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Abstract
As the molecular adapters between codons and amino acids, transfer-RNAs are pivotal molecules
of the genetic code. The coding properties of a tRNA molecule do not reside only in its primary
sequence. Posttranscriptional nucleoside modifications, particularly in the anticodon loop, can
modify cognate codon recognition, affect aminoacylation properties, or stabilize the codon-
anticodon wobble base pairing to prevent ribosomal frameshifting. Despite a wealth of biophysical
and structural knowledge of the tRNA modifications themselves, their pathways of biosynthesis
had been until recently only partially characterized. This discrepancy was mainly due to the lack
of obvious phenotypes for tRNA modification–deficient strains and to the difficulty of the
biochemical assays used to detect tRNA modifications. However, the availability of hundreds of
whole-genome sequences has allowed the identification of many of these missing tRNA-
modification genes. This chapter reviews the methods that were used to identify these genes with a
special emphasis on the comparative genomic approaches. Methods that link gene and function but
do not rely on sequence homology will be detailed, with examples taken from the tRNA
modification field.

1. Introduction
The availability of nearly 500 complete genomes (http://www.genomesonline.org/) has
changed the manner by which experimental scientists can identify novel enzymes and
pathways. Traditionally, linking genes and their functions started with protein purification or
mutant isolation steps. Today, the bench scientist can make and validate functional
predictions by combining genomic datamining with wet-laboratory experiments (see El
Yacoubi et al. [2006]; Gerdes et al. [2006]; Loh et al. [2006]; and Xu et al. [2006] for recent
examples). No programming skills are needed, because the genomic data and analysis tools
are now freely accessible through web-based interfaces.

The sequencing effort of the past decade has revealed that 20–60% of the predicted proteins
in any given genome are of unknown function (Osterman and Overbeek, 2003).
Experimentalists have in-depth knowledge of specific metabolic and biological areas that
most computer scientists lack. If they can harness the genomic data-mining tools, biologists
and chemists are uniquely poised to predict the function of the “unknowns” and validate
them in the laboratory.

The field of tRNA modification provides a good illustration of the combined power of
comparative genomics and experimental validation. Even though most modifications present
in tRNA molecules were discovered 20–30 years ago, many tRNA-modification genes were
left unidentified (Björk, 1995; Hopper and Phizicky, 2003). The lack of knowledge about
the pathways involved in nucleoside modification was largely due to their resistance to
traditional biochemical and genetic characterization. Identification and purification of
relevant enzyme activities from crude cell-free extracts was complicated by several factors:
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the difficulty of obtaining appropriate tRNA substrates, the presence of endogenous RNases
that degrade the RNA substrates and products, a lack of appropriate assays, and the typically
low abundance of the enzymes involved. Likewise, traditional genetic approaches were
hindered by the lack of specific phenotypes in most cases. Finally, the unambiguous
identification of a gene involved in tRNA modification ultimately depended on determining
the presence or absence of the specific modified nucleoside in tRNA—a laborious and
technically challenging process when working with large libraries of mutants (Grosjean et
al., 2004). As a consequence, the identities of 50% of the tRNA modification genes were
still unknown 5 years ago (de Crécy-lagard, 2004; Eastwood Leung et al., 1998). Some,
such as the dihydrouridine synthesis genes, were “globally missing,” meaning they had not
been identified in any organisms. Others, such as the gram-positive m5U54 methylase, were
“locally missing” and identified only in a subset of organisms. This represented quite a large
number of genes given that, in most organisms, ~1% of the genome is dedicated to encoding
tRNA modification enzymes (Björk and Kohli, 1990; Hopper and Phizicky, 2003). Clearly,
new approaches to identify tRNA modification genes were necessary.

2. Methods to Identify Missing tRNA Modification Genes
With the discovery of nearly 50 genes since 2002 (Tables 7.1-7.3), this gap in genetic
understanding of tRNA modification has been nearly filled (at least for the model organisms
Escherichia coli and Saccharomyces cerevisiae). Only a handful of these genes were
identified by traditional genetic or biochemical methods (Table 7.1), whereas most were
found by use of postgenomic experimental platforms (Table 7.1) or bioinformatic tools
(Tables 7.2 and 7.3).

