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ABSTRACT

The amount of genomic and proteomic data that is
entered each day into databases and the experimental
literature is outstripping the ability of experimental
scientists to keep pace. While generic databases
derived from automated curation efforts are useful,
most biological scientists tend to focus on a class or
family of molecules and their biological impact.
Consequently, there is a need for molecular class-
specific or other specialized databases. Such data-
bases collect and organize data around a single topic
or class of molecules. If curated well, such systems
are extremely useful as they allow experimental
scientists to obtain a large portion of the available
data most relevant to their needs from a single
source. We are involved in the development of two
such databases with substantial pharmacological
relevance. These are the GPCRDB and NucleaRDB
information systems, which collect and disseminate
data related to G protein-coupled receptors and intra-
nuclear hormone receptors, respectively. The
GPCRDB was a pilot project aimed at building a
generic molecular class-specific database capable of
dealing with highly heterogeneous data. A first
version of the GPCRDB project has been completed
and it is routinely used by thousands of scientists.
The NucleaRDB was started recently as an application
of the concept for the generalization of this technology.
The GPCRDB is available via the WWW at http://
www.gpcr.org/7tm/ and the NucleaRDB at http:/
www.receptors.org/NR/.

INTRODUCTION

Computational and experimental research on GPCRs and
nuclear receptors benefits from the availability and easy
accessibility of a substantial fraction of the information
collected on these proteins. Information systems that codify
this data should allow for the four basic data dissemination
functions: browsing, retrieval, querying and inferring. Addi-
tionally, the information systems should provide tools for data
gathering, data input, data validation, data annotation and
manual curation. The data types, computational facilities and

visualization tools of the GPCRDB were described extensively
earlier (1,2) and will only be described briefly here. In an effort
to build upon the GPCRDB software, we will describe our
experience with data deposition, data handling and the design
of molecular class-specific information systems (MCSISs) and
highlight their application to the NucleaRDB project.

G protein-coupled receptors

G protein-coupled receptors (GPCRs) consist of a single protein
chain that crosses the membrane seven times. These o-helical,
transmembrane regions are presumably arranged in a fashion
that is similar (3) to bovine rhodopsin (4). With the exception
of this 2.8 A bovine rhodopsin structure that became available
recently, little atomic resolution structural information is
available. GPCRs are of enormous importance for the pharma-
ceutical industry because ~50% of all existing medicines act on
a GPCR (5). This has led many individuals within and outside
the industry to build three-dimensional models of a variety of
GPCRs. In all of these modeling studies, biochemical and
pharmacological data, often obtained from the GPCRDB, was
used to constrain the models and define the relative positions
of residues.

Nuclear receptors

Nuclear receptors (NRs) are key transcription factors that
regulate crucial gene networks important for cell growth,
differentiation and homeostasis (6,7). Many of these receptors
are potential targets for the therapy of diseases such as breast
cancer, diabetes, inflammatory diseases or osteoporosis. NRs
are grouped into a superfamily that includes receptors for
steroid hormones, vitamin D, ecdysone, retinoic acid and
thyroid hormone (see 6 for review).

NRs are modular proteins composed of six distinct regions
(A-F) (6) that correspond to functional and structural domains.
Not all the NRs contain all the six domains. Regions C and E
display the highest degree of conservation. C is involved in
DNA binding and E in ligand binding and dimerization. The C
domain is the signature motif of the superfamily due to its high
conservation. It is composed of two zinc fingers and the
presence of this feature facilitates the identification of NRs (7).
The superfamily has been subdivided into seven subfamilies (8,9)
based on the alignments of the conserved domains. In contrast to
GPCRs, a large amount of structural data is available for NRs.

Consequently, our understanding of the function of nuclear
receptors is derived from the integration of a great deal of
heterogeneous data. Sequence and structural data is available
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in existing databases but there are only a few sources on the
WWW for the other experimental data. For example, the
Nuclear Receptor Resource (10) gathers different individual
resources for glucocorticoid, androgen, thyroid hormone,
Vitamin D and peroxisome-proliferator activated receptors.

CONTENT OF THE TWO MCSISs

Data types introduction

The information systems hold four types of experimental data:
sequence, structure, mutation and ligand binding data. All four
data types have their own specific problems. Sequences can be
incorrect, truncated or can occur in several alternative transla-
tions. The interpretation of mutation studies and ligand binding
studies depend strongly on experimental conditions such as
cell type, stable versus transient transfection, density of
receptors on the cell surface, second messenger assay and the
kinds of ligands used.

There is no limit to the number of data types that can be
derived computationally. It is therefore important to consider
the questions that the systems should help answer when adding
more computational data. Presently, the central computational
data type is a multiple sequence alignment. Phylogenetic trees
and correlated mutation analyses (CMA)(11) are derived from
these multiple sequence alignments.

