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ABSTRACT
Summary: Class–responsibility–collaboration (CRC) cards
have been used extensively in the software industry for defin-
ing complex object-oriented software requirements. We have
adapted this tool to capture information about biological com-
ponents, collaborators and responsibilities within these col-
laborations, which is not captured by current annotation tools.
CRC cards should provide a common ground that will facilitate
communication between biologist and computer scientists.
Availability: A CRC card template, XML representation
and XML schema are freely available at http://people.musc.
edu/∼zhengw/CRCCard/CRC_Card_Index.html
Contact: zhengw@musc.edu
Supplementary information: Supplemental Figures 1–4.

INTRODUCTION
The current growth of biological data necessitates tools to
organize, and annotate this information in a format that
is easy to understand. Current annotation tools, such as
Entrez (http://www.ncbi.nlm.nih.gov/Database/index.html),
GeneCards (Rebhan et al., 1998), Ensembl (http://www.
ensembl.org) and SWISS-MODEL (http://www.expasy.
org/swissmod/SWISS-MODEL.html) provide comprehens-
ive information describing protein properties using gene
ontologies, domain prediction, sequence presentation and
homology modeling. Although these are excellent protein
annotation tools, they fail to capture protein collaborat-
ors or the functional consequences of their collaborations.
The emphasis on individual protein analysis by these tools
is undergoing a paradigm shift, which stresses captur-
ing biological entities (bioentities) responsibilities and their
interactions with other cellular components (defined as col-
laborators). Since software engineering and biology face
similar problems, dealing with large amounts of complex
information, one may look to computer science for pos-
sible solutions to capturing this missing information. In
the software industry, class, responsibility and collaboration
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cards (CRC cards) have been used extensively to define the
requirements for developing complex object-oriented soft-
ware systems (Wilkinson, 1998). Similarly, CRC cards may
be used to capture information invaluable in the recon-
struction of cellular networks, while maintaining a format
easily understood by computer scientists. CRC cards cap-
ture bioentities characteristics, their interactions with other
bioentities (i.e. RNA/DNA, proteins, etc.), and describe
the bioentity of interests’ responsibility (function) within
these collaborations. Overall, CRC cards provide a simple
format that is comprehendible to biologist and computer
scientist alike.

APPLICATION AND DISCUSSION
Table 1 provides a scaled-down version of a CRC card for
Raf-1, a protein implicated in numerous cellular processes
including transformation, differentiation and proliferation.
Owing to space limitations, only a few of the 55 collabor-
ators are shown (a complete version of the Raf-1 CRC card
may be found at http://people.musc.edu/∼zhengw/CRCCard/
Raf_CRC_Card.doc). Each card represents a cellular com-
ponent (class), with the name and the attributes of this
component presented at the top of the card. Below the class
section, the attributes section allows the user to add informa-
tion that may not be captured by other areas of the card such
as synonyms, common bioentity locations, accession numbers
and structural information. This section is flexible and has no
size limit, thus allowing users to capture as much detail as
they like. The bottom of the card is a two-column table. In
the left column, each cell describes the responsibilities of this
bioentity in the system. That is, this column describes the
role of the cellular component during or after the interaction
with its collaborator. Similar information can be found in the
increasingly prolific interactome maps (Li et al., 2004), which
have been developed to illustrate protein interaction networks.
However, unlike interactome maps, which ‘display purely
binary data—either it exists or it does not—without regards
to its timing, location, strength, direction or consequence’
(Perkel, 2004) the CRC card supplies the consequences of
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Table 1. Scaled-down version of a Raf-1 CRC card

Class: Raf-1

Attributes (Chong et al., 2003)
Molecule type Protein
Primary sequence

Source NCBI
Accession number gi:190838

Synonyms MAPKK, c-Raf
Molecular weight (kDa) 74
Cellular location Widely expressed
Chromosome location 3p25
Structure

Domain information Three functional domains CR1, CR2 and CR3
CR1-necessary for Ras binding and subsequent activation
CR2-regulatory domain
CR3-kinase domain

Modifications 13 regulatory phosphate residues
Involved in Transformation, differentiation, cell-cycle regulation, anti-apoptosis, and proliferation

Responsibilities Collaborators

Raf-1 can bind to the N-terminal regulatory fragment of ASK1 and
decrease the activity of ASK1, which results in apoptosis inhib-
ition mediated by ASK1 signaling pathway and promotes cell
survival