The availability of whole-genome sequences has driven large-scale systematic experimental
efforts such as structural genomics initiatives, systematic interaction mapping, or systematic
gene disruption combined with phenotypic screenings (Huynen et al., 2004; Mittl and
Grutter, 2001). For the purpose of identifying missing tRNA modification genes, these
approaches have been quite effective. For example, nearly 10 genes (Table 7.1) have been
identified by use of “biochemical profiling approaches” (discussed in Chapter 6). In these
studies, all the proteins of S. cerevisiae (Martzen et al.,1999) and E. coli (Kitagawa et al.,
2005) have been cloned and expressed and were tested in pools or individually for specific
enzyme activities. In other studies, large-scale deletion mutant libraries have been completed
for S. cerevisiae (Winzeler et al., 1999), B. subtilis (Kobayashi et al.,2003), and E. coli, and
screening these libraries by LC-MS analysis of enzymatic digests of tRNA isolated from
individual clones led to the identification of 10 other tRNA-modification gene families
(Table 7.1).

Other systematic efforts that could lead to the discovery of missing tRNA-modification
genes are the application of microarray technology to detect modifications (Hiley et al.,
2005; Peng et al., 2003) and the availability of structural genomics data. To date, 2000
structures have been deposited by structural genomics programs in the Protein Data Bank
(http://www.rcsb.org/pdb/), and more than 50,000 of these proteins have been cloned and
expressed in the process (http://targetdb.pdb.org/statistics/sites/PSI.html). Structural
proteomics has been quite efficient at predicting RNA/protein interactions, a first hint that a
protein could be involved in tRNA or rRNA processing (see Yakunin et al. [2004] for
review).

These postgenomic methods are still labor intensive and expensive. Starting with protein
pools (Martzen et al., 1999) or with mutants carrying large deletions (Ikeuchi et al., 2006),
reduces the quantity of assays to manageable numbers, but laboratories that use these
systematic approaches to find tRNA-modification genes are still scarce, mainly because of

de Crécy-Lagard Page 2

Methods Enzymol. Author manuscript; available in PMC 2011 February 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.rcsb.org/pdb/
http://targetdb.pdb.org/statistics/sites/PSI.html


the remaining complexity of the tRNA-modification enzyme assays. However, the
availability of these postgenomic resources (clones and mutants) tremendously increases the
speed at which bioinformatic-driven predictions can be tested. Hence, most tRNA-
modification genes recently identified were found by combining an initial bioinformatic
search with an experimental validation step (Tables 7.2 and 7.3). The bioinformatic tools
used can be separated into homology based and non-homology based. The homology-based
mining tools are known to most experimental scientists and will only be briefly discussed
here in the context of tRNA-modification enzymes. The use of the less familiar non-
homology–based genomic mining tools is the main focus of this review.

