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Abstract
Identifying intracellular molecular interactions is

the first step toward understanding complex dynamics and
mechanisms of the cell. We have created a comprehensive
map of molecular interactions in a macrophage based on
published literature. The map was created to analyze the
experimental data sets produced by the Alliance for Cellular
Signaling (AfCS). Therefore, we have extensively focused
on signal transduction pathways that are targeted by the
AfCS and have included essential metabolism, transcription,
and secretion pathways that may be relevant. The map was
created using CellDesigner, a software we have developed
for molecular interaction map construction, and represented
in Systems Biology Markup Language (SBML). This report
describes notations used in the interaction map and the main
features of CellDesigner and provides a list of all published
literature that has been referenced in creating version 1.0
of the map.

1. The Macrophage Map

1.1 General Features
We created a comprehensive macrophage model of

molecular interactions, including Ca2+ signaling via G
protein-coupled receptors (GPCRs), cytokine signaling,
phagocytosis of oxidized low-density lipoprotein (oxLDL),
production of reactive oxygen species (ROS) as well as
glucose and lipid metabolism, that can be used as a first step
towards a model-based analysis of a signaling network (Fig.
1). The map data (PDF and XML files in SBML format) can
be downloaded from the AfCS/Nature Signaling Gateway
via this document and the Systems Biology Institute Web
site (http://www.systems-biology.org/002/). To create this
model, we collected legacy knowledge from 234 published
manuscripts (see the list of references for the Molecular
Interaction Map of a Macrophage) and also referred to the
ligand descriptions on the AfCS/Nature Signaling Gateway
Web site. Although there were some exceptions, the criteria
used to include possible molecular interactions from the
literature were 1) modules that were confirmed to exist in
macrophage cell, in culture cell lines, or in vivo; 2) signals
that were confirmed by at least two independent articles;
and 3) data published in the last decade.

1.2 Modules
A total of 506 reactions and 678 species were

included in this map. A “species” is a term defined by SBML
as “an entity that takes part in reactions,” and it distinguishes
the different states that are caused by enzymatic modification,
combination, dissociation, and translocation. To distinguish
the different states of a component in the same compartment
in detail, we only need to assign a unique name to each state
using suitable subscripts. For example, states of the protein
that translocates from cytosol to plasma membrane can be
distinguishable by names such as “XXcyt” and “XXpm.” Since
SBML is a machine-readable format, all the information can
be used for a range of computational analysis, including
computer simulation.

The breakdown of the species shown on this map
is as follows: 363 proteins, 15 ions, 135 simple molecules,
113 oligomers, and 39 genes. In the number of species, 11
degraded products and 2 unknown molecules are also
included. The nucleotides, ROS, carbohydrates, lipids,
coenzymes, peptides, and amino acids are all shown as
“simple molecules” in this version.

Among 363 protein species, we identified 281
molecules, that is, 6 G protein subunits, 121 enzymes
(including 47 kinases), 40 receptors, 7 ion channels, 40
transcription factors and their cofactors, 7 transporters, 14
cytokines, and 46 adaptor proteins.

1.3 Inputs and Outputs
As inputs, we included 22 out of 26 ligands that

were selected and tested for the ligand screening project in
RAW 264.7 cells by the AfCS. The list includes interleukin-
1â (IL-1â), interleukin-4 (IL-4), interleukin-6 (IL-6),
interleukin-10 (IL-10), interferon-á (IFN-á), interferon-â
(IFN-â ), interferon-ã (IFN-ã), macrophage colony-
stimulating factor (M-CSF), granulocyte-macrophage colony-
stimulating factor (GM-CSF), transforming growth factor-â
(TGF-â), macrophage inflammatory protein-1á (MIP-1á),
monocyte chemotactic protein 1 (MCP-1), platelet activating
factor (PAF), sphingosine-1-phosphate (S1P),
lysophosphatidic acid (LPA), prostaglandin E2 (PGE2),
complement component 5a (C5a), uridine 5’-diphosphate
(UDP), uridine 5’-triphosphate (UTP), adenosine 5’-
triphosphate (ATP) (in place of 2-methyl-thio-ATP),
lipopolysaccharide (LPS), and immunoglobulin 2a (IgG2a).
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The four other synthesized ligands (isoproterenol,
PAM2CSK4, PAM3CSK4, and resiquimod [R-848]) were
not included in this map. In addition, we also included tumor
necrosis factor-á (TNF-á) and oxLDL as input signals
because they have well-established roles in macrophages
during immune response and formation of foam cells in
atherosclerotic lesions, respectively. As outputs, we described
the induction of second messengers (such as Ca2+ and cAMP)
and the release of 9 cytokines, 10 biogenic lipids, and 4 ROS.