ASK-1 (apoptosis signal-regulated kinase) (Chen et al., 2001)

Raf-1 can activate Cdc25A by phosphorylating it, causing activation
of the cell division cycle through Cdc25A-mediated dephos-
phorylation of critical Thr and Tyr residues within cyclin-
dependent kinases

Cdc25A (Galaktionov et al., 1995)

The ability of Rafs to phosphosphorylate MEK1 is B-Raf > Raf-1 >

A-Raf. Phosphorylating MEK, activates it, and allows phos-
phorylation of ERK1/2; ultimately regulating: (1) proliferation,
(2) differentiation, (3) transformation and (4) apoptosis

MEK1/ MEK2 (Wu et al., 1996)

Raf-1 binds to hypophosphorylated pRb, and in vitro phosphorylates
it promoting its inactivation, and leading to G1 to S phase cell-cycle
progression

pRB (retinoblastoma protein) (Wang et al., 1998)

Raf-1 can phosphorylate p53 in vitro, which in turn drives the
transcription of genes involved in cell cycle arrest and apoptosis

p53 (Jamal and Ziff, 1995)

(1) Tvl-1 is an in vitro substrate for Raf-1 and (2) a regulator of Raf-1
that enhances its activation by EGF and Src plus Ras

Tvl-1 (ankyrin-repeat protein) (Lin et al., 1999)

Raf-1 binds to and induces a conformational change of the VDAC
channel resulting in (1) the movement of a N-terminal α-helix
mobile domain into or across the lumen resulting in channel
closure, (2) blocking cytochrome c release and (3) inhibiting
apoptosis

Voltage-dependent anion channel (Colombini et al., 1996)

these interactions. The right column lists the names of other
proteins or cellular components that will collaborate with
this bioentity to fulfill the responsibility. These collabor-
ators may be other bioentities such as DNA, RNA and
lipids or, as in our example, proteins that may be phos-
phorylated, bound to or interact with the bioentity of interest.
We have also included collaborators that act on the current
class.

Additional information may be obtained through the
references placed next to each collaborator or links to
other databases that provide more detailed protein attribute

information. Although CRC cards are commonly created
with index cards, they may also be implemented as web-
based systems with collaborators hyperlinked to their own
CRC cards. This approach allows the classes to be grouped
into subsystems for easy browsing. These cards may also
be integrated into a larger model, providing additional
information about model components. In addition, to
standardize the CRC cards, and facilitate data extraction
we have developed an Extensible Markup Language (XML)
representation and schema (http://www.w3.org/XML/) for
the CRC cards that allows them to be computer
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readable (http://people.musc.edu/∼zhengw/CRCCard/
CRC_Card_Index.html). Together, a detailed network with
easily extractable data is created that goes beyond purely
showing protein interactions. For practical purposes, we
have not created CRC cards for each collaborator, but rather
hyperlinked each collaborator to its NCBI entry.

As with any tool that relies on data, which may be
incomplete or incorrect, it is possible that information
about protein responsibilities may be lacking. Further
complicating the assembly of the CRC card is the fact
that there are no algorithms sophisticated enough to
extract protein responsibilities from articles. To address
this issue it is proposed that CRC cards should be
easily updated through web-based submissions. In the
future, utilizing additional standards such as Gene Ontology
(http://www.geneontology.org/) to define biological compon-
ents, processes and functions, and the adoption of the Systems
Biology Markup Language (http://sbml.org/index.psp) will
help to provide consistent annotation, since these standards
can be used for data validation. In addition, to validate inform-
ation and provide quality assurance, experts on individual
proteins could monitor the CRC cards. Ultimately, how-
ever, to aid the spread of these tools it will be necessary to
develop a standard practice in which researchers are required
to provide relevant information during paper submission, thus
minimizing the burden of annotating the cellular proteome.

CRC cards’ main strengths lie in its simplicity and ability to
reflect the collaborators and responsibilities of cellular com-
ponents. Used in conjunction with current protein annotation
tools this approach will facilitate computer scientists’
understanding of biological systems thus, helping them to
build better models. In conclusion, CRC cards provide a scaf-
fold for the development of more detailed systems models and
can provide a first step in the analysis of signaling networks.
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