3. Homology-Based Genomic Data Mining Methods
Functional inferences based on comparative sequence analysis are well-established
foundations of genomic annotation. The most significant advances in this field over the past
decade are directly related to the dramatic increase in the number of sequenced genomes, as
well as to the development of robust and sensitive search algorithms, such as FASTA,
BLAST and their modifications (for an overview, see Koonin and Galperin [2003]). Domain
analysis and grouping of putative orthologs (such as Cluster of Orthologous Groups or
COGs [Tatusov et al., 2001]) play an important role in projection of functional assignments
between diverse species. For well-studied gene families, in which the initial annotation has
been experimentally verified, these homology-based methods are quite accurate in
predicting function (Tian and Skolnick, 2003b). However, factors such as low sequence
similarity (Tian and Skolnick, 2003b), multidomain proteins (Hegyi and Gerstein, 2001),
gene duplications (Gerlt and Babbitt, 2000; Tian and Skolnick, 2003a), and nonorthologous
displacements (Galperin and Koonin, 1998) have all contributed to incorrect or absent
annotations. This has been a major problem in the field of tRNA-modification enzymes,
because many are members of large paralogous families, and transferring functional
annotations with BLAST scores alone can be very dangerous, particularly between
kingdoms. Cases where the closest homologs in two genomes do not catalyze the same
reaction are numerous in the tRNA-modification field with the added complication of
having both tRNA and rRNA as potential substrates (see Jeltsch et al. [2006]; Motorin and
Grosjean [1999]; Urbonavicius et al. [2005]; and Xing et al. [2004] for specific examples).
That said, the use of sensitive search algorithms such as PSI-BLAST or Gapped-BLAST
(Altschul et al., 1997), the development of protein fold–based methods and motifs to
differentiate methylase subfamilies (Bujnicki et al., 2004a; Katz et al., 2003), and the
identification of RNA binding domains such as THUMP, PUA, or SPOUT (Anantharaman
et al., 2002a,b; Aravind and Koonin, 2001; Gustafsson et al., 1996; Kurowski et al., 2003)
have led to many of the predictions and validations listed in Table 7.2. These methods are,
however, limited to tRNA-modification enzymes that are members of superfamilies such as
deaminases, methylases, or pseudouridine synthases. For the other “missing” tRNA-
modification genes, the inherent limitations of homology-based approaches (only similar
objects can be identified) require the use of non-homology–based comparative genomic
methods.

4. Non-Homology–Based Genomic Data Mining Methods
Integrating different types of genomic evidence to identify missing genes or predict the
function of unknown genes started in the late 1990s just a few years after the first set of
genomes was sequenced (see Bishop et al. [2002]; Bobik and Rasche [2001]; Daugherty et
al. [2001]; Graham et al. [2001]; and Heath and Rock [2000] for early examples). Ten years
later, the success stories are now plentiful, and several reviews have covered both the
techniques and specific examples (Galperin and Koonin, 2000; Huynen et al., 2003;
Kharchenko et al., 2006; Makarova and Koonin, 2003). The author recommends starting
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with the review by Osterman and Overbeek (Osterman and Overbeek, 2003) to grasp the
core concepts of this field. These are summarized in Fig. 7.1. In short, analysis of gene
clustering on the chromosome, gene fusions events, phylogenetic distribution profiles,
interaction data, coexpression data, structural genomics data, phenomics data, and regulatory
motifs can lead to non-homology–based predictions that can be then tested experimentally.
Comparative genomics platforms in which the experimental scientist would input a gene
name or sequence and all the possible functional association would be given as outputs or
where one could ask complex questions integrating different types of data and genes
answering these criteria would be found automatically are still not available. However,
many tools have already been developed and partially integrated. Describing how to make
predictions on gene function by use of these tools in a time-efficient manner with just a
personal computer and Internet access is the focus of the rest of the review.

With so many databases now available (Chen et al., 2007; Field et al., 2005), the
“experimental” section cannot be exhaustive and reflects the personal preferences of the
author (see Table 7.4 for the list of databases discussed in this review). However, a
deliberate choice was made to include only resources that are available through a web
interface and that are the most useful to make predictions on gene function. In the limits of
the allocated space, it was impossible to walk the reader through all the query steps;
however, most databases used here are straightforward to navigate. (Readers should consult
the original description and/or help sections if they do not find the query processes
intuitive.) One exception is the SEED database (Overbeek et al., 2005). To fully take
advantage of all the possibilities of this comparative genomic platform requires an initial
effort and a few hours of tutorial from a more experienced user. The derived National
Microbial Pathogen Database Resource or NMPDR database (McNeil et al., 2007) is of
easier access, and it is recommended to start with that interface before switching to SEED
for more elaborate tasks.