1.4 Ambiguity Issues and Updating
During the construction of the map, there arose

unclear cases for the specific expression of a gene in RAW
264.7 cells as well as for the specific occurance of protein-
protein interactions. For example, the cross talk between NF-
êB and PPARã was shown in pluripotent mesenchymal stem
cells, but it is not clear if such cross talk also exists in
macrophages. In addition, there are conflicts among
published papers and possible alternative explanations for
certain interactions because of the varied experimental
systems studied. For legacy data that depend fully on
published literature, there are no clear means for making
decisions on such cases. Therefore, we have taken a heuristic
approach. First, we ensure that we incorporate molecules
and interactions that are certain to exist and well agreed
upon in the community. This can be determined on the basis
of consistency among research papers as well as numbers of
review papers.  In cases where several interacting partners
for one protein are reported, priority is given to those with
demonstrated biological activity in macrophages.  For
example, there are several reported ligands for PPARgamma,
but only 9-HODE and 13-HODE are represented because
they have known effects in macrophages.  Selections of this
kind are made because of space constraints on the map.
However, when space permits, all possible interactions are
included.

Second, when ambiguity exists between papers
based on in vivo and in vitro experiments, we opt for
conclusions from in vivo experiments. When certain
interactions are only ambiguously reported, or not reported
but known to exist in a variety of different cell types, we
look at reports that use the embryologically nearer cell types
to monocyte-derived macrophages, such as bone marrow stem
cells, to increase the reliability of the map. Although some
interactions are incorporated hypothetically, such as the
IRAK1-TRAF6-TAK1-TAB1-TAB2 cascade, molecules and
interactions that do not meet the criteria described above are
not included  in version 1.0 of the map. In the future we
hope to develop a consistent methodology to score the
reliability of the map based on legacy data and recalibration
based on controlled comprehensive measurements.

The version 1.0 map is intended to be
comprehensive but not necessarily exhaustive. To create an
exhaustive map we need hard evidence on which proteins
exist in RAW 264.7 cells as well as which genes are
expressed.  However, the presence of a protein can sometimes

show a paradoxical relationship with gene expression, thus
it is important that we directly assess the presence of signaling
proteins using direct measurement and not just by inference.
In addition, detailed time-course measurements of protein
levels combined with phosphoprotein assays and shRNAi
data generated by AfCS labs will help researchers to
reproduce and analyze dynamics of the network. We will
periodically update the map on the AfCS Web site based on
the most current data available.

1.5 Future Plan
Our next step will be a systems-level analysis using

real data retrieved from quantitative experiments (1). To do
this, we need a highly reliable data set that includes
expression levels, time course information, and results of
perturbation effects. Quantitative modeling, simulation, and
analysis of a particular focused subset of the system, as seen
in the FXM (Focus on X Module) project, will be the next
step. Based on this map, we are going to create another
smaller but more detailed model, including isoforms. Using
the SBW-SBML platform, we can easily share and revise
this map, which will facilitate sharing and exchange of views
in this project.

The other aspect of our future plan is to incorporate
data derived from the RIKEN FANTOM3 project, which
measures the expression profile of all transcription start sites,
including that of noncoding RNA. Contrary to FXM, which
is focused on specific cascades but measured in depth,
FAMTON3-based analysis will be genome-wide but only with
expression profiles. Our challenge is to create a system of
model-based analysis methods that can accommodate these
two extremes.

2. Graphical Notations

2.1 Rationale behind the Notations
Most diagrams in published papers are drawn

using informal notations with sets of arrows, bar-headed
lines, and circles roughly representing activation, inhibition,
and the proteins involved, respectively. Fig. 2 is a typical
example of just such a diagram for a MAPK cascade in a
mammalian cell.