Visualization of data is important for users. In the GPCR
field, two-dimensional representations by so-called snake-like
diagrams are commonly used to visually combine a sequence
with other types of information such as three-dimensional
localization, mutation results, ligand binding or biochemical
studies.

The two information systems are updated every month based
on the availability of new data. The same software is used to
maintain both systems. A detailed description of the methods
used to update the GPCRDB has been already published (2).
Table 1 summarizes the data content of the two systems.

Table 1. Contents of the GPCRDB and NucleaRDB information systems

Data types GPCRDB NucleaRDB
(July 2000) (August 2000)

Receptor sequences 1796 630

including fragments 444 117

Families, subfamilies, ... 222 109
Unclassified sequences 0 106
cDNA-protein alignments 2434 725

Multiple sequence alignments 213 96

3D models (nine depositors) 1290 *

Ligand binding data ~12 000 *

*Not yet available at the time of the preparation of this manuscript.

Primary data

Sequences. Sequences are automatically imported from the
SWISS-PROT and TrEMBL databases (12). We are working
on methods to harvest the large body of genome sequences
(including human). Sequence fragments are deleterious for
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most computational purposes but they do hold useful information,
and are thus stored separately. cDNA sequences are imported
from the EMBL databank (13) via SRS (14).

Structural data. The systems provide the list of available PDB
files and models built by homology as well as links to three
web sites that display structural information: PDB Structure
Explorer (15), the PDBREPORT database (16) (outputs of the
WHAT_CHECK Structure Analysis) and PDBsum (17). The
PDB identifiers are extracted from the database cross-references
of the SWISS-PROT entries.

Mutation data. In the GPCRDB project, the mutation data is
stored in an external database, tinyGRAP (18). The tinyGRAP
database holds about 8300 mutants including single and
multiple substitutions, chimeras, deletion and insertion mutations.
No comprehensive mutation database exists for nuclear
receptors with the exception of the androgen receptors (19).

Ligand binding data. Ligand binding data for GPCRs was
obtained from P. Seeman (20). This very impressive collection
of drug dissociation constants was manually extracted from the
literature. Seeman collected data for neuroreceptors and trans-
porters. About 12 000 dissociation constants are available for
28 GPCR families and subfamilies. Unfortunately, this data
collection is not being maintained.

Computationally-derived data

Multiple sequence alignments. Multiple sequence alignments
are performed with WHAT IF (21) as described by Oliveira et al.
(11). These alignments are made for families, subfamilies,
groups, etc. The alignments are presented in several formats.

cDNA-protein alignments. cDNA-protein alignments are
generated using GeneWise, a component of the Wise2 package
(http://www.sanger.ac.uk/Software/Wise2/), and checked and
annotated for mismatches.

Phylogenetic trees. Phylogenetic trees are useful to visualize
the relationships between sequences in a family. This information
can help to answer several different kinds of questions,
including those related to ligand design. While many algo-
rithms have been developed to create phylogenetic trees, we
have employed a neighbor-joining algorithm.

Correlated mutation analysis. Correlated mutation analysis is
a computational method to identify pairs of sequence positions
that remained conserved or mutated in tandem during evolution.
The idea behind the search for such pairs of residues is that
when a mutation occurs at a functionally important site, the
protein either becomes non-functional or may acquire its original
or a different function due to a compensatory mutation at
another position. Residues detected by the CMA method are
often involved in intermolecular interactions (between ligands
and receptors or G-proteins and receptors; 22,23). A detailed
explanation for this phenomenon is beyond the scope of this
article.

Three-dimensional models. For each new family added to the
system, the best template has to be selected manually and
models are then built automatically for all sequences in the
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family. The template selection and modeling will be automated
in the future. For each model, one can either download the
coordinates or view them using a WWW helper application
like Rasmol (24) or WebMol (25).

Data visualization tools

Experimentalists in the GPCR field prefer to represent their
data using two-dimensional snake-like diagrams. The Viseur
program (26) can automatically generate snakes and hyperlink
them to other types of information. Snakes are used in the
GPCRDB to represent two kinds of data. One set of snakes is
hyperlinked to the tinyGRAP mutant database. The second set
is used to indicate the location of residues detected in the CMA
analyses.

Inter-operability via database cross-reference tables

Database cross-reference tables are provided in the two infor-
mation systems. A user-friendly view lists all the available
pointers to local and remote information. Each pointer is hyper-
linked to the corresponding data. This is done automatically by
reading the SWISS-PROT entries and querying local and
remote databases. Since August 2000, the SWISS-PROT
entries for GPCRs and NRs point to these cross-reference
tables.

The two MCSISs also contain pointers to other receptor-
related WWW pages. This includes the addresses of GPCR
specialists, pointers to external pages of different levels of
relevance for GPCR and NR research (articles, group pages,
GPCR related diseases, etc.) and other useful information
resources.