4.1. Predictions based on gene clustering on chromosomes
4.1.1. Overview—Genes of a given pathway have a high probability of being physically
linked on the chromosome (Overbeek et al., 1999), particularly in prokaryotes. If a gene of
unknown function is physically clustered with a gene of known function, a functional
relationship can be inferred. The analysis of such clustering relationship is sometimes
referred to as functional context analysis (Overbeek et al., 2005). The exponential growth in
the number of sequenced genomes increases the chances of making inferences from
clustering events at the cost of having to eliminate noninformative clustering information
deriving from closely related genomes. Precomputed clustering relationships can be easily
accessed through the “Search Tool for the Retrieval of Interacting Proteins” or STRING
database (von Mering et al., 2003), the PhydBac database (Enault et al., 2004), or the
Regulon tool of MicrobesOnline (Alm et al., 2005). A number of clustering tools are
included in SEED and well described in the “functional context section” of the NMPDR
tutorial (http://www.nmpdr.org/content/navigate.php). SEED is the only database that
differentiates between direct (genes that cluster with a given input gene) and indirect
functional coupling (genes that cluster with homologs of an input gene). These different
databases will be compared in the case study that follows. The author recommends that
readers try to follow the described queries in the different databases when reading the case
studies presented in the review.

4.1.2. Case study—The newly discovered 7-aminomethyldeazaguanosine (preQ1)
biosynthesis pathway will be used to compare the available clustering analysis platforms.
This GTP-derived metabolite is the precursor of the modified base queuosine (Q) found at
position 34 of tRNAHis,Tyr,Asp,Asn in most bacteria and many eukaryotes (Kersten and
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Kersten, 1990; Kuchino et al., 1976; Okada et al., 1978). The synthesis of preQ1 most
certainly requires several genes, but none had been identified, a typical example of a
globally missing pathway. By combining several comparative genomic methods with
experimental validation, four new queCDEF genes involved in this pathway were identified
(Reader et al., 2004). The B. subtilis queCDEF genes (ykvJKLM) are in an operon, whereas
the E. coli homologs (ybaX, ygcM, ygcF, and yqcD, respectively) are scattered around the
chromosome (Reader et al., 2004). Homologs of the four genes are often clustered in
phylogenetically diverse genomes as shown in Fig. 7.2.

To test the different platforms, the following questions were asked. Had only one of the four
queECDF gene families been identified, would the clustering tools allow the identification
of the other three? Also, does the choice of the starting gene in a given gene family
influence the results? Finally, are the different tools equivalent?

Each of the queCDEF genes from E. coli and B. subtilis (using the organism specific
respective names) were used as initial inputs in the STRING, PhydBac, MicrobesOnline,
and NMPDR databases to extract the corresponding clustered genes. The results are
summarized in Table 7.5. Both the PhydBac and STRING clustering tools found that the
four genes were highly clustered independently of the starting input gene. False-positive
results were rare in both databases. However, the results were not strictly identical. For
example, yhhQ, which is predicted to encode a preQ1/preQ0 transporter (see below), was
identified only in PhydBac. SEED and GenomesOnline were both less efficient than
STRING and PhydBac at detecting clustering relationships when the input genes were
unclustered (as in E. coli). On the gene page in NMPDR, a “show functional coupling” link
reveals direct clustering events. Clicking on the CL sign near the gene ID will lead to
clustering detected with a homolog (indirect clustering events). When starting with the
(unclustered) E. coli genes, no clustering was detected directly as expected. Only queE
(ygcF) could be detected through the CL tool and only when starting with queC (ybaX)or
queD (ygcM) not with queF (yqcD). When starting with the (clustered) B. subtilis genes, the
clustering of queCDE (ykvJKL) was systematically detected (as expected), but the fourth
gene of the operon queF (ykvM) failed to be identified. Results can be much improved and
the clustering of the four genes identified if genes from different organisms are used as
inputs (data not shown), confirming what most SEED users know from experience; it is
absolutely necessary to check clustering starting from wide range of phylogenetically
diverse orthologs.

In terms of visualization tools, all four databases have graphical summaries of the clustering,
but they are all precomputed. One exception is the Genome Browser tool of MicrobesOnline
that displays the regions surrounding a given gene in different genomes and allows the user
to choose the genomes and the size of the regions in a format that can be exported in
graphics. This feature can be very useful when preparing figures.