In this diagram, the arrows may implicate several
different reactions. For example, the arrow from Ras to Raf
(marked as 1 in Fig. 2) appears to indicate that Ras activates
Raf. However, in reality, Ras enhances plasma membrane
translocation of Raf. Thus, this arrow is more accurately read
as recruitment or translocation, rather than activation. Two
arrows originating from ERK to RSK and c-Myc (marked as
2 in Fig. 2) are interpreted as activation of RSK and c-Myc
by ERK. However, the same representation could also be
interpreted as one complex (ERK) that splits into two
subcomponents (RSK and c-Myc). The reason that we exclude
this interpretation is because we already know some of the
properties of the components involved, not because of
anything within the diagram itself. How should we interpret

http://www.signaling-gateway.org/reports/v2/DA0014/DA0014.htm
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the arrow leading from RSK to RSK (marked as 3 in Fig.
2)? In this case, the arrow is meant to be read as the
translocation of RSK from cytosol to nucleus, instead of
activation of RSK by RSK itself. Therefore, among these
simple examples, there are three possible interpretations of
the same arrow symbol—activation, dissociation, and
translocation.

Not only do notations in Fig. 2 have multiple
meanings, they are ambiguous and unable to represent
essential information (and therefore not machine readable).
Correct interpretation depends upon the reader’s
foreknowledge. For example, two arrows leading to Raf from
PKC and Src indicate the activation of Raf by these two
kinases. However, it is unclear what the mechanisms are,
which residues are phosphorylated, or which is the first
modulator of Raf. Accompanying text can supplement
missing information to explain otherwise ambiguous points;
however, in some cases the text can be more ambiguous than
the diagrams.

Ras Raf MKK ERK RSK

PDK-1

RSK CREB

c-Myc
PKC

SOS

21 3

nucleus

Src

Fig. 2. An example of an informal arrows-and-bars diagram.
In this example, the same arrow pattern is used to represent three
different reactions: activation, dissociation, or translocation, as
follows. (1) The arrow (blue) from Ras to Raf indicates that Ras
activates Raf. However, in reality, Ras enhances plasma membrane
translocation of Raf. This arrow is more accurately read as
“recruitment” or “translocation,” rather than activation. (2) Two
arrows (light green) originating from ERK to RSK and c-Myc are
interpreted as activation of RSK and c-Myc by ERK. However, the
same representation could also be interpreted as one complex
(ERK) that splits into two subcomponents (RSK and c-Myc). (3)
The arrow (orange) is meant to indicate translocation of RSK from
cytosol to nucleus rather than activation of RSK by RSK itself.

Kurt Kohn may have been the first to propose
well-defined canonical representations for molecular
interactions (2,3), and other researchers have been working
on alternative representations (4-6). Unfortunately, none of
the proposals has been widely used for a variety reasons. For
example, there is no software tool to create a Kohn map
efficiently, and this type of representation does not allow for
explicit display of temporal processes. Other notations have
different shortcomings.

Circuit schematics used in electronics are ideal
examples of information display in a graphical but
unambiguous manner. Engineers can reproduce the circuits
drawn in the schematics simply from the information
contained in the diagram. Although the interactions may be
substantially more complex, one of our first goals in systems
biology is to create standard graphical notations that
unambiguously represent molecular interactions of biological
systems.

2.2 A Process Diagram
A successful graphical notation system must (1)

allow representation of diverse biological objects and
interactions; (2) be semantically and visually unambiguous;
(3) be able to incorporate notations; (4) allow tools to convert
a graphically represented model into mathematical formulas
for analysis and simulation; and (5) have software support
to draw the diagrams. Although several graphical notation
systems have already been proposed (2-6), each has obstacles
to becoming a standard. Kitano proposed a graphical notation
system for biological networks (7) designed to express
sufficient information in a clearly visible and unambiguous
way. Using these notations, the molecular interactions shown
in Fig. 2 can be graphically represented as shown in Fig. 3.

