation
Crosslinking
Formylation/deformylation
Lipoylation
Methylation/demethylation
Nitration/denitration
Sulfation/desulfation

disulfide/disulfide-cysteine
sulfenic acid/cysteine sulfenic acid-cysteine
sulfinic acid/cysteine sulfinic acid-cysteine
sulfonic acid/cysteine sulfonic acide-cysteine
sulphenyl-amide/cysteine sulphenyl-amide-cysteine

N-terminal, C-terminal, cleavage site

Ligand

ADP, ATP, Ca2⫹, cAMP, cGMP, DAG, GDP, glucose, GTP, H2O2, heme, NADP, NADPH, NO, O2⫺, PIP, PIP2, PIP3

Cell line

B cell, endothelial cell, epithelial cell, smooth muscle cell

Subcellular localization

Cytosol, endoplasmic reticulum, endosome, extracellular region, Golgi apparatus, membrane, mitochondrion,
nucleus, outer mitochondrial membrane, perinuclear region, peroxisome, plasma membrane, ribosome

Activity

Active, inactive, unknown
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Truncation
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FIG. 3. Node hierarchy in the ROSPath signaling pathway.

signal pathway at the level of information flow, and each edge in
the signaling graph corresponds to a signaling step.
Signaling entities participating in signaling pathways are
modeled as a set V of nodes and are classified into two
groups: primary nodes and compound nodes as explained in
Fig. 3.
Primary nodes represent a single signaling unit such as
proteins, protein states, and physicochemical factors, denoted by Vp, Vps, and Vc, respectively. Compound nodes
represent protein complexes and protein complex states, denoted by Vpc and Vpcs, respectively. Compound nodes Vpc
and Vpcs are recursively defined by a set of primary nodes and
compound nodes as follows.
Vpc ⫽ {{v1,v2, . . .,vn}兩vi ⑀ Vp艛Vpc,1ⱕiⱕn}
Vpcs ⫽ {{v1,v2, . . .,vm}兩vi ⑀ Vps艛Vpcs,1ⱕiⱕm}
An interaction graph I ⫽ (V I, EI, T II) is a hyper graph defined
by a finite set of nodes VI (債 V), a finite set of hyper edges E I,
which are ordered pairs (⬍a1, a2, . . . , ai⬎, ⬍b1, b2, . . . , bj⬎,
l) of two sequences of nodes with a label l, and a mapping
table TII. The start terminal of a hyper edge, ⬍a1, a2, . . . , ai⬎
represents a list of source nodes, and the end terminal ⬍b1,
b2, . . . , bj⬎ represents a list of target nodes of the edge. A
label of a hyper edge describes an edge type such as binding,
state transition, and reaction. The semantics for each edge
type is summarized in Table III. A mapping table TII contains
ordered pairs (eIi, {eI1, eI2, . . . , eIk}) of an hyper edge eIi ⑀ E I
and a set of hyper edges {eI1, eI2, . . . , eIk}, where eIj ⑀ EI (1 ⱕ
j ⱕ k). Each pair defines the abstraction relation between
interaction graphs. An example mapping from a hyper edge to
another hyper edge is illustrated in Table IV. This example
describes that a state transition from Trxox to Trxred with TrxR
as an effector can also be modeled as a reaction among Trxox,
Trxred, TrxRred, and TrxRox.
A signaling graph S ⫽ (V S, E S, T SI) is defined by a finite set
of nodes VS(債 V), a finite set of edges ES, and a mapping table
TSI. Each edge eSi ⑀ ES, called a “signaling step,” is defined by
an ordered pair (a, b, l), where a is a source node, b is a target

TABLE III
Edge type (具a1, a2, . . ., ai典, 具b1, b2, . . ., bj典) in interaction graph
Type of edges
Binding
State transition

Reaction

Semantics

Restriction

Proteins (or protein complexes) a1 and a2 bind together to form b1.
Protein (or protein complex) in state a1 is transformed into another state b1,
possibly with an effector a2. Effector may be any signaling entity, primary or
compound.
A set of signaling entities is involved in any type of reaction, that cannot be
described as binding or state transition.