4.1.3. Conclusion—The user should not be faithful to any one database but should try
them all when searching for clustering events. As a rule, several members of a given gene
family should be used as inputs, particularly in the SEED database, because the strength of
SEED lies more in detecting and representing clustering in the context of a subsystem
analysis as discussed in the following.

4.2. Detecting protein fusion events
4.2.1. Overview—In a gene fusion event, two separate parent genes are encoded in a
single multifunctional polypeptide. These fusions, which have been called Rosetta stone
proteins, suggest a high probability of functional interaction between the two proteins
(Enright et al., 1999; Pellegrini et al., 1999). As with the inferences driven by the physical
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clustering analysis described previously, if the function of one of the two genes is known
and the other is not, detecting the fusion event can allow strong functional predictions (see
Daugherty et al. [2002] and Levin et al. [2004] for examples). Several web-based platforms
have been specifically designed to detect these fusion events, but the author has not found
them very effective. One reason is that the best fusion hints often come from comparing
eukaryotic and prokaryotic genomes, because fusions events are more frequent in eukaryotic
genomes (Veitia, 2002). Unfortunately, the databases that are the most user-friendly and
directly integrate the fusion data (FusionDB [Suhre and Claverie, 2004] and STRING) focus
mainly on prokaryotic genomes and, therefore, miss many fusion events. Until better
specialized databases are available, the author has found that databases that analyze protein
domains such as CDART at NCBI (Geer et al., 2002)orPfam at the Sanger Center (Finn et
al., 2006) are very effective at detecting protein fusion events. Both cover all known
proteins from both prokaryotic and eukaryotic genomes. The output might not be very
selective, particularly with protein domains that are ubiquitous; however, both CDART and
Pfam present the results in graphic summaries that can be analyzed very effectively. Fusion
events can also be easily detected in the SEED database with the color coding of the protein
similarities table (see [http://theseed.uchicago.edu/FIG/Html/similarity_region_colors.html]
for explanations).

4.2.2. Case study—To illustrate both the use of these fusion detection tools and the
efficiency of the domain databases with a tRNA-related example, the PAB1506 protein from
Pyrococcus abyssii that encodes a stand-alone PUA domain was analyzed. The PUA domain
is found in many RNA binding proteins (Anantharaman et al., 2002a) and in several tRNA
modifying enzymes such as archaeosine tRNA guanine transglycosidase (Tgt) (Ishitani et
al., 2002) and pseudouridine synthase (TruB) (Hoang and Ferre-D'Amare, 2001). The
function of PAB1506 is unknown. When the PhydBac database is queried with PAB1506,
two fusion events can be detected linking PAB1506 to PAB2176 (annotated as an esterase)
and to PAB0064 (annotated as a hydrolase). These two fusions were not detected in the
STRING database by use of the exact same input protein nor in the CDART, Pfam or SEED
databases. When analyzed in detail, the PhydBac result is most likely due to sequencing
errors. As a rule, fusion events detected in only one genome should be carefully checked.

Neither STRING nor FusionDB detected the PUA fusions to the TGT and TruB domains.
This result was expected, because their method is designed to eliminate hits from domains
found in many different proteins in the same genome (explained in
http://www.igs.cnrs-mrs.fr/FusionDB/methods.html). These were identified with both the
CDART and Pfam domain analysis tool and the SEED color-coding homology tool.
Additional fusions with the metabolic enzymes glutamate-5-kinase and 3′-phosphoadenosine
5′-phosphosulfate sulfotransferase (CysH domain) were also detected in CDART and Pfam.
All these fusion events had previously been identified in a comprehensive graph-based
analysis (Ye and Godzik, 2005).