The filled arrow (blue) in Fig. 2 is replaced by an
open arrow and a circle-headed line in Fig. 3. The open
arrow (blue) indicates translocation of Raf from cytosol to
plasma membrane, and the circle-headed line (blue) from
Ras to the open arrow indicates that Ras promotes translo-

Fig. 3. A process diagram with a
consistently defined notation
system. The notation system used by
CellDesigner can describe
biochemical reactions in more detail
than that used in Fig. 2. The use of
specific symbols helps to distinguish
events such as activation,
translocation, or dissociation. In
addition, the specific biochemical
state of a molecule can be defined.

http://www.signaling-gateway.org/reports/v2/DA0014/DA0014.htm
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cation of Raf to plasma membrane, where Raf is fully acti-
vated via phosphorylation on both tyrosine-341 and serine-
338 residues by Src and PKC, respectively. Indeed, the in-
teraction of Ras with Raf is generally indicated by an arrow
used for activation, but this process is actually the transloca-
tion of Raf, which is stimulated by Ras. Each of the two
arrows (light green) originating from ERK to RSK and c-
Myc in Fig. 2 is represented in a very different way in Fig. 3.
The arrow heading to RSK is replaced by a circle-headed
line that indicates that RSK is phosphorylated by ERK and
subsequently stimulates its autophosphorylation. The three
filled arrows (light green) between four RSK nodes indicate
the state transitions caused by phosphorylation. Each state
of phosphorylation can be described sequentially. On the other
hand, the pathway from ERK to c-Myc is interpreted as ERK
homodimer formation and translocation to the nucleus, where
homodimerized ERK activates c-Myc. When the reaction is
described in this manner, an interpretation such as “one com-
plex (ERK) split into two subcomponents (RSK and c-Myc)”
is impossible. The translocation of RSK from cytosol to

nucleus is shown with the open arrow (orange) and can be
easily distinguished from state transition or catalysis.

Overall, all reactions in Fig. 3 are easy to
understand at a glance compared with the conventional
informal notations. The notations also show specific
characteristics of a protein. For example, readers can quickly
recognize that SOS is a guanine nucleotide exchange factor
for Ras just by looking at this diagram because sufficient
information is presented. We believe that our notation system
could be a convenient tool to enable researchers to share
information involved in molecular interactions.

Fig. 3 is essentially a state transition diagram, often
used in engineering and software development. This is an
example of the process diagram, one of two representation
modes, that allows the processes involved in the molecular
interactions to be easily recognized. The alternative mode of
visualization, the relationship diagram (not shown), is an
extension of a Kohn map, where interactions for each
molecular species are solidly represented but the temporal
order of interactions is only implicit. Representation between

Fig. 4. Main symbols adopted by CellDesigner version 2.0. These symbols are provided in CellDesigner version 2.0. Size and color
of each module are changeable. CellDesigner also provides X-Y coordinates for each module and can distinguish between cellular
compartments.

Species:

Protein

Receptor

Ion Channel

Truncated Protein

Gene

RNA

Antisense RNA

Phenotype

Ion

Simple Molecule

Unknown

Reactions:

State Transition

Known Transition Omitted

Unknown Transition

Transport

Transcriptional Activation

Transcriptional Inhibition

Translational Activation

Translational Inhibition

Degradataion

Add Reactant

Add Product

Catalysis

Inhibition

Heterodimer
formation

Dissociation

Truncation

Compartments:
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the two display modes can be switched. Although these
representations are unambiguous, they require software
support (such as CellDesigner http://www.systems-
biology.org/) to be drawn.

2.3 Diagram Legend
The symbols used to represent molecules and

interactions are shown in Fig. 4 and Fig. 5.. Each round-
cornered box represents a specific state of a molecular species.
The closed arrows (arrow head filled) represent changes in
the state of modification (or allostericity) rather than
indicating activation (as in Fig. 2). The schema avoids using
symbols that directly point to the molecule to indicate
activation and inhibition. Instead, the diagram directly
indicates a transition from an inactive to an active state for
activation and a transition from an active state to an inactive
state for inhibition. When these transitions are promoted or
inhibited by other mediating molecules, such as active
kinases, these reactions are represented by circle-headed lines
for activation and bar-headed lines for inhibition. An open
arrow (arrow head not filled) indicates the translocation of a
molecule.

3. CellDesigner

CellDesigner is a structured diagram editor for
drawing gene-regulatory and biochemical networks (8).
Networks are drawn based on the process diagram, the
graphical notation system described above, and are stored
using the Systems Biology Markup Language (SBML), a
standard for representing models of biochemical and gene-
regulatory networks (9). Networks are able to link with
simulation and other analysis packages through Systems
Biology Workbench (SBW) (10). CellDesigner can be
downloaded from http://www.systems-biology.org/ or
corresponding links from the AfCS/Nature Signaling
Gateway.