i ⫽ 2, j ⫽ 1
i ⱕ 2, j ⫽ 1

None

TABLE IV
An example mapping table T II
Hyper edge (from)

Hyper edge (to)

(具Trxox, TrxR典, Trxred, state transition)

(具Trxox, TrxRred典, 具TrxRox, Trxred典, reaction)
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conveys the information flow in signaling events. The extent of
molecules used to define a signaling pathway is variable: it
may apply to biological events in a relatively closed experimental system or may apply to the entire cellular system of the
signaling network. Fig. 2B presents ROSPath reconstruction
of the pathway shown in Fig. 2A as a cascaded set of signaling steps, with regular arrows depicting positive control, disconnected arrows indicating that intermediate steps, not yet
known, are likely to exist, and bar-type arrowheads depicting
negative control.
Each signaling step in a pathway can have another description at a more detailed level, that is, an interaction level, in
terms of state transitions, bindings, and reactions. When each
step presented in Fig. 2B is described at a more specific level
of abstraction, the diagram shown in Fig. 2C results.
A Formal Definition of an Ontology—To model a signaling
pathway, we use a hierarchical hyper graph. A hierarchical
hyper graph (17) is an extension of a graph definition in which
each edge can contain a graph inside itself and each node
can have an internal hierarchical structure.
A “signaling pathway graph” SP ⫽ (I, S) is defined as the
pairing of an “interaction graph” I and a “signaling graph” S. An
interaction graph is a model to describe a pathway at the level
of signaling interactions, and each hyper edge corresponds to a
signaling interaction. A signaling graph is a model for a given

Database for Reactive Oxygen Species-mediated Signaling Pathways

TABLE V
The type of signaling edges

shows a sample query page together with its search result
from which one can follow various links to find out more about
protein information, protein states, etc.
Fig. 4B shows a sample protein information page. One can
follow various links from the protein page, if more detailed
information about proteins or their states are needed. An
example is shown in Fig. 4C, which reveals that the modification is phosphorylation at 308 serine, 473 threonine, and
474 tyrosine, and that this information has been obtained from
human umbilical vein endothelial cell (HUVEC) line.
One can search for signaling interactions that simply involve
certain signaling entities. For example, when a search request
is to find all the binding interactions that involve PDGF receptor, the results shown in Fig. 4D are obtained. One learns that
PDGFR-␤ forms noncovalent binding with Shc, and that
phosphotyrosine at amino acid 740 of PDGFR can interact
with SH2 domain of Shc.
Visualization and Graphical Queries—ROSPath provides
prototype pathway visualization software that allows automatic visual inspection of stored signaling pathway information. A detailed description of its layout algorithm will be
published elsewhere. It is possible to dynamically generate a
graphic view of signaling pathway data stored in the ROSPath
database by communicating with the ROSPath web and database servers. Different types of signaling entities and signaling interactions have distinct graphical representation for
quick and easy visual discrimination. It can also process the
graph-theoretic queries and present the search results as a
highlighted subgraph within the context of the target pathway.
Fig. 5 is an example snapshot of the ROSPath visualization
software. A search for all the signaling paths from PDGFR-␤ to
extracellular signal-regulated kinase 2 (ERK-2) will retrieve six
different paths within a PDGF signaling pathway. Simply by
clicking on any path from the search results, one can highlight
it within the pathway diagram.
The most significant feature of the application is its ability to
provide two mutually related graphical representations of a
signaling pathway, one as a signaling graph and the other as
an interaction graph. When there is a mapping between signaling and interaction graphs specified in the ROSPath database, one could easily browse the correspondence between
the two graphs by clicking on the signaling step arrow. According to the formal ontology, it is also possible to define a
mapping between interaction graphs to an arbitrary depth for
finding the new connectivity.
Another feature of our application is its ability to draw

TABLE VI
An example of a mapping table TSI
Signaling step

Hyper edges in interaction graph

1

(H2O2, PTEN, inhibition)

2

(PI3K, PIP3, activation)