The fusion with the glutamate 5-kinase is present in nearly all bacterial genomes, and the
PUA domain has a role in activation of the enzyme and not in tRNA binding (Perez-
Arellano et al., 2005). The fusion of the PUA and CysH domains is limited to the archaeal
kingdom. CDART also detected proteins from methanogenic archaea that contained not only
the PUA and CysH domains but also additional domains such as cysteine desulfurase
domains or ferredoxin domains (data not shown). This observation is interesting, because
the sulfur metabolism in methanogenic archaea is not fully understood, and it has been
recently proposed that cysteine biosynthesis could occur mainly on the tRNACys molecule
(Helgadottir et al., 2007; Sauerwald et al., 2005). The archaeal PUA-CysH family could,
therefore, be involved in channeling the thiol from the charged tRNA to the target
metabolites, and we are currently testing this hypothesis.
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4.2.3. Conclusion—As the ultimate in genome clustering events, protein fusions are very
powerful prediction tools. However, no database is available that is really efficient in
detecting these events yet. The protein domain analysis tools CDART, Pfam or the SEED
color-coding tools are the best default ones to date, with the caveat that one will retrieve not
only true fusion events but also all proteins containing a given domain.

4.3. Searches based on phylogenetic distribution profiles
4.3.1. Overview—Another powerful tool that does not rely on any homology information
is to query phylogenetic distribution profiles (Pellegrini et al., 1999). In this application, one
needs to compute the proteins that are present in a given set of organisms and absent in
another set. The initial COG database was the pioneer for such queries (Tatusov et al., 1997)
but became outdated quickly because of its limited set of genomes (43 only). The new
version of COG contains 66 genomes (Tatusov et al., 2003), but to the author's dismay, the
phylogenetic query tool has disappeared (or is very difficult to find). Protein Links Explorer
or PLEX (Date and Marcotte, 2005) has slightly more genomes than the COG platform (88).
The strength of COG and PLEX is their speed, because all the phylogenetic patterns are
precomputed, but this is also a limitation, because they do not get updated often. STRING
and PhydBac have many more genomes and precomputed phylogenetic profiles. These
databases are very powerful for identifying genes that follow the same profile as an initial
query gene; however, the user cannot extract a list of genes that follow a phylogenetic
distribution pattern.

The author is aware of three databases that combine constantly updated genomes with robust
phylogenetic distribution query tools. CoGenT++ is part of an extensive computational
genomics environment led by the European Bioinformatics Institute and has a phylogenetic
profile tool (Goldovsky et al., 2005). The NMPDR database (McNeil et al., 2007) includes a
“signature gene tool” with the added possibility of filtering the output list with keywords.
Another valuable resource is the orthologous distribution tables of the MicroBial Genome
Database for comparative analysis or MBGD (Uchiyama, 2007). A table containing all of
the orthologous families in a given set of genomes can be generated and then queried for
particular phylogenetic distribution patterns. There again filters can be used to sort the
output data. Only 100 genomes can be analyzed, but this is sufficient for most queries.

4.3.2. Case study—To illustrate the power of the use of phylogenetic distribution
profiles, we tested the strategy used to identify the gene encoding the missing wybutosine
tricyclic guanosine-ring forming enzyme WyeA (Waas et al., 2005) in the different
databases. Literature analysis extracted from the tRNA database (Sprinzl et al., 1999)
suggested that this gene should be present in archaea, yeast, and Homo sapiens and absent in
bacteria and fly. An input profile was generated to query the different databases. The gene
family should be present in Methanococcus janaschii, Homo sapiens, S. cerevisiae, but
absent in E. coli, B. subtilis, and Drosophila melanogaster. To query MBGD that lacks
many eukaryotic genomes, Homo sapiens was eliminated from the query list and the fly
genome was replaced by another insect, Encephalotazoon cuniculi. Remarkably the output
from the PLEX search showed only the two protein families exemplified by the yeast
proteins Ypl207w and Ygl050w. Experimental validation by several groups has shown that
both these proteins are, indeed, involved in wybutosine biosynthesis (Kalhor et al., 2005;
Noma et al., 2006; Waas et al., 2005). The output from the NMPDR and MBGD, CoGenT+
+ databases were less selective. Both protein families identified in the PLEX search were
identified, but more false-positive hits obscured the result. Thirty-five protein families were
extracted by use of MBGD, because fewer genomes were used in the query. Several hundred
were found by use of CoGenT++, because the user is not given the choice of a genome for
the output list, making the results quite difficult to analyze. The NMPDR analysis gave 435
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output proteins, but the NMPDR signature tool also extracts gene families that do not follow
exactly the query with perfect matches given the highest score of two.

