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Chapter 3.1: Metabolism and Metabolic Disease Resources on the Web

1. The World Wide Web has changed the way people shop, communicate, and learn. It also has fundamentally changed the
way information is shared. The Web has had a particularly profound effect in the life sciences, in which the rapid compilation
and exchange of large volumes of information increasingly is becoming the norm.

2. Hundreds of online databases containing tens of gigabytes of biochemical or genetic data, along with hundreds of online
tutorials covering thousands of biomedical subjects, are now available on the Web. These information-rich Web resources
are becoming integral to many aspects of modern biology and biomedical research.

3. This chapter reviews some of the key online database that are dedicated to explaining or displaying up-to-date information
on metabolism, metabolic pathways, and metabolic diseases, including (1) metabolic pathway databases, (2) metabolomic
databases, (3) genetic and metabolic disease databases, (4) single-nucleotide polymorphism (SNP) and mutation
databases, and (5) sequence databases.

4. Most online metabolic pathway databases are image-rich tools that are designed to facilitate the exploration of metabolism
and metabolites across many different species. These databases also serve as a backbone to facilitate many practical
applications in biology, including comparative genomics, targeted genome annotation, metabolite tracing, diet prediction,
metabolic engineering, and metabolic simulation. Metabolic pathway databases often have served as the basis for
understanding the genetic origins of newly discovered metabolic disorders, tracing the chemical or enzymatic origins of
disease-associated metabolites, and suggesting potential dietary and drug interventions to treat inborn errors of metabolism.

5. Metabolomic databases such as the Human Metabolite Database (HMDB); (B+:E:http://www.hmdb.ca) tend to offer a much
more comprehensive view of human metabolism by combining detailed chemical data [such as assigned mass spectometry
(MS) and nuclear magnetic resonance (NMR) spectra of pure metabolites] that would appeal to clinical chemists with
detailed sequence, pathway, genetic, physiologic, and disease information that would appeal to clinicians and medical
geneticists.

6. Online genetic/metabolic disease databases such as Online Mendelian Inheritance in Man (OMIM); (B+:E:http://www.ncbi.
nlm.nih.gov/entrez/query.fcgi?db=0MIM) and MetaGene (B+:E:http://www.metagene.de/index.html) are critical in providing
up-to-date information and context to the many hundreds of inherited conditions that have been found or identified over the
last quarter century. The growth in the number of online genetic and metabolic resources over the last decade has
paralleled the growth in online resources and online databases for metabolic pathways and metabolomics.

7. Web-based SNP and mutation databases represent an important resource for understanding the molecular basis of many
genetic disorders, including inherited metabolic diseases. Fundamentally, SNP and mutation databases provide key insights
into the molecular-scale defects that affect the expression or activity of many disease-associated proteins. Because disease
mutations rarely are reported in the literature and because the quantity of known disease mutations is so large, the
existence of these online databases is critical to ensuring that this information is not lost to the scientific community.

8. Today's Web-based resources provide a remarkably rich collection of data, images, movies, and diagrams that can be
searched, browsed, and displayed easily. They also offer flexibility in exploring the details of almost any human disease,
gene, metabolite, or metabolic pathway that has ever been found or described.

INTRODUCTION

One hundred years ago, almost all knowledge about human metabolism and genetic diseases could fit into a single 200-page book
(Garrod, 1909). At the time Archibald Garrod wrote his remarkable treatise, perhaps fewer than two dozen human metabolites
were known, only a handful of inherited diseases had been identified, and the concept of genes had not been formulated. Even as
late as the 1960s almost all of what was known about human metabolic pathways and most inherited diseases could be placed on
a single wall chart (Michal, 1968). Today, researchers know much more. For instance, as of June 2006, all 3,433,077,231 bases in
the human genome had been sequenced (B+:E:http://www.ensembl.org/Homo_sapiens/index.html), 4,868,126 validated SNPs had
been identified (B+:EB:http://www.ncbi.nlm.nih.gov/SNP/snp_summary.cdi), 27,729 human genes had been cataloged (&+:E:http://
jun2006.archive.ensembl.org/Homo_sapiens/index.html), 2264 genetic diseases had been classified (B+:E:http://www.ncbi.nlm.
nih.gov/Omim/mimstats.html), well over 2100 human metabolites had been discovered (&+:E:http://www.hmdb.org), and more
than 700 biological pathways had been determined (B+:E:http://www.reactome.org). If all these data were assembled into a single
book, it would be more than 1 million pages long and probably would contain more than 50,000 figures. Also, this "book" would
have to be reprinted almost daily to keep up with the changes or updates resulting from the many high-throughput metabolomic,
proteomic, genomic, and disease-mapping experiments being conducted around the world. Clearly, such a production effort would
bankrupt most publishing houses.

Fortunately, the World Wide Web (the Web) has eliminated the need to print these kinds of paper monstrosities. Not only has the
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Web helped make the dissemination of huge quantities of data relatively simple and inexpensive, it has allowed thousands of
individuals to work collectively to keep the data current. Indeed, the emergence of electronic Web-accessible databases has to be
considered one of the more significant developments in modern biology. These online databases not only facilitate rapid data
exchange, they encourage knowledge exchange. Knowledge is distinguished from data in that knowledge is the information or
wisdom gained from a critical assessment of raw data. In fact, there is a growing trend in biology and medicine to enrich the
textual or numeric content of many "first-generation” databases (such as GenBank and the Protein Data Bank) with detailed
annotations and expert commentary to create "second-generation" knowledgebases (encyclopedia of metabolic pathways
(MetaCyc), universal protein resource (UniProt), OMIM, HMDB, Phenylalanin hydroxylase database (PAHdb)). Indeed, the online
book you are reading is an example of the next generation of Web-enabled knowledge resources.

The ease with which data can be assembled by computers and "published" on the Web has led to a proliferation of life science
databases and life science tools that are prepared, published, or posted on the Web. Certainly in the area of genetic diseases,
metabolism, and metabolic disorders, there is a rapidly expanding collection of both general and highly specialized electronic
resources that are useful to both clinicians and basic scientists (Tsoka and Ouzounis, 2003). However, a growing challenge for
many scientists lies in knowing which Web resources are available, what features are accessible, and which of those resources are
most useful. This chapter describes some of the most useful online tools and databases that are dedicated to metabolism and
metabolic diseases.

The chapter is divided into five sections, each of which describes a specific kind of database. These include (1) metabolic pathway
databases, (2) metabolomic databases, (3) genetic and metabolic disease databases, (4) SNP and mutation databases, and (5)
sequence databases. As will be shown below, the information contained in one type of database often is linked to information in
several other kinds of databases. This linkage gives those databases a biological or biomedical context. After all, metabolites
usually are linked to pathways, which in turn are linked to enzymes, which in turn are linked to genes, mutations, and, finally, to
diseases. In other words, the connection between diseases and disease-specific metabolites is maintained through a detailed
knowledge of gene, protein, and mutation data. This connectedness between metabolites, enzymes, and diseases often is best
seen through carefully annotated diagrams of metabolic pathways. This is the subject of the first category of online metabolic
database described below.
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Chapter 3.1: Metabolism and Metabolic Disease Resources on the Web

METABOLIC PATHWAY DATABASES

The study of human metabolism was inspired largely by the interest that grew from trying to understand inborn errors of
metabolism (IEM) in the early part of the twentieth century (Tsoka and Ouzounis, 2003; Dunn, 1965; Harris, 1970; Scriver and
Childs, 1989). Those studies led to the establishment of a number of new disciplines, including biochemistry, clinical chemistry,
and medical genetics (Bearn, 1960; Wagner, 1989). That research also led to an enormous amount of detailed knowledge about
the regulation, control, and fate of hundreds of genes, proteins, and metabolites. However, for anyone who has taken or taught an
introductory course on metabolism, the quantity and complexity of the material are daunting. Dozens of elaborate diagrams of
metabolic pathways fill scores of pages in many introductory and clinical biochemistry textbooks. However, even the detailed
material covered in textbooks only scratches the surface of what is known about most metabolic processes. This limitation has
long been recognized and has led to the development of a variety of electronic teaching aids and online metabolic pathway
databases to help students, instructors, and researchers gain a more detailed understanding of metabolism and catabolism. Some
of these databases are highly specialized (for a single organism or a single pathway), whereas others are very comprehensive,
covering hundreds of organisms and pathways (Tsoka and Ouzounis, 2003). Regardless of their size and scope, almost all
metabolic pathway databases are highly graphic, containing richly annotated reaction diagrams and/or descriptions of chemical
structures.