DISSEMINATION FACILITIES

The MCSISs have been conceived to provide fast and easy
access to all information related to the underlying molecular
classes. For this purpose we have implemented (and are still
implementing) the four basic information system tools:
browsing, retrieval, query and inferring.

Browsing

The data organization is based on the pharmacological classifi-
cation of receptors and access to the data is obtained via a
hierarchical list of known families in agreement with this clas-
sification. For one specific family, one can access the indi-
vidual sequences, the multiple alignments, the profiles used to
perform the latter, two-dimensional visualization and a phylo-
genetic tree. Each type of data is displayed in a WWW page
with hyperlinks to other data where appropriate.

Retrieval

Often a user wants to work on certain data independent of the
information system environment. Therefore, most data can be
retrieved in its native form using the ‘save as’ option of the
WWW browsers or via anonymous FTP.

Query

In both MCSISs, a query system allows users to make simple
queries via keyword or SWISS-PROT identifier and accession
number.

In the GPCRDB, an advanced query system has been imple-
mented in collaboration with a computer research institute

(GMD, Darmstadt, Germany) that allow users to conduct
simple and advanced queries, such as the search for a sequence
pattern in a helix or a loop, by means of logical and regular
expressions. The user can also refine the search by combining
different queries. A fault tolerant query system automatically
adjusts queries that lead to no hits. This adjustment can be
linguistic (e.g. ‘human’ corresponds to ‘homo sapiens’) or relaxing
(e.g. ‘in helix III” corresponds to ‘near helix III” or ‘PPP’ to ‘PP”).

In addition, a BLAST server at the European Bioinformatics
Institute (EBI) allows the user to scan one sequence pattern
against all the sequences stored in the GPCRDB.

Inferences

Besides structure analysis, correlated mutation analysis
provides the most powerful tool available for the computational
discovery of novel inter-residue relationships. CM A represents
a powerful inference engine. With little computational effort,
the potentially important residues are selected from among the
(tens of) thousands of residues in each alignment. We make
these residue positions available for browsing purposes by
displaying them in two-dimensional plots with appropriate
hyperlinks. Additional information about functionally relevant
residues can be garnered from the use of the evolutionary trace
algorithm (27).

DISCUSSION

Molecular class-specific information systems are among the
few tools available to aid molecular scientists in managing the
deluge of experimental data. The GPCRDB and the NucleaRDB
are two MCSISs for G protein-coupled receptors and NRs,
respectively. The interesting aspect of these two MCSISs is
that they are both produced and maintained in a consistent way
using software. This approach will allow us to produce
MCSISs for a variety of other interesting classes of macro-
molecules. The only human intervention that is needed to
create an MCSIS is the initial assignment of sequences in
families, subfamilies, sub-subfamilies, etc. After that, the
entire update procedure is automatic.

The major bottleneck in database maintenance is data entry
or aggregation. Databases can only provide the user with
information that has been entered and indexed into a computer
file. Unfortunately data deposition is only obligatory for
sequences and three-dimensional atomic coordinates. All other
experimental data has to be manually extracted from the literature
and entered into databases. Typically, this has been done by
data managers and curators. In an anecdotal way, the
GPCRDB project has shown that most experimental scientists
are not yet ready to enter their own data through data input
systems. Consequently, the next step in data handling must be the
design of techniques for the automatic extraction of biologically
relevant information from the literature.

The experimental data such as mutation data, ligand binding
information, expression data, etc., will be automatically
obtained by having computer software read electronically
stored articles. Emphasis will be placed on canonical tables of
mutagenesis experiments and their results, as well as structure
activity tables that join chemical entities to biological impact
with respect to enzymatic inhibition, receptor binding affinities
or more integrated cellular readouts. The existing experimental
data of the GPCRDB will provide a benchmark for the fidelity



of automated data extraction algorithms. Automated model
construction by homology to proteins of known structure will
be used to provide a structural context for other computational
and experimental information.

The GPCRDB is now 4 years old and is used on average
more than 2000 times per day. Initial interest for the NucleaRDB
indicates that this site will become equally popular. The success
of the GPCRDB and the interest in the recently configured
NucleaRDB suggest that MCSISs are a useful solution for
providing, disseminating and harvesting heterogeneous data.

Usage and availability

The MCSISs are accessible from http://www.gpcr.org/7tm/
and http://www.receptors.org/NR/, respectively. A European
mirror is available for the NucleaRDB at http://www.gpcr.org/NR/.
The underlying data files (alignments, models, etc) can be down-
loaded from anonymous FTP from ftp://www.gpcr.org.7tm/ and
ftp://receptors.ucsf.edu/pub/NR/. Access to the MCSISs is free
for academic and industrial scientists.
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