4.3.3. Conclusion—A well-designed phylogenetic query is very efficient at identifying
gene candidates for a given function, and several databases make these queries possible.
Success will depend on: (1) the robustness of the initial biological information used to
design the profile; (2) imposing the fewest possible query constraints but still being stringent
enough so that the output is not too large, which usually means trying different combinations
of genome choices as inputs; (3) trying several search databases; and (4) even if the output
list of families is large, it can be reduced by combining with other criteria such as keywords
or physical clustering as discussed later with the identification of the lysidine synthase gene
(tilS).

4.4. Mining other types of “Omics” data
Inferences on gene functions can be derived from many types of associations. For example,
genes in the same pathways are often regulated by a common protein recognizing a specific
DNA sequence or by common riboswitches (Gelfand et al., 2000b). Finding genes that share
regulatory sites is, therefore, a powerful method to link genes functionally (see Barrick et al.
[2004]; Rodionov et al. [2006]; and Yang et al. [2006] for examples). In an example related
to tRNA modification, a riboswitch was identified upstream of the B. subtilis ykvJKLM
operon (Barrick et al., 2004). Genes under the control of the same riboswitch in other
genomes include yhhQ (Barrick et al., 2004), a predicted transporter protein that also
clusters with queuosine pathway genes (see Table 7.5). We are, therefore, currently testing
the hypothesis that YhhQ is a preQ1/preQ0 transporter. Unfortunately, the algorithms to
detect conserved DNA motifs over all sequenced genomes such as SignalX are not available
yet as web-based applications (Gelfand et al., 2000a). The reader will have to wait before
such queries can be performed without the use of specialized programs that require some
computer programming skills.

Associations can also be derived from interaction data sets (results of systematic two-hybrid
or Tap-Tag experiments), coexpression data sets (results of expression profiling on
microarrays), or phenotype arrays. The rapid increase in the volume and quality of
functional genomics data is expected to strongly impact functional gene characterization in
the near future. Among the growing number of web resources are the Stanford Microarray
Database (SMD) for expression data (http://genome-www5.stanford.edu/) and the Database
of Interacting Proteins (DIP) for protein–protein interactions (http://dip.doe-mbi.ucla.edu/).
For the purpose of using these resources to predict gene function, two main problems
remain: (1) the great number of false-positive or noninformative associations; and (2) the
difficulty of mining these data at the click of a mouse (particularly for microarray results).
However, adding filters and/or combining with other types of information can solve the first
problem, as does the STRING database that integrates results from interactions and array
experiments with clustering and phylogenetic data (von Mering et al., 2007).

The information that the researcher hunting for a gene's function would like to extract from
array data is the list of genes having the same expression profile as the input gene over all
expression data available. The Program Array prospector (Jensen et al., 2004) was designed
for this purpose, but, unfortunately, the web site did not seem to be working when tested.
Organism-specific databases such as Saccharomyces Genome Database (SGD) for yeast
(Nash et al., 2007) or TAIR for Arabidopsis thaliana (Rhee et al., 2003) that are constantly
integrating all the available “omics” data will allow such queries and are obvious starting
points when possible.
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Finally, the availability of large-scale mutant libraries allows the implementation of
phenomics approaches (consisting of phenotype arrays or multiplexed phenotype tests
screening of all mutants). These data are also starting to be mined (Kahraman et al., 2005).
One example is the Prophecy database that enables phenotypes of all available S. cerevisiae
mutants to be accessed through different query formats (Fernandez-Ricaud et al., 2007).
However, phenomic information is not yet integrated in comparative genomic databases
except for essentiality data. Systematic mutant construction libraries or transposon library
mapping (see Osterman and Begley [2006] for descriptions of techniques) allows the
prediction of which genes are essential for growth in specific organisms. This information
has been integrated in the SEED database.