The role of these metabolic pathway databases lies not only in improving education and bolstering basic research but also in
enhancing clinical practice. These databases often have served as the basis for understanding the genetic origins of newly
discovered metabolic disorders, tracing the chemical or enzymatic origins of disease-associated metabolites, and suggesting
potential dietary and drug interventions to treat IEMs (Ayme, 2000; German et al, 2005).

The Roche Biochemical Pathways Database

Perhaps the first metabolic pathway database to gain wide popularity was not a database but a paper wall chart developed by Dr.
Gerhard Michal, a staff scientist at Boehringer Mannheim (now Roche Applied Sciences). Dr. Michal's Biochemical Pathways wall
chart was published in 1968 (Michal, 1968) and distributed by Boehringer Mannheim to many thousands of laboratories and
classrooms around the world. This richly annotated and illustrated poster depicts most of the known metabolic pathways,
metabolites, and enzymes associated primarily with human metabolism. It has been revised and expanded many times since its
release and has proved to be very popular, with more than 1 million copies now in print. From 1994 to 1997, the wall chart was
expanded further and converted to a book (Biochemical Pathways: An Atlas of Biochemistry and Molecular Biology) that was
published in 1998 (Michal, 1998). At about the same time the wall chart was "webified" and given a permanent home at the
EXPASY website (Table 3.1-1). Specifically, the original Biochemical Pathways chart has been converted to a series of hyperlinked
graphic subsections and given a queryable Web interface. To access the chart, users can type in compound names (or parts of
names) or select zoomable thumbnail and/or subsection views of the chart. In this way it is possible to explore the metabolic
pathways or cellular and molecular processes interactively on a desktop computer. All compound queries provide hyperlinked lists
to EC numbers (enzyme classification codes and the corresponding enzyme information) and to the specific location of those
compound(s) on the Biochemical Pathways wall chart. Certainly the conversion of Dr. Michal's wall chart into a freely-accessible
Web database in the mid-1990s was innovative and allowed this valuable resource to continue to be used even after the printed
version was discontinued. However, the Web version of the Biochemical Pathways chart has some limitations. For instance, the
presentation format is a little outdated and lacks the flexibility, interactivity, and extensive hyperlinking to other biologically
relevant databases typically found in most other bioinformatics resources. Indeed, those shortcomings have led to the
development of a number of other general metabolic databases that offer much more in terms of comprehensiveness and Web
connectivity. Some of the newer databases are described in more detail below.

Table 3.1-1: Metabolic Pathway Databases

Database Name URL or Web Address
KEGG (Kyoto Encyclopedia of Genes and Genomes) http://www.genome.jp/kegg/
MetaCyc (Encyclopedia of Metabolic Pathways) http://metacyc.org/

HumanCyc (Encylopedia of Human Metabolic Pathways) http://humancyc.org/
Reactome (A Curated Knowledgebase of Pathways) http://www.reactome.org/
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Roche Applied Sciences Biochemical Pathways Chart http://www.expasy.org/cgi-bin/search-biochem-index

PUMA2 (Evolutionary Analysis of Metabolism) http://compbio.mcs.anl.gov/puma2/cgi-bin/index.cgi
BRENDA (B Raunschweig ENzyme Database) http://www.brenda.uni-koeln.de/

Metabolic Pathways of Biochemistry http://www.gwu.edu/~mpb/

Main Metabolic Pathways on the Internet http://home.wxs.nl/~pvsanten/mmp/mmp.html

The Medical Biochemistry Page http://web.indstate.edu/thcme/mwking/

Nicholson's Metabolic Minimaps http://www.tcd.ie/Biochemistry/IlUBMB-Nicholson/

The KEGG Database

Perhaps the most comprehensive metabolic pathway database on the Web is the Kyoto Encyclopedia of Genes and Genomes
(KEGG) (Kanehisa et al, 2006). KEGG has been under development at the Kanehisa laboratory at the Institute for Chemical
Research in Kyoto, Japan, since 1995. This resource brings a very broad, multiorganism view to the field of metabolism as it
contains genomic, chemical, and network and pathway information for more than 360 organisms, including 38,058 pathways,
14,093 chemical compounds, and 6580 reactions at last count. KEGG is actually composed of four smaller databases (BRITE,
GENES, LIGAND, and PATHWAY), with the LIGAND and PATHWAY databases being most relevant to those interested in metabolism.

KEGG's LIGAND, or chemical compound, database contains the chemical structures of most known metabolites and sugars
(glycans) as well as a growing number of pharmaceutical and environmental compounds. This database can be queried by KEGG
compound identifiers, formal names, synonyms, chemical formulas, masses, associated enzyme names, and reactions. Similar
compound structures also can be searched by using KEGG's SIMCOMP and SUBCOMP utilities via KEGG compound identifiers or
manually uploaded molecular file format (MOL) files. The queries return synoptic "compound cards" that provide information about
the compound (formula, molecular weight, chemical structure) and its connection to different reactions, pathways, and enzymes
as well as hyperlinks to external databases.

In addition to a large collection of metabolites and metabolite structures, KEGG's PATHWAY database contains 296 manually drawn
and fully annotated organism-specific pathways or wiring diagrams for metabolism, gene signaling, and protein interactions. KEGG
uses graph theoretic concepts (i.e., combinations of line graphs and nested graphs) to map and propagate its reference pathways
to other organisms. In KEGG's wiring diagrams, the nodes typically represent metabolites and the edges represent the enzymes
(identified with an EC number) responsible for the metabolite conversion. Both the nodes and the edges are hyperlinked to KEGG
data cards. To use KEGG's PATHWAY database, users can select from several hundred hierarchically named metabolic and
catabolic processes and pathways. Clicking on these hyperlinked names will send the user to a hyperlinked image that describes
the pathway and contains additional hyperlinks to compounds and protein and/or enzyme data or structures. KEGG's PATHWAY
database has been expanded to include more than hyperlinked metabolic pathways; it now contains wiring diagrams for DNA and
RNA processing, signal transduction, immune responses, cell communication and development, human diseases, and drug
development history. KEGG offers many other features, including flat files for file transfer protocol (FTP) downloads, an application
programming interface (API), and stand-alone Java drawing tools (KegDraw and KegArray) for chemical querying and microarray
annotation. A much more complete description of KEGG and its contents can be found in an article by Kanehisa and associates
(2006) and in its referencessection.

Despite its comprehensiveness, KEGG is somewhat limited in its application to human diseases and genetic disorders. First,
KEGG's query system supports only the browsing or querying of single entries (a single compound, a single pathway) as opposed
to large-scale relational queries. This does not allow users to ask complex questions such as "find all human enzymes regulated by
tyrosine or tyrosine metabolites." Second, the vast majority of KEGG pathways and KEGG compounds are not found in humans but
in plants or microbes. Third, KEGG presents its pathways as "consensus" pathways that combine all reactions known in all species
to generate a map of, for example, tyrosine biosynthesis. This makes it difficult to distinguish which metabolic intermediates,
pathways, and enzymes are specific only to humans. Fourth, KEGG does not explicitly relate metabolic defects to metabolic
disorders or diseases. Instead, users must trace that information through a variety of tangential searches over many different
databases. Overall, KEGG is designed to be a general-purpose metabolic pathway database aimed at facilitating genome
annotation and metabolic modeling for a wide variety of organisms. Despite these potential limitations for certain biomedical
applications, the KEGG database is a valuable resource for understanding and exploring metabolism.