(具Trx, H2O2典, Trx1, state transition)
(具PTEN ⫽ (S)2, Trx典, PTEN ⫽ (SH)2, state transition)
(具PIP2, PIP3典, PI3K, reaction)
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node, that has a label l. Edge labels describe the type of
edges as belonging to one of activation, inhibition, suspected
positive control, suspected negative control, positive control
with intermediate steps omitted, and negative control with
intermediate steps omitted. Edge type is summarized in Table
V together with a graphical notation for each type. A mapping
table TSI contains ordered pairs (eSi, {eI1, eI2, . . . , eIk}) of a
signaling step eSi ⑀ ES and a set of hyper edges {eI1, eI2, . . .,
eIk}, where eIj ⑀ EI (1 ⱕ j ⱕ k). Each pair describes the
abstraction relationship in which one or more hyper edges are
involved in a signaling step. An example of a mapping table
TSI can be found in Table VI. Here, a signaling edge from H2O2
to PTEN representing that H2O2 inhibits PTEN involves the
following two interaction edges: a state transition from Trx to
Trx1 with H2O2 as an effector and a state transition from
PTEN ⫽ (S)2 to PTEN ⫽ (SH)2 with Trx as an effector.
One can see that the recursive definition of protein complexes and their states enables structured representation for
signaling entities because protein complex as well as protein
can play as signaling entities. Because signaling pathway can
be presented with signaling steps and their detail interactions,
the mappings between signaling graphs and interaction
graphs as well as those between two interaction graphs make
it possible to represent signaling events in a structured
format.
Data Queries—Database users can easily browse through
various entities defined in ROSPath, such as proteins, protein
complexes, and their individual states. Alternately, one can
query these entities with a name, species, tissue source, or
other characteristics that define each protein state, such as
post-translational modification and/or ligand binding. Fig. 4A

Database for Reactive Oxygen Species-mediated Signaling Pathways
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FIG. 4. User interface for the ROSPath web pages. A, database search for signaling entities. B, display of protein information. C, display
of protein states. D, database search for signaling interactions.

hyper graphs. Signaling graphs are general directed graphs,
while interaction graphs are hyper graphs. Most graph generation tools avoid the problem of drawing hyper graphs by
indicating signaling interactions as nodes, rather than as
edges, and by connecting related entities with so called
“interaction nodes” (18 –20). Hyper graphs can thus be
transformed into regular directed graphs. This visual representation, however, is very different from the intuitive graph
representations that biologists have long been using to
represent cellular signaling pathways. While these systems
automatically generate graphs from a database of signaling

interactions, there are efforts to provide software tools that
allow users to manually draw a signaling pathway diagram
at will (21). Related work can be found for drawing interaction graphs (22–24), but interaction network diagrams are
intrinsically different from signaling graphs in that edges are
not directed, and they are not hyper graphs. In our system, we
have successfully generated hyper graphs, thereby facilitating
visual inspection and use of the computer-generated pathway
diagram.
When the application draws each pathway as a graph, it
tries to minimize the edge crossings. The current implemen-
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FIG. 4— continued

tation adopts various layout algorithms including Mincut and
Sugiyama algorithms (25), depending on one’s preference.
DISCUSSION

There have been various efforts to develop a formal model
for signaling pathways that supports multiple abstraction levels and representation of incomplete knowledge. Demir et al.,
in their work on PATIKA (20), defined an “abstraction node”
that represents a complex molecule or abstracts a partial
pathway. When modeling a signaling pathway as a graph,
biochemical entities are generally represented as nodes and
interactions such as state transitions or chemical reactions
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are represented as edges. In PATIKA, on the other hand, a
node of a graph may represent an interaction or a partial
pathway, as well as a biochemical entity. Such an abstraction
simplifies the model because signaling pathways can always
be represented as a directed acyclic graph. The model, however, is limited in that it does not support multi-level abstraction when defining complex molecules, and that it does not
support multi-layered abstraction of signaling events. In PATIKA, signaling events are described only in terms of interactions, and cannot explicitly represent how the signal flow
should be understood. Fukuda et al. (26) introduced a “decomposition tree” that supports multi-level abstraction of