4.4.1. Case study—One example of the use of essentiality information in the tRNA
modification field is the discovery of tilS encoding lysidine synthase (Soma et al., 2003).
This modification was predicted to be found only in bacteria and to be essential for survival,
because in its absence, the minor tRNAIle

CAU would be charged by methionine (Muramatsu
et al., 1988). By use of the signature tool of the NMPDR database, the following query can
be performed. Which genes are present in Bacillus subtilis 168, Buchnera aphidicola str.
APS, Escherichia coli K12, Mycoplasma mycoides subsp. mycoides, Wolbachia sp.
endosymbiont of Drosophila melanogaster absent in Arabidopsis thaliana,
Methanocaldococcus jannaschii, Saccharomyces cerevisiae and essential for growth in E.
coli. The output list of 91 genes contains only approximately 10 genes of unknown function;
one of them encodes the lysidine synthase.

4.4.2. Conclusion—Both the postgenomic experimental data sets and the platforms to
analyze them are constantly improving. We anticipate that if we update this review in a few
years, examples of prediction driven by mining postgenomic data will be much more
numerous than today.

4.5. Subsystem analysis
4.5.1. Overview—Very early in the genomic era it was apparent that a dramatic
enhancement of the quality and utility of genomic annotations can be achieved with
metabolic reconstruction technology in which genes encoding metabolic pathways are
inventoried in given genome (Galperin and Brenner, 1998; Selkov et al., 1997). By placing
genes in the context of metabolic pathways, metabolic reconstruction was a key component
of the success of genome sequencing, because the physiology and metabolism of an
organism can now be predicted from genomes (Galperin and Brenner, 1998; Overbeek et al.,
1999).

Stemming from metabolic reconstruction technology is the possibility of analyzing
metabolic pathways across all genomes by computing the presence or absence of pathway
genes. The consequence of this type of analysis was the realization that the number of
missing genes (both “locally” or “globally” missing) was much larger than expected,
reflecting the diversity of metabolic solutions used by life. Many public resources support
this approach such as KEGG/GenomeNet (Kanehisa et al., 2006), MetaCyc (Krieger et al.,
2004), the CMR-genome properties (Haft et al., 2005), and MicrobesOnline (Alm et al.,
2005). In all of these platforms, spreadsheets computing the distribution of the genes of
specific pathways in all (or in a subset of ) genomes can be generated. MicrobesOnline has
also developed very helpful graphical interfaces by use of the KEGG pathway maps as
templates. The great limitation of these databases is that all of the pathways that can be
profiled are precomputed, and all use the KEGG pathway database as template. This led
Ross Overbeek and colleagues to develop the concept of the subsystem, first with the
commercial ERGO database (Overbeek, 2003), then with the freely available SEED
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database (Overbeek et al., 2005). A subsystem is a collection of genes that is built by the
user and in which the genes are analyzed as a group. It can consist of genes of a pathway or
a complex but is not limited to these. Subsystems can be updated or modified at will. The
tools to build and analyze subsystems are at the core of the SEED platform.

4.5.2. Case study—In the case of preQ1 biosynthesis, no pathway was present in KEGG,
because the enzymes of the pathway had not been characterized. A queuosine subsystem
was created, including the known Q biosynthesis enzymes such as tRNA-guanine
transglycolase (TGT) (Noguchi et al., 1982), QueA (Reuter et al., 1991; Slany et al., 1994),
and the newly discovered QueCDEF enzymes. After a step in which all orthologs of the
subsystem families are annotated in all genomes by the user (this step should not be
performed without adequate SEED training), the subsystem spreadsheet was generated. As
shown in Table 7.6, for every genome in the database the presence or absence of the genes
of the subsystem is visualized with a link to the corresponding protein. If two genes are
physically clustered in a given genome, they will be