The MetaCyc Database

The MetaCyc database, or "Metabolic Encyclopedia," has been maintained by Peter Karp's group at the Stanford Research Institute
since 1999 (Caspi et al, 2006). MetaCyc is a Web-accessible database that contains more than 620 experimentally elucidated
metabolic pathways from more than 500 different species gathered from the scientific literature or inferred through a variety of
computational methods. At last count the MetaCyc staff had cataloged 2698 enzymes, 4620 different metabolites, and 5428
reactions and compiled nearly 7500 references. Like KEGG, MetaCyc contains extensively hyperlinked metabolic pathway
diagrams, enzyme reactions, enzyme data, chemical structures, chemical data, and gene information. Users can query MetaCyc by
the name of a protein, gene, reaction, pathway, chemical compound, or EChumber. As with KEGG, most MetaCyc queries or
browsing operations return a rich and colorful collection of hyperlinked figures, pathways, chemical structures, reactions, enzyme
names, references, and protein and/or gene sequence data.
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Compared with KEGG, MetaCyc provides much more detailed enzyme information, including data on substrate specificity, kinetic
properties, activators, inhibitors, cofactor requirements, and links to sequence and structure databases. MetaCyc also displays
metabolic pathway information at varying degrees of resolution, allowing users to zoom interactively into a reaction diagram for
more detailed views and more detailed pathway annotations. The MetaCyc database also supports organism-specific queries and
displays that taxonomic information in its illustrated pathways through gene and enzyme names. In fact, with MetaCyc it is
possible to access a human-specific metabolism database called HumanCyc (Romero et al, 2005). HumanCyc, which supports
many of the same features found in MetaCyc, contains information on all known (28,782) human genes, 2598 human enzymes,
1193 reactions, and 128 human-specific metabolic pathways. HumanCyc also contains data on 880 human metabolites.
Additionally, MetaCyc supports more sophisticated relational queries than does KEGG, allowing complex searches to be performed
and much more information to be displayed. These search utilities are supplemented with an impressive "Omics Viewer" that
allows gene expression and metabolite profiling data to be painted onto any organism's metabolic network. These kinds of query
and display tools can be very helpful in tracing the origins of metabolic disorders and understanding the etiology of an IEM.

Like KEGG, MetaCyc is somewhat limited in its application to human diseases and genetic disorders. In particular, MetaCyc places
a much stronger emphasis on plant and microbial pathways than on human metabolism, with more than 90 percent of MetaCyc's
pathways and compounds being derived from plant or microbial studies. Another limitation to MetaCyc is the fact that it does not
explicitly relate its compound or enzyme information to specific metabolic disorders or diseases or provide any information about
typical metabolite concentrations in tissues, cells, or cellular compartments. This is not to say that MetaCyc is an inadequate
metabolic resource; rather, it is a superbly designed and extremely well curated "knowledgebase." However, MetaCyc was
designed to be a general-purpose metabolic pathway database and was not intended to be used for disease diagnosis or for
enhancing understanding of the etiology of specific metabolic disorders.
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The Reactome Database

A much more recent addition to the collection of metabolic pathway databases is the curated knowledgebase of reaction pathways
(Reactome) database (Joshi-Tope et al, 2005). The Reactome project was started in 2002 to develop a curated resource of core
pathways and reactions in human biology. A reactome is defined as the complete set of possible reactions or pathways that can be
found in a living organism, including the reactions involved in intermediary metabolism, regulatory pathways, signal transduction,
and cell cycle processes. The Reactome database is a curated resource authored by biological researchers with expertise in their
fields. In contrast to KEGG and MetaCyc, the Reactome database takes a much more liberal view of what constitutes metabolism
by including processes such as mitosis, DNA repair, insulin-mediated signaling, translation, transcription, and mRNA processing in
addition to the standard metabolic pathways involving amino acids, carbohydrates, nucleotides, and lipids. Furthermore, unlike
KEGG and MetaCyc, the primary focus in the Reactome database is on Homo sapiens (although additional data from 20 model
organisms are included).

The Reactome database currently includes 704 human-associated pathways assembled from 1639 reactions involving 1179
proteins or protein complexes. Central to the Reactome database is a schematic "Reaction Map" that graphically summarizes all
high-level reactions contained in the Reactome database. The map allows users to navigate through the database in an interactive
and progressively more detailed fashion. Users also can browse through the database by selecting topics from a table of contents
or can query the database by using a variety of text and keyword searches. The Reactome database also supports complex
boolean text queries for different combinations of reactions, reaction products, organisms, and enzymes. The results from those
queries include higher-resolution pathway maps [in Portable Document Format (PDF), Portable Network Graphics (PNG), and
Scalable Vector Graphics (SVG) formats], Systems Biology Markup Language (SBML) descriptions, and synoptic Reactome Web
"cards" on specific proteins or metabolites with hyperlinks to many external databases.

One of the most useful and innovative features of the Reactome database is a tool called the Reactome "skypainter." This tool
allows users to paste in a list of genes or gene identifiers (GenBank, UniProt, RefSeq, EntrezGene, OMIM, InterPro, Affymetrix,
Agilent, and Ensembl formats) and "paint" the Reactome reaction map in a variety of ways. It is even possible to generate
"movies" that can track changes in gene expression over different time periods, as might be obtained from a time-series gene or
protein expression study. This tool is particularly useful for analyzing microarray data, but it is also useful for visualizing disease
genes (say, from OMIM) and mapping the roles they play and the pathways in which they participate. Studies performed by the
Reactome authors showed that human disease genes tend to cluster in certain pathways with, for instance, ovarian cancer genes
clustering on the DNA damage checkpoint pathway, whereas those involved in breast cancer tend to be found in DNA double-
strand break repair pathways (Joshi-Tope et al, 2005). Similar clustering also is seen with many metabolic diseases (amino acid
disorders, mitochondrial disorders, etc.).

The Reactome database is a project in progress, and so it does not contain detailed information on all pathways, reactions, and
reaction products. The database lacks a number of the facilities and features found in other metabolic databases, such as chemical
structure diagrams, chemical property data, chemical query tools, and thoroughly annotated enzymatic reactions. The reaction
diagrams are very minimalist, and the actual data content in the database is relatively sparse. Nevertheless, the central concepts
behind the Reactome database are innovative, and it appears that this resource could play an increasingly important role in many
areas of biology, clinical biochemistry, and medical genetics.

Miscellaneous Pathway Databases

In addition to the four major pathway resources described above, there are a number of smaller or lesser known metabolic
pathway databases (Table 3.1-1). Some, such as evolutionary analysis of metabolism (PUMA2) (Maltsev et al, 2006) and
BRaunschweig ENzyme Database (BRENDA) (Schomburg et al, 2004), are very comprehensive resources and contain quantities of
information comparable to those in MetaCyc and KEGG. For instance, PUMA2, which is maintained at the Los Alamos National
Laboratory, is both a database and a genomic annotation system. PUMA2, which stands for "Phylogeny-Metabolism-Alignments," is
designed primarily for high-throughput genetic sequence analysis and metabolic reconstructions from sequence data. PUMA2
currently contains precomputed analyses of over 2300 genomes and automated metabolic reconstructions for more than 200
organisms. Obviously, the same limitations concerning human metabolism and disease characterization apply to PUMA2 that apply
to MetaCyc and KEGG.

BRENDA (BRaunschweig ENzyme DAtabase) is primarily an enzyme database with considerable supplementary information on
metabolism. Under development since 1987, BRENDA includes data on 83,000 enzymes from 9800 organisms. BRENDA is
essentially a Web-accessible relational database system that consists of 46 interlinked tables containing EC numbers, source
organisms, enzyme names, references, substrate and product information, inhibitors, enzyme mutants, enzyme rate constant Km
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values, measurement conditions, enzyme structure data, tissue or organ sources, subcellular localization, isolation and separation
information, and disease information. Registered BRENDA users can query any combination of those fields by using a half dozen
query tools. Originally BRENDA was developed with a focus on organism and/or EC data, but now it is more aligned with other
databases that focus on protein or compound searches. The information in BRENDA is unique and can be used to model metabolic
pathways, explore tissue differences in metabolism, and understand the function of potential drugs and inhibitors. However, a
constant challenge with BRENDA, particularly for those interested in human diseases and human metabolism, is extracting the
relevant human information from this multiorganism resource.

Table 3.1-1 also lists several other metabolic pathway databases that are much smaller and are designed more for educational or
illustrative purposes. These include the Main Metabolic Pathways Web page, the Metabolic Pathways of Biochemistry page, Donald
Nicholson's Metabolic Minimaps, and the Medical Biochemistry Web page (Table 3.1-1). All four systems provide nicely illustrated,
modestly hyperlinked or annotated reaction diagrams for most standard metabolic processes. Of particular interest to clinicians
and biomedical researchers is Dr. Nicholson's beautifully illustrated Inborn Errors of Metabolism chart, which is now available as a
downloadable PDF file. This chart identifies the sites of over 120 metabolic disorders that are named along the sides of the chart.

A Summary of Online Metabolic Pathway Databases

It is evident that most online metabolic pathway databases are designed to facilitate the exploration of metabolism and
metabolites across many different species. This broad, multiorganism perspective has been critical to enhancing basic
understanding of metabolism and appreciation of biological diversity. Metabolic pathway databases also serve as a backbone to
facilitate many practical applications in biology, including comparative genomics, targeted genome annotation, metabolite tracing,
diet prediction, metabolic engineering, and metabolic simulation (Tsoka and Ouzounis, 2003). However, it is also evident that most
of these databases are not particularly specific to humans and are not especially oriented to the identification or description of
metabolites as disease biomarkers. Indeed, none of the metabolic pathway databases described here provide explicit information
about metabolite-disease associations, disease-gene associations, metabolite concentrations (in cells or tissues), metabolite
locations, or the physicochemical properties of specific metabolites. This kind of information is of much greater interest to clinical
chemists and medical geneticists than, say, a pathway description of terpene biosynthesis in arabadopsis. To address these more
specific clinical needs, there is an emerging set of electronic databases called metabolomic databases.
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Chapter 3.1: Metabolism and Metabolic Disease Resources on the Web

METABOLOMIC DATABASES

Metabolomics is a newly emerging field of "omics" research that is concerned with the high-throughput identification and quantification of the small
molecule metabolites in the metabolome: the collection of all small molecule metabolites (endogenous and exogenous) that can be found in a specific
organism. Metabolomics sometimes is considered the lesser-known cousin of genomics and proteomics. Unlike genomics and proteomics, which focus on
characterizing large macromolecules (DNA, RNA, and proteins), metabolomics is focused on characterizing the small molecule products that arise from the
actions or interactions of these large molecules.

In some respects, metabolomics-or metabolic profiling-is a bit like clinical chemistry, with both fields focused on characterizing small molecules from
tissues, cells, or biofluids. However, what distinguishes metabolomics from clinical chemistry is the fact that in metabolomics one is measuring not just
one or two compounds at a time but literally hundreds at a time. In other words, metabolomics is like "clinical chemistry on steroids." In clinical
chemistry, most metabolites typically are identified and quantified through the use of colorimetric chemical assays. In metabolomics, large numbers (tens
to hundreds) of metabolites are (minutes) measured rapidly by using nonchemical, noncolorimetric methods such as gas chromatography-mass
spectrometry (GC-MS), liquid chromatography-mass spectrometry (LC-MS), capillary electrophoresis (CE), Fourier transform mass spectrometry (FT-MS),
and NMR spectroscopy.

In metabolomics, the collection of metabolite data is very organism-specific. Furthermore, most metabolites are viewed as potential disease or stress
biomarkers. In other words, a major goal of many metabolomics studies is to acquire explicit information about metabolite-disease associations, disease-
gene associations, metabolite concentrations (in cells or tissues), and metabolite locations. These objectives make metabolomics studies and
metabolomics databases particularly relevant to biomedical researchers and clinicians. However, because metabolomics is such a young science, only a
tiny number of metabolomic databases have begun to emerge.

The Human Metabolome Database

This unique data resource is a direct spin-off from the Human Metabolome Project (HMP), which was initiated in early 2005. The primary objective of the
HMP is to identify and quantify all detectable (>1 ?M), endogenous metabolites in human biofluids [plasma, urine, cerebrospinal fluid (CSF), intracellular,
saliva]. This process has involved both literature "backfilling" and direct experimental analysis, using NMR, MS, and GC-MS, of many hundreds of human
biofluid samples. The results from those studies have been compiled into a very comprehensive Web-accessible database called the Human Metabolite
Database (HMDB) (Table 3.1-2). Like many metabolic pathway databases, the HMDB takes a compound-centric view of the metabolome. That is, the
database contains a great deal of chemical or metabolite information that it can be queried most easily through chemical names or chemical structures.
However, unlike most metabolic pathway databases, the HMDB is a human-only database that integrates a great deal of biological, genetic, and
biomedical data about humans with that chemical information. In other words, the HMDB is both a cheminformatics and a bioinformatics resource
designed to contain information only about the human metabolome (Wishart, 2005).

Table 3.1-2: Metabolomic Databases
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Database Name URL or Web Address

Human Metabolome Database http://www.hmdb.ca

DrugBank http://redpoll.pharmacy.ualberta.ca/drugbank/
BioMagResBank (BMRB-Metabolimics) http://www.bmrb.wisc.edu/metabolomics/

NuGO Metabolomics Database http://www.nugo.org/metabolomics/13181/13496
McGill Metabolome Database http://us.geocities.com/meta_bolomics/download.htm
Golm Metabolome Database http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html
METLIN Metabolite Database http://metlin.scripps.edu/

NIST Spectral Database http://webbook.nist.gov/chemistry/

Spectral Database for

. . . g . _
Organic Compounds (SDBS) http://www.aist.go.jp/RIODB/SDBS/cgi-bin/direct_frame_top.cgi?lang=eng

The HMDB currently contains more than 1455 human metabolite entries that are linked to more than 12,653 different synonyms. Those metabolites are
further connected to some 68 nonredundant pathways, 1660 distinct enzymes, and 102,908 SNPs as well as 862 metabolic diseases (genetic and
acquired). More than 400 compounds are linked to experimentally acquired "reference"” [1H] and [13C] NMR (collected in water) and tandem mass
spectrometry (MS/MS) spectra. Concentration data (normal and abnormal values) for plasma, urine, CSF, and/or other biofluids also are provided for a
total of 883 compounds.

The HMDB is fully searchable, with many built-in tools for viewing, sorting, and extracting metabolites, enzymes, genes, NMR or MS spectra, and disease
information. As with any Web-enabled database, the HMDB supports standard text queries. It also offers general database browsing through the use of a
"Browse" button at the top of each HMDB page. To facilitate general browsing, the HMDB is divided into synoptic summary tables that in turn are linked to
more detailed "MetaboCards," in analogy to the very successful DrugCards concept found in DrugBank (Wishart et al, 2006). All the HMDB's summary
tables can be browsed, sorted, or reformatted rapidly in a manner similar to the way PubMed abstracts can be viewed. Clicking on the MetaboCard button
in the leftmost column of any HMDB summary table opens a Web page describing the compound of interest in much greater detail. Each MetaboCard
entry contains more than 70 data fields (Table 3.1-3), with half the information being devoted to chemical or physicochemical data and the other half
devoted to biological data (disease, biofluid concentration, enzyme, gene, SNP, or metabolic pathway information). In addition to providing
comprehensive numeric, sequence, and textual data, each MetaboCard contains hyperlinks to many other databases [KEGG, MetaCyc, PubChem, PubMed,
Protein Data Bank (PDB), SwissProt, GenBank, OMIM, dbSNP], abstracts, digital images, and interactive applets for viewing molecular structures (Fig. 3.1-
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Figure 1: Screen-shot montage of the different views available from the Human Metabolite Database (HMDB) for a single metabolite: 1-methylhistidine.
lllustrated are the HMDB browse page, different Java applets for viewing the molecule, and examples of MetaboCard data and single-nucleotide
polymorphism (SNP) data referring to the enzymes associated with 1-methylhistidine biotransformation.

Table 3.1-3: A Summary of Data Fields in Each HMDB “MetaboCard”

Common Name Cellular Location
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Metabolite Description
Synonyms

IUPAC Name
Chemical Formula
Chemical Structure
Molecular Weight
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Biofluid Location(s)

Tissue Location(s)

Concentration (Normal Urine)
Concentration (Normal Plasma)
Concentration (Normal CSF)
Concentration (Normal other Biofluids)

[AU: ALL CAPS AS ELSEWHERE?]Smiles String Associated Disorders

KEGG Compound ID

PubChem ID
OMIM ID
MetaGene 1D
ChEBI ID

CAS Registry Number

InChi Identifier

Synthesis Reference

Melting Point

Water Solubility (Experimental)
Water Solubility (Theoretical)
LogP

Compound State (Solid, Liquid, Gas)
MSDS Sheet

MOL Image and File

SDF File

PDB File

PDB Image

Predicted 1-H NMR Spectrum
Predicted 13-C NMR Spectrum
Observed 1-H NMR Spectrum
Observed 13-C NMR Spectrum
El Mass Spectrum

lon Trap Mass Spectrum
Related References

Concentration (Abnormal Urine)
Concentration (Abnormal Plasma)
Concentration (Abnormal CSF)
Concentration (Abnormal other fluids)
Pathway Names

Pathway Images

Pathway Graphs

Pathway SBMLs

Metabolic Enzyme Name
Metabolic Gene Name

Metabolic Enzyme Synonyms
Enzyme Protein Sequence
Number of Residues

Molecular Weight

Enzyme Theoretical pl

Gene Ontology Classification
General Function

Enzyme Pathway

Enzyme Reaction

Enzyme PFAM Domain

Enzyme Transmembrane Regions
Metabolic Importance

Gene Sequence

Chromosome Location/Locus
SNPs

A key feature that distinguishes the HMDB from other metabolic resources is its extensive support for higher-level database searching and selecting
functions. In addition to the data viewing and sorting features described above, the HMDB offers a local BLAST search (Altschul et al, 1997) that supports
both single- and multiple-sequence queries, a boolean text search based on GLIMPSE (Manber and Bigot, 1997), a chemical structure search utility, a
relational data extraction tool, and a spectral search or spectral matching tool (for identifying compounds via MS or NMR data from other metabolomic
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studies). The data extraction tool allows users to construct complex queries easily, such as "find all diseases where the concentration of homogentisic acid
in urine is greater than 1 mM."

Perhaps the most relevant features of the HMDB from the perspective of a medical geneticist or clinical chemist are its rich content and its extensive
linkage to metabolic diseases, normal and abnormal metabolite concentration ranges (in many different biofluids), mutation and/or SNP data, and the
genes, enzymes, reactions, and pathways associated not only with the metabolites of interest but also with many diseases of interest. A recent addition to
the HMDB is a series of SimCell (Wishart et al, 2005) metabolic wiring diagrams, SimCell models (in SBML), and SimcCell simulations of nearly 100 well-
characterized metabolic disorders. SimCell is a metabolic simulation software package that allows complex metabolic pathways to be modeled at a cellular
level and allows "real-time" movies of the enzymatic processes to be generated and the results to be graphed. The availability of these preassembled
metabolic models should allow users to download the SimCell wiring diagram and conduct "in silico" gene knockout experiments or test hypotheses "in
silico” concerning the possible causes of a particular metabolic profile.

Overall, the HMDB is a metabolic database that was designed to be closely aligned to the needs and expectations of clinicians and biomedical researchers.
It is strongly focused on human metabolism, human mutations, and human diseases. It is also very richly annotated, with each compound extensively
linked to a large number of proteomic, genomic, and disease-related databases. However, it should be noted that the HMDB is a work in progress. Like
GenBank during the 1990s, the HMDB is going through a rapid phase of growth, with constant additions and corrections being made and the release of
different database "builds" every 2 months. This can make the data content seem a little unstable or even confusing. Another limitation of the HMDB is
the fact that it is somewhat less pictorial than most metabolic pathway databases. Whereas KEGG, Reactome, and MetaCyc provide colorful bird's-eye
pathway overviews and interactive large-scale metabolic maps, the HMDB does not provide such a perspective. In fact, most of the HMDB's small-scale
reaction diagrams are borrowed from KEGG or MetaCyc. Nevertheless, the HMDB appears to represent a new and important kind of metabolic database
that is designed to satisfy the needs of biomedical researchers. The HMDB should serve as a very useful template for the development of future online
metabolomic resources.

Other Metabolomic Databases

Metabolomics is concerned primarily with the identification and quantification of large numbers of metabolites from biological samples by using mass
spectrometry (LC-MS or GC-MS) or NMR spectroscopy. However, analyzing clinical samples by MS and NMR is not the exclusive domain of metabolomics
specialists. Indeed, many clinical chemistry laboratories depend on LC-MS, GC-MS, or even NMR to assist in the diagnosis of metabolic disorders or the
screening of newborn infants (Vogeser, 2003; Moolenaar et al, 2003). In light of the importance of these spectral techniques in metabolite
characterization, it is not surprising that a growing number of databases are appearing that provide "reference" LC-MS, GC-MS, or NMR spectra of
different metabolites. For instance, the HMDB provides hundreds of reference MS/MS and NMR spectra for known human metabolites. Other databases,
such as the BioMagResBank, the NuGO metabolome database, the McGill Metabolome Database, the Golm Metabolome Database, the NIST spectral
database, the METLIN human metabolite database, and the Spectral Database for Organic Compounds (Table 3.1-2), also provide large numbers of
reference GC-MS, electron impact-mass spectrometry (EI-MS), or NMR spectra for pure compounds. Some of those sites also provide spectra from biofluid
and tissue extracts. Unlike the HMDB, those metabolomic databases are not necessarily concerned with providing disease, pathway, or other biological
information but are dedicated to providing high-quality spectroscopic data to facilitate compound identification. A brief summary of four of these
metabolomic databases follows.

The BioMagResBank (Metabolomics Subdatabase)

The BioMagResBank (BMRB) originally was established to contain NMR chemical shift data from peptides, proteins, and nucleic acids (Seavey et al, 1991).
It has been expanded to include NMR spectral data from small molecule metabolites. Currently, the BioMagResBank (BMRB) contains 1D [1H] and [13C]
data as well as [1H] total correlation spectroscopy (TOCSY) and [1H,13C] heteronuclear single quantum coherence (HSQC) data from approximately 250
metabolites, many of which are common to both plants and animals. Each compound is listed alphabetically, and users can click on the name to bring up
a metabolite page that provides compound names; synonyms; chemical formulas; Simplified Molecular Input Line Entry Specification (SMILES) strings;
Chemical Abstract Service (CAS) numbers; structural details; interactive three-dimensional renderings; hyperlinks to PubChem, KEGG, chemicals of
biological interest (ChEBI), and other databases; molecular weights (monoisotopic mass); predicted chemical shifts; NMR data collection conditions; and
hyperlinks to all the experimental NMR spectra and associated peak lists. All the reference NMR spectra are collected in water, and this makes the
BioMagResBank (BMRB) data compatible with standard metabolomic measurements (which also are done in water). Unfortunately, a key limitation of the
BioMagResBank (BMRB) spectral archive is that none of the metabolite spectra are assigned.
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The Spectral Database System

The Spectral Database System (SDBS) (Table 3.1-2), which is housed at the National Institute of Advanced Industrial Science and Technology (AIST) in
Japan, has been accumulating spectra of pure organic compounds since the 1970s. The SDBS contains EI-MS, [1H] NMR, [13C] NMR, Fourier transform
infrared spectroscopy (FT-IR), Raman, and electron spin resonance (ESR) spectra for more than 33,000 compounds of both chemical and biological
interest. Currently, the system contains 23,000 MS spectra, 14,000 [1H] NMR spectra, and 12,500 [13C] NMR spectra. The SDBS supports text searches
by compound names, chemical formulas, chemical formula ranges, molecular weight ranges, CAS numbers, [1H] chemical shifts, and [13C] chemical
shifts as well as MS peak positions and intensities. Matching queries provide experimentally collected spectral images, structure images, MS peak lists,
and/or NMR spectral assignment information. Among the limitations of the SDBS are that almost all the NMR data were collected in chloroform (as
opposed to water) and that the archived spectra were collected with somewhat dated instruments (low-field NMR, older model EI mass spectrometers).
This tends to limit the applicability of the SDBS resources to metabolite identification.

