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whether these insertions have any functional conse- 17 Mottinger, J.P., Dellaporta, S.L. and Keller, P.B. (1984)
quences. In this regard, it will be particularly interesting Genelics 106, 751-767

to define the mutations responsible for changes in the 18 Bregliano, J.C. and Kidwell, M.G. (1983) in Mobile
regulation or function of genes, such as fgal and b1, Genetic Elements (Shapiro, J.A., ed.), pp. 363410,
and so learn what molecular magic caught the eye of Academic Press

ancient teosinte farmers some 7000 years ago.
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Using metabolic
pathway
databases for
functional

annotation

Newly obtained nucleotide and protein
sequences are searched routinely against
databases, and the World Wide Web has
made such queries simple to perform?.
Improved searching and scoring methods
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detect more subtle similarities than ever
before, often allowing a researcher to make
reasonable guesses about the possible
role(s) of new gene sequences. Unfor-
tunately, functional annotation of gene
sequences can be fraught with difficulties,
the most pernicious of which can be erro-
neous descriptions of database entries?.
Therefore, the results of any database
search need careful examination, and it is
essential to understand the functions of the
matched proteins. Metabolic pathway data-
bases can help in providing this under-
standing and also offer the context for fur-
ther explorations of a functional assignment.
Here, we describe what you might do when
you find database matches that suggest your
new protein has some similarity to, say,
ketol-acid reductoisomerase and you have
little idea what these words even mean.
The SWISS-PROT database3, main-
tained by Amos Bairoch, is the most com-
plete general resource for information
about individual proteins. SWISS-PROT
annotations have descriptions of the function
of a protein, its domain structure, post-
translational modifications, variants, reac-
tions catalyzed by this protein, active site
residues, similarities with other sequences
and more. The database entries are linked
to the ENZYME database?, which contains
short descriptions of each enzyme and the
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reaction it catalyzes. ENZYME is the pri-
mary reference point for the Enzyme
Classification (EC) numbers and, unlike
SWISS-PROT, includes enzymes that have
not yet been sequenced.

To put an enzyme name into a bio-
chemical perspective, it is valuable to con-
sider the metabolic pathways to which it
contributes. Perhaps the most familiar way
to do this is using the popular poster of bio-
chemical pathways distributed by the
Boehringer Mannheim>, which is now avail-
able on the WWWO. This online map can
be searched for both the enzyme and
the metabolite names, and it links to the
ENZYME database. If you still prefer the
paper version, you can request it by sending
an e-mail message to biochemts_us@bmc.
boehringer-mannheim.com. The Kyoto
Encyclopedia of Genes and Genomes
(KEGG)7 was developed especially for the
Web and offers the additional ability to focus
on the metabolic reactions in specific organ-
isms. This frequently updated site presents a
comprehensive set of metabolic pathway
charts, both general and specific for each of
the completely sequenced genomes, as well
as for Caenorbabditis elegans, Drosophila
and human. Before getting links to the path-
ways for a specific organism, it is necessary
to step down through the text hierarchy.
However, on the charts, the enzymes that



have been identified in a particu-
lar organism are color-coded, so
that one can easily trace the path-
ways that are likely to be present
or absent. KEGG has links to
many resources, including infor-
mation about the enzymes,
substrates, products and even
protein structure.

KEGG is rather conservative
in its functional assignments and
would not indicate that an
enzyme is present in a genome
unless it has a highly statistically
significant match with previ-
ously known enzymes. If the
KEGG chart for a particular
organism does not show the
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enzyme you are interested in,
but you have reasons to believe
that it must be present, you can
scan the possible candidates for
this role by using the WIT data-
base8. WIT requires you to enter
a username, but the system is
easy to use. For experts, this
database allows searches of
unannotated proteins in each
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of the completely sequenced
genomes, to help find the ones
most likely to have the appar-
ently missing function. Another
way to consider pathways and
look for missing functions is to
use the COG database?, which
organized proteins into clusters
of orthologs. There is a search-
ing tool called Cognitor, and use
of COG can illuminate pathways
and their evolution (Fig. 1)

Escherichia coli is certainly
the most completely studied
organism, so it is unsurprising
that it has the most complete
metabolic pathway database. The EcoCyc
database is most convenient to use when
downloaded, but can also be accessed on
the Web10. It is necessary to formally regis-
ter, but the database is free to academics.
This database is essentially specific to
E. coli, but contains extensive and detailed
information about its known metabolic
pathways and the reactions they embody.

The molecules in a complete organism
are linked to different molecules for differ-
ent reasons, and databases are beginning
to explore these connections. In addition
to metabolic pathway databases, there are
also databases of cell-cycle regulation,
developmental regulation, gene regulation
and interaction, cell-signaling and general
protein interactions. Because much of the
work describing these pathways is still just
beginning, the databases are in consider-
able flux and new ones are emerging all the
time. There are also databases of small
molecules and the ways in which they
interact with proteins as signals, substrates,
and co-factors. A page at KEGG contains
links to many of these databases!!.

FiGuRE 1. Genes and enzymes of the tri-carbon part of glycolysis.
The compound names and EC numbers are from KEGG
database, gene names and phylogenetic patterns are from COG.
The organism symbols are: e, E. coli; h, H. influenzae, u, H.
pylori. b, B. subtilis, g, M. genitalium; p, M. pneumoniae, 1, B. 10 Karp, P.D. et al. (1998)
burgdorferi; ¢, Synechocystis sp.; a, A. aeolicus; m, M. jannschi;
t, M. thermoautotrophicum; f, A. fulgidus; y, S. cerevisiae, w,
C. elegans. Most reactions of this trunk pathway are clearly catalyzed
by orthologous enzymes in all organisms. There are two different 11 http://www.genome.
types of phosphoglycerate mutase, though, and while free-living
organisms (E. coli, B. subtilis, Synechocystis sp. and C. elegans)
have both enzyme types (one of them in two parologous forms),
the parasitic ones have either one form or the other.

Returning to ketol-acid reducto-
isomerase, what can be learned? First, we
find it in SWISS-PROT as ILVC_ECOLI The
annotation states that it catalyzes the reaction:

(R)-2,3-dihydroxy-3-methylbutanoate
+ NADP* o (8)-2-hydroxy-2-methyl-3-
oxobutanoate + NADPH

This is good to know, but for many
of wus, it is more valuable to read the
description indicating that this enzyme is
the second step in valine and isoleucine
biosynthesis. The EC number (1.1.1.86) for
this entry links to the ENZYME database.
From here, there are a variety of options;
one click goes to the relevant section of
the Boehringer Mannheim map where the
pathway and reactants are more readily
understood. Details about this pathway in
specific species can be obtained from the
links to EcoCyc, WIT and KEGG. Thus, by
using pathway databases, it is easy to learn
not only what specifically a protein does,
but also in what biological context it acts.
This crucial knowledge can allow better
evaluation of a protein’s function and sug-
gest directions for further exploration.
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