The aim of CellDesigner is to supply a process
diagram editor with standardized technology for every
computing platform so that it benefits as many users as
possible. By using standardized technology, the model can
be easily used with other applications, thereby reducing the
need for users to create a specific model for each editing,

simulation, or analysis task. The main standardized features
that CellDesigner supports are in “graphical0notation,”
“model description,” and “application integration
environment.” The standard for graphical notation shown
in Fig. 4 and Fig. 5 plays an important role for efficient and
accurate dissemination of knowledge (7), and the standard
for model description will enhance the portability of models
between software tools. Similarly, the standard for application
integration environment will help software developers
provide the ability for their applications to communicate with
other tools.

Even if the proposed notation system satisfies the
requirements of biologists, lack of software support will
drastically decrease its advantages. CellDesigner supports a
process diagram, and extension to include the other form of
diagram, a block diagram, is now experimentally
implemented. CellDesigner provides a user-friendly interface
to organize information of biological networks (Fig. 6).

CellDesigner enables models of biological
networks for further analyses. There are two aspects that are
essential: (1) a machine-readable standard model
representation and (2) a seamless link with analysis software.
CellDesigner is an SBML-compliant application, which
means that it supports SBML reading and writing
capabilities. SBML is the standard model definition language
in the systems biology field; it is now used by the BASIS
Project (http://www.basis.ncl.ac.uk/technology.html), the
DARPA BioSPICE project (http://www.biospice.org), and the
International E. coli Alliance. CellDesigner can read all
SBML Level-1 documents, so users can use existing SBML
models such as the KEGG database. We have already
converted more than 12,000 metabolic pathways of KEGG
to SBML (available from http://www.systems-biology.org/).
Other SBML models are available from the SBML model
repository (http://sbml.org/models/). The compliance of
CellDesigner to SBML enables researchers to store models
and use them for analyses by other SBML-compliant
applications.

CellDesigner is also an SBW-enabled application.
With SBW installed, CellDesigner can integrate with all
SBW-enabled modules (Fig. 7). For example, users can
browse or modify a model converted from an existing
database with CellDesigner and launch a simulator from
CellDesigner (by selecting “Simulation Service” from the

Fig. 5. Expressions of the inner structures and the states. The active state of the molecule is indicated by a dashed line surrounding
the molecule. Although the example in Fig. 3 only describes phosphorylation as the possible alternative state, other state changes such
as acetylation, ubiquitination, and allosteric changes can be represented with specific information such as target residue and position.

http://www.basis.ncl.ac.uk/technology.html
http://www.biospice.org
http://www.systems-biology.org/
http://www.systems-biology.org/
http://sbml.org/models/
http://www.systems-biology.org/
http://www.systems-biology.org/
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SBW menu) to run simulations in real time. There are many
other SBW-enabled modules, such as ODE-based simulator,
stochastic simulator, Matlab translator, bifurcation analysis
tool, and optimization module. These SBW-enabled modules
are freely available from http://www.sbw-sbml.org/. Using
these capabilities, CellDesigner enables researchers to carry
out a range of analyses on biological networks, including
parameter optimization based on experimental data and
dynamic simulations.

CellDesigner functions as an information
organizer. For each molecule and interaction, notes and links
can be added to store legacy data relevant to that molecule
and interaction, as well as being linked to genome and
proteome databases. While the current release of the
macrophage map does not include stored legacy information
for each molecule and interaction, future versions may
include such information. In addition, links to AfCS Molecule
Pages can be added to a note, which enables CellDesigner to
function as an efficient interface to AfCS resources.

There are limitations in the current version of
CellDesigner 2.0. First, representation of complexes and
receptor substructures are too simplified. Second,
transcription and translation processes are too simplified.
However, these shortcomings, as well as other issues not
mentioned, will be improved in future versions of the
software. One of the major issues for future development of
CellDesigner is possible implementation of community-ware
that enables correction, updates, and insertion of additional
information, so that community-based refinement can be
accomplished. Such software is not only consistent with the
philosophy behind the AfCS but also may explore novel and
practical approaches to creating and maintaining large-scale
network models of biological systems.
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