The METLIN Database

The METLIN database, which currently is housed at the Scripps Research Institute, was designed primarily as a human metabolome resource (Smith et al,
2005). It contains several smaller databases, including an annotated list of 3798 known metabolites, containing each one's mass, chemical formula,
structure image, and associated KEGG hyperlink. Although the METLIN database lists a very large number (approximately 3800) of metabolites, it is not
clear how many of them are actually endogenous human metabolites, as many of the listed compounds are actually drugs or drug metabolites. In addition
to this metabolite list, METLIN contains a database of FT-MS spectra from a number of chromatographically separated human serum fractions as well as a
smaller number of spectra from other biofluids and tissues. In addition, a set of 216 reference LC-MS profiles and 79 MS/MS data from a variety of tissues
and biofluids in various disease states is present. Unfortunately, these spectral data sets appear to be of somewhat limited utility as no compounds have
been formally identified or quantified. The METLIN database is one of only a small number of metabolome databases dedicated to human metabolites and
human metabolite profiles. As this database grows, it could evolve to be a resource of particular interest to clinicians and biomedical researchers.

The Golm Metabolome Database

The Golm Metabolome Database (GMD) contains mass spectral and retention index (MSRI) libraries obtained from purified tissue of biofluid samples
derived from mammals, yeast, Corynebacterium, and model plants (Kopka et al, 2005). These libraries include more than 2000 mass spectra collected
from two different kinds of capillary GC-MS systems: a quadrupole GC-MS and a GC-TOF (time-of-flight)-MS. To date, the GMD has assembled 1089
nonredundant peaks or mass spectral tags, of which 360 have been identified. The GMD supports both compound searches and mass spectral queries. The
compound search utility allows filtered searches by compound name and provides access to the linked mass spectral information housed at the GMD. The
GMD mass spectral search supports both NISTO2- and Automated Mass Spectral Deconvolution and Identification System (AMDIS)-formatted input files.
The GC-MS searches are performed by computing the fragment-intensity agreement based on a normalized Euclidean, Hamming, and Jacquard distance.
The resulting matches are presented as a sorted table that contains the similarity score, the retention index (RIl), the spectral identifier, and the
compound name (if known). Although the primary focus of the Golm group is on plant physiology, there is sufficient metabolite overlap between plants
and humans that the GMD libraries should be useful to medical researchers as well.

A Summary of Metabolomic Databases

The field of metabolomics is very young. Consequently. the size and scope of most metabolomic databases are limited. As was discussed above, most
online databases are focused on providing compound descriptions or spectral data compilations to facilitate compound identification. Other databases,
such as METLIN, provide "raw" spectral data from unprocessed tissues and biofluids. Certainly, this kind of information could be particularly useful to
spectroscopists and clinical chemists, although it is probably of limited utility to clinicians and medical geneticists. The Human Metabolite Database offers
a much more comprehensive view of human metabolism by combining the MS and NMR spectral information that would appeal to clinical chemists with
the detailed sequence, pathway, genetic, physiologic, and disease information that would appeal to clinicians and medical geneticists. Indeed, unlike the
metabolic pathway databases described above, the HMDB (as a metabolomic database) provides explicit information about metabolite-disease
associations, disease-gene associations, metabolite concentrations in cells or tissues, metabolite locations, and the physico-chemical properties of many
hundreds of metabolites. As the field of metabolomics matures, it is likely that the content of many metabolomic databases will expand to include even
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more data than what is found in the HMDB.
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Chapter 3.1: Metabolism and Metabolic Disease Resources on the Web

GENETIC AND METABOLIC DISEASE DATABASES

The growth in the number of online metabolism and metabolomic resources over the last decade has paralleled the growth in
online resources and online databases for genetic and metabolic diseases. As in most areas of medical science, the need to
develop online disease databases arose from the need to disseminate rapidly and update continuously the information being
acquired about known and newly discovered genetic diseases. Many of these genetic and/or metabolic disease resources started
off as textbooks or simple downloadable lists. However, the opportunities and cost savings provided by Web distribution have led
to a proliferation of disease-specific Web-enabled resources. In fact, the book you are reading [the Online Metabolic and Molecular
Basis of Inherited Disease (OMMBID)] is a perfect example of a textbook on metabolic and genetic diseases that has moved to an
online format. As a rule, most genetic and/or metabolic disease databases are quite specialized, with a specific focus on a single
disease. However, a few resources are quite general and impressively comprehensive. This section will review a number of the
better known or more useful genetic and/or metabolic disease databases. More are listed in Table 3.1-4.

Table 3.1-4: Genetic and Metabolic Disease Databases

Database Name

URL or Web Address

OMIM (Online Mendelian Inheritance of Man)

MetaGene Online

GenDis (Human Genetic Disease Database)

NORD (National Organization for Rare Disorders)

GeneTests and GeneReviews Database

JMDBase (Japan Metabolic Disease Database)

PHEXdb (Mutation Database for X-Linked Hypophosphatemia)
G6PDdb (Glucose-6-Phosphate Dehydrogenase Mutation DB)
Familial Hypercholesterolemia Website

T1Dbase (Type | Diabetes Database)

PAHdb (Phenylalanine Hydroxylase Locus Knowledgebase)
CFMDB (Cystic Fibrosis Mutation Database)

Androgen Receptor Gene Mutation Database

Batten (NCL) Disease Database

IARC Tp53 Mutation Database

Human Ornithine Transcarbamylase (OTCase) Database

http://www.hmdb.ca
http://www.metagene.de/
http://life2.tau.ac.il/GeneDis/
http://www.rarediseases.org/
http://www.genetests.org/
http://www.jmdbase.jp/index.asp
http://www.phexdb.mcgill.ca/
http://www.bioinf.org.uk/g6pd/
http://www.umd.be:2078/
http://T1DBase.org
http://www.pahdb.mcgill.ca/
http://www.genet.sickkids.on.ca/cftr/
http://www.androgendb.mcgill.ca/
http://www.ucl.ac.uk/ncl/
http://www-p53.iarc.fr/index.html
http://63.75.201.100/otc/

The OMIM Database

Perhaps the best example of a comprehensive genetic-metabolic disease database is the Online Mendelian Inheritance of Man
(OMIM). OMIM is a superbly researched encyclopedic resource that contains genetic (cloning, gene function, gene structure,
mapping), phenotypic, historical, and clinical data on more than 5500 genetic and/or metabolic disorders (Hamosh et al, 2005).
Among those disorders, nearly 400 diseases have specific gene sequences associated with them and another 1900 disorders are
characterized by a solid understanding of their molecular origins. Originally started in the early 1960s by Dr. Victor McKusick at
Johns Hopkins, the Mendellian Inheritance of Man (MIM) was published in 12 print editions from 1966 to 1998. In 1987, the
material in the MIM was made available online and renamed OMIM, and in 1995 it was ported to the Web by the National Center
for Biotechnology Information (NCBI), where it has remained ever since. Curation and editing of OMIM occur primarily at Johns
Hopkins Medical School, although many entries include contributions from scientists around the world. OMIM entries include not
only detailed descriptions of diseases but also detailed descriptions of selected disease genes.
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OMIM is searchable by MIM number, disease name, gene name, and plain English queries. The "limits" button allows users to
restrict searches to disease or gene classes, certain data fields, certain types of records, and certain chromosomes. After a query
is made, the OMIM search engine automatically ranks database matches according to the relevance and frequency with which the
query term appears in a specific OMIM entry. High-scoring matches then are presented as a hyperlinked list. Clicking on a disease
or gene name will send the user directly to the complete OMIM entry. Within each OMIM entry there is a menu on the left side that
provides hyperlinks to subtopics within the OMIM page as well as tdatabases outside OMIM. Typically, each disease entry contains
a title, a list of synonyms, a short description of the disorder, and a summary of the clinical features, mode of inheritance,
cytogenetics, diagnosis, pathogenesis, evolution, and genetic variability, along with relevant references. Below the pagination links
on each page's menu list are links to EntrezGene sequence databases (RefSeq, GenBank, UniGene, etc.), a Clinical Synopsis, and a
Gene Map table. The Gene Map lists the chromosome location, gene symbols, and methods of mapping and provides hyperlinks to
the NCBI Map Viewer for more detailed views of the gene's context within the chromosome. Some disease entries also contain
links or "Linkouts" to external disease databases [such as the Cystic Fibrosis Mutation Database (CFMDB)]. OMIM entries for
disease genes are similarly structured, with names, synonyms, or alternative symbols listed at the top of each page, followed by a
short description of the gene as well as a summary of the cloning process, gene function, mapping, allelic variability, and related
references. Links to EntrezGene, a Gene Map table, and Linkouts to external databases are provided for many disease gene entries.

OMIM entries frequently contain a small lightbulb icon at the ends of paragraphs. Clicking on the lightbulbs allows users to extract
relevant papers from PubMed that may relate to the material described in the paragraph. This link exploits the NCBI's
"neighboring” feature that uses keywords from the associated paragraph to generate a list of relevant search terms. In addition to
its Gene Map tools, OMIM maintains something called Morbid Map, an alphabetical hyperlinked listing of all mapped disorders in
OMIM. This table lists the disease name(s), associated gene(s), chromosome location, and OMIM number, all of which are
hyperlinked to various NCBI resources and databases. The Morbid Map allows users to identify rapidly which genetic diseases are
associated with which genes or chromosomes.

OMIM is an exceptional resource with well-written and well-researched articles on almost every genetic and inherited metabolic
disease that has been formally characterized. OMIM also uses many of the best features of the Web as it employs extensive
hyperlinking to PubMed, NCBI's sequence databases, and NCBI's gene-mapping tools. Perhaps the only limitation to OMIM is its
complete lack of images or diagrams. Indeed, relative to metabolic or metabolomic databases that are highly visual and full of
hundreds, if not thousands, of colorful pictures, OMIM is a rather dry-looking text-only database. It is hoped that this situation will
be remedied soon, with OMIM incorporating information and images from at least a few of the metabolomic or metabolic pathway
databases listed in Tables 3.1-1 and 3.1-2
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Other General Genetic and Metabolic Disease Databases

With the possible exception of the OMMBID (which is really a textbook), few online resources can match the comprehensiveness of
OMIM. Nevertheless, there are a number of smaller general genetic and metabolic disease databases that are worth mentioning.
They include MetaGene Online, the Japan Metabolic Disease Database (Takeuchi et al, 2005), GeneDis, the National Organization
of Rare Disorders (NORD) database, and the GeneTests database. These databases are discussed in detail below.

The MetaGene Database

MetaGene Online (Table 3.1-4) is an online database of metabolic disorders developed by G. Frauendienst-Egger and F. K. Trefz in
Germany. Although never formally published as a paper, it has been updated continuously since 1999. Currently, MetaGene Online
has 416 metabolic disorders cataloged in its database. The database supports simple text querying, allowing complete and partial
name searches of diseases, metabolites, and symptoms. MetaGene is also browseable through a hyperlinked list of all 416
diseases. Clicking on a disease name (from its disease list) or entering a specific disease name in the text search box will generate
a MetaGene "disease card." Each disease card contains information on the disease name, synonyms, the MIM number, associated
genes and/or enzymes, gene locus, hyperlinks to EXPASY and OMIM, remarks on the disease origins (autosomal, X-linked,
dominant, recessive, etc.), phenotypic traits (which are hyperlinked and cross-referenced), changes in metabolite concentrations
(increased, decreased) in various biofluids, possible therapies, pictures of individuals with the disease, and an extensive list of
references. Unlike OMIM, the MetaGene database is not encyclopedic in nature. All the information is presented in a synoptic
tabular format, with at most a few words attached to any field. Nevertheless, the breadth and depth of information, especially with
respect to measured metabolite changes and other clinical diagnostic traits, make this unique database particularly valuable to
biomedical researchers.

The Japan Metabolic Disease Database

The Japan Metabolic Disease Database (JMDBase) (Takeuchi et al, 2005) is essentially a polymorphism or SNP database as
opposed to a disease database. JMDBase catalogs the SNPs associated with genes that have been implicated in a number of
polygenic or multifactorial metabolic diseases, such as diabetes, obesity, and metabolic syndrome. The intent of this resource is to
improve the characterization of multigenic or polygenic metabolic disorders. Currently, IMDBase has cataloged 5914 SNPs from
401 disease-associated genes. The database can be searched by gene symbols, gene names or synonyms, phenotypes, text words
in gene summaries, and dbSNP IDs. Users also can select different chromosomes to limit their searches. Database queries return
hyperlinked lists of matching genes and gene summaries with matching keywords highlighted in the text. JMDBase's gene
summaries are typically 100- to 200-word descriptions that comment on the gene function and the potential association of the
gene with different polygenic metabolic disorders. JMDBase is limited in its searching utilities, having a very strong genocentric
focus, as opposed to a disease-centered focus. Furthermore, JMDBase does not include most of the better-known single-gene or
monogenic metabolic disorders, such as phenylketonuria, alkaptonuria, and Tay-Sachs disease. Although these monogenic
diseases are formally outside the scope of JMDBase, their exclusion limits this database's utility among medical geneticists.

The GeneDis Database

The GeneDis database (Table 3.1-4) is a very modest human genetic disease database that covers only 12 common genetic
disorders (some of which are metabolic diseases). Each disease has a curated three- to five-page website describing the disease in
detail and all of its known or associated genes and/or proteins. The sequences of the associated genes and proteins are provided
as mutation tables that describe the types of associated mutations, their gene sequence locations, the phenotype, ethnic or
subpopulation associations, and appropriate references. In some cases, the three-dimensional structure of the disease-related
protein (experimental or homology modeled) also is provided. Unlike most other genetic disease databases, GeneDis is colorful
and visually appealing. As this database grows in size and scope, it should attract a wider number of potential users.

The National Organization of Rare Disorders Database

The NORD database (Table 3.1-4) is a subscription-only online database that provides detailed clinical and support society
information on rare (mostly genetic) disorders. Currently, the database contains information on 1100 diseases or disorders. Each
NORD disease report contains information on the disease name or names, synonyms, and classification, followed by a well-written,
two- to three-page summary covering a description, symptoms, causes, affected populations, related disorders, and standard and/
or investigational therapies, along with a listing of support organizations affiliated with the disease or disorder. The NORD
database is a text-only resource that is targeted primarily to clinicians, caregivers, and those who have the disease. As a result,
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the NORD database does not have a particularly strong molecular or genetic focus and does not link to the data or images found
on other online sequence, structure, or metabolic pathway resources. Nevertheless, the NORD database is a superbly curated and
clinically important online resource.

The GeneTests and GeneReviews Database

Similar to the NORD database, the GeneTests website is an online genetic disease resource targeted primarily to clinicians,
caregivers, and patients. Originally started in 1993, it is freely available (unlike NORD) and is maintained and curated at the
University of Washington in Seattle. In addition to providing a very current directory of clinics and laboratories performing genetic
disease testing, the GeneTests website provides detailed reviews of genes, proteins, and their associated diseases through its
GeneReviews section. Both the reviews and the clinical testing laboratory directory are searchable with a simple text interface that
allows users to query by disease name, gene symbol, chromosomal locus, protein name, protein feature, or OMIM number. Users
also can search the clinical directory on the basis of services, name of director, or location. Most gene or disease queries will
return a page with three or four clickable options: (1) Testing, (2) Research, (3) Reviews, and (4) References. Clicking on
"Testing" will return a hyperlinked table that lists testing laboratories, tests offered, and laboratory locations. Clicking on
"Research" will provide a list of ongoing clinical trials and lists of laboratories conducting research on the gene or disease of
interest. Clicking on "Reviews" will generate an expertly annotated GeneReview about three to four pages in length concerning the
disease or gene of interest. Each GeneReview follows a style similar to that of a typical OMIM entry, beginning with a brief
summary of the disease (or gene), detailed information on diagnosis, a clinical description with information on prevalence,
information on disease management, genetic counseling information, a description of the molecular genetics, resources for
patients, and a collection of references. GeneTests has cataloged 1700 clinics and testing laboratories that test for more than 1266
genetic diseases. Since 1997, a total of 342 reviews have been deposited into the GeneReviews database.
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Specialized Metabolic and Genetic Disease Databases

As shown in Table 3.1-4, a number of disease-specific or locus-specific databases have emerged over the last decade. Some of
them are PAHdb [the phenylalanine hydroxylase locus knowledgebase (Scriver et al, 2003)], the T1Dbase [a type 1 diabetes
database (Smink et al, 2005)], PHEXdb [the X-linked hypophosphatemia database (Sabbagh et al, 2000)], and G6PDdb [the
glucose-6-phosphate dehydrogenase deficiency database (Kwok et al, 2002)]. These are much smaller in scope and size than the
general genetic and metabolic disease databases described above. In fact, some amount to no more than a few pages of online
tables and text. Nevertheless, their existence underlines the fact that there is a real or perceived need to distribute and update
this kind of information rapidly to the public, clinicians, and the biomedical research community.

These disease- or locus-specific databases typically provide much more detailed descriptions of a disease and its molecular
genetics than what might be found in more comprehensive disease databases. This is the case because these online resources
usually are hosted, curated, and edited by some of the world's leading experts on those diseases. As a rule, most disease-specific
databases provide information on the disease-associated gene or genes, the corresponding enzymes and their three-dimensional
structures, extensive lists of clinical phenotypes, and information about animal models and their orthologous genes as well as
detailed summaries and literature citations regarding any disease-associated mutations.

The Glucose-6-Phosphate Dehydrogenase Deficiency Database

The G6PDdb (Kwok et al, 2002) is a relational database that is designed to facilitate research into favism (a glucose-6-phosphate
dehydrogenase deficiency). Favism is an X-linked disorder that leads to a sudden destruction of red blood cells that may lead to
hemolytic anemia after the intake of fava beans, certain legumes, and various drugs. Favism is estimated to affect about 400
million persons worldwide, with the highest prevalence rates in sub-Saharan Africa, the Middle East, certain regions of Asia, and
some parts of the Mediterranean. G6PDdb integrates recent mutational data from a number of public databases [GenBank, OMIM,
the Human Gene Mutation Database (HGMD), the Human Genome Variation Database (HGVBase)] with mapped structural data
from the Protein Data Bank (PDB) along with data from biochemically or phenotypically characterized patients with G6PD
deficiencies. The developers of the G6PDdb have developed software that automatically analyzes mutations that are likely to have
a significant impact on the structure of the G6PD protein. As with most online databases, G6PDdb supports text queries, although
they are limited to mutation names, mutation classes, and selected amino acid residue types. It also allows users to submit
information on recently identified G6PD mutations.

The PHEXdb Database

The PHEXdb (Sabbagh et al, 2000) is another integrated, locus-specific database; this one is designed to facilitate research into X-
linked hypophosphatemia (XLH). This genetic disorder is a rare dominant disease caused by mutations to a phosphate-regulating
gene called PHEX on the X chromosome. XLH affects phosphate homeostasis and can lead to growth retardation, rachitic and
osteomalacic bone disease, hypophosphatemia, and problems with vitamin D metabolism. The database contains data on PHEX
mutations; recent publications on XLH, cDNA, and gene structure information on PHEX; a "working model" of PHEX activity; and
data on murine homologues and clinical PHEX phenotypes. PHEXdb supports three types of queries, allowing users to search the
database by mutation, phenotype, and references. It also allows users to submit data on recently identified PHEX mutations.

The Phenylalanine Hydroxylase Database

The PAHdb (Scriver et al, 2003) is a relational locus-specific database that cataloges the mutations (both pathogenic and benign)
in the human Phenylalanine hydroxylase (PAH) gene locus. PAH is a gene that is necessary for the conversion of phenylalanine to
tyrosine. Mutations in the PAH gene can cause a number of clinical disorders, including phenylketonuria (PKU) and
hyperphenylalaninemia (HPA). Left untreated, PKU and HPA can cause brain damage and progressive mental retardation as a
result of the accumulation of phenylalanine and its breakdown products. The incidence of occurrence of PKU is about 1 in 15,000
births but ranges from 1 in 4500 births among the Irish to fewer than one in 100,000 births among the population of Finland. The
PAH database not only cataloges known PAH mutations but also provides an annotated view of the genomic DNA and cDNA, a
mutation map, information on the source of the mutation (population, name of submitter), and information on murine PAH
orthologues as well as the predicted effect of the mutation on the PAH enzyme structure or expression. A clinical module within the
PAHdb also provides information on PAH-associated disorders and their clinical phenotype as well as data on their inheritance and
treatment. Users can search the PAHdb for mutations, mutation-haplotype associations, ethnicity or regional associations,
phenotypes and genotypes, and in vitro expression data. As with PHEXdb and G6PDdb, PAHdb supports user submissions of
recently identified PAH mutations. In both its content and its layout, the PAHdb is one of the most complete and comprehensive
disease-specific websites.
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The Type 1 Diabetes Database

Another comprehensive and well-designed disease-specific database is T1Dbase (Smink et al, 2005). This recently developed
online resource was developed to support the type 1 diabetes (T1D) research community. Diabetes mellitus is a metabolic disorder
that is characterized by varying or persistent hyperglycemia (high levels of blood sugar) resulting from the defective secretion or
action of insulin. Type 1, or juvenile, diabetes is primarily an autoimmune disorder in which the body makes antibodies that attack
the insulin-producing islet cells in the pancreas. According to the World Health Organization, at least 171 million people worldwide
have diabetes, with approximately 10 percent having type 1 diabetes. The causes of T1D are complex but may involve a
combination of factors, including genetics, viruses, diet, chemicals, and environmental factors. The genetic contributions to T1D
are of particular interest to the T1D research community as more than 30 candidate or susceptibility regions have been associated
with the development of this disorder. T1DBase includes annotated genome sequence data for the human, rat, and mouse;
clickable chromosome maps of T1D susceptibility regions; data on T1D susceptibility regions determined by genetic linkage and
association studies; cultured beta-cell gene expression data (obtained under various conditions); B-cell gene annotations; related
T1D data on gene expression from different tissues and organs; and related T1D pathways from KEGG and BioCarta. T1Dbase also
has a rich variety of browsing and interactive viewing tools, including the GBrowse (Burren et al, 2004) genome browser,
Cytoscape (Shannon et al, 2003) for visualizing and analyzing biological networks, and GESTALT (Glusman and Lancet, 2000) for
performing genome annotation. Like PAHdb, the T1DBase is more appropriately called a disease knowledgebase than a simple
database as it provides far more information than tables of sequences, facts, and figures.

A Summary of Genetic and Metabolic Disease Databases

Online disease databases are critical to providing information about and context to the many hundreds of inherited conditions that
have been found or identified over the last quarter century. The number of disorders, combined with the rate at which new
information is being acquired for many genetic diseases, means that most information about those diseases has had to migrate to
the World Wide Web. This shift to "electronic publishing” or "electronic databasing" is important, as it allows the research
community to stay much more current and have access to much more detailed data than would be available through standard
print resources. This movement toward Web-based data exchange also has allowed a proliferation of database styles and database
types, each of which is designed to appeal to different users with different needs. Some, such as OMIM and MetaGene Online, are
very comprehensive and attempt to provide at least a little information about most kinds of inherited metabolic disorders. Others,
such as PAHdb and T1DB, are disease-specific and attempt to assemble all known genetic and clinical data about a single disease
in a single electronic repository. The growth in both the number and the comprehensiveness of disease-specific databases is
encouraging and suggests that more and more disease specialists are realizing that the Web is probably the best place to share
their world-class knowledge with the rest of the biomedical community.
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