Database for Reactive Oxygen Species-mediated Signaling Pathways
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FIG. 4— continued

complex molecules and an “interaction graph” that represents
interactions between arbitrary nodes in a given decomposition tree. Using these two graph structures, it is possible to

define the interrelationship between various levels of abstraction. This representation describes signaling as interactions
and decomposition, but does not explicitly represent the in-
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formation flow within a signaling pathway.
Database systems such as KEGG (27) and EcoCyc (28)
have been developed that computerize knowledge about information pathways of genes and gene products. KEGG’s
pathway database contains graphical representations of cellular processes such as metabolism, membrane transport,
and signal transduction. The generalized protein interaction
network in KEGG’s pathway database is drawn manually as a
graphical pathway diagram. It is also stored as a set of binary
relations such as enzyme-enzyme relations, protein-protein
interactions, and gene expression relations, which enables to
reproduce the known pathways. EcoCyc is an organism-specific pathway and genome database that describes the metabolic and signal-transduction pathways of Escherichia coli.
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The EcoCyc database contains enzymes, transport proteins,
and mechanisms of transcriptional control of gene expression
of E. coli. The pathway data in the EcoCyc database is stored
as a predecessor list that encodes the ordering of reactions
within the pathway, and the graphical representation of the
pathway is derived from this predecessor list. Although EcoCyc can provide pathways at multiple levels of detail, ranging
from a skeletal view of a pathway to a detailed view showing
full structures for each chemical compound, it dose not focus
on describing multiple levels of abstraction between signaling
events and corresponding reactions as in the ROSPath data
model.
On the other hand, there have been efforts such as SBML
(29), CellML (30), and BioPAX (www.biopax.org) that aim to
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FIG. 5. Snap shot of pathway visualization software. In each signaling pathway, signaling entities are represented as nodes and signaling
interactions as edges; the upper window displays signaling level and the bottom window interaction level; each edge at the signaling level may
correspond to a hyper graph in the bottom window. A search request to find all the paths from PDGFR-␤ to ERK-2 yields six different paths
within a PDGF signaling pathway as shown in a pop-up window. A path selected from the search result is highlighted within the pathway
diagram.
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standardize the format of biochemical and/or biophysical
data. SBML proposes a computer-readable format for representing biochemical reaction network encompassing metabolic, cell-signaling, and genomic regulatory networks so that
different software tools can be used without rewriting models
for each tool. CellML focuses on providing mathematical
models for cellular function. BioPAX’s focus is on providing a
unified framework for sharing biological pathway information,
encompassing metabolic pathways, signal transduction pathways, gene regulatory pathways, genetic interaction pathways, pathways through word relationships found in paper
using text mining, computationally predicted pathways, and
pathways of cellular interactions. We are working with the
BioPAX group so that ROSPath can be compatible with BioPAX specification.
The ROSPath data model focuses on cell signaling pathways and provides a refined model for protein and protein
complexes, and their states, while enabling multi-layered representation based on distinctive conceptualizations at a different layer.
The most distinguishing characteristic of ROSPath is its
foundation on a formal representation of signaling and interaction among signaling entities, while maintaining the connection between different levels of representations. Pathway
visualization software is associated with the database so that
visual and dynamic inspection of stored signaling pathway
information is possible. The most significant feature of the
application is its ability to provide two related graphical representations of a signaling pathway, one as a signaling graph
and the other as an interaction graph. Another feature is its
ability to draw hyper graphs, thereby facilitating visual inspection and use of the computer-generated pathway diagram.
The current contents of the ROSPath database is concentrated only on cell signaling events that allows description of
ROS-mediated signaling cellular pathways at various levels of
abstraction. However, the proposed data model is applicable
to various other cell signaling pathways as well.
Future Development—Plans are underway 1) to include in
the database, details of entities and interactions in each signaling pathway and additional pathway relevant information
from literature search, 2) to refine the analysis, simulation, and
visualization tools for presenting the dynamic signaling data,
and 3) to extract and predict the signaling pathway information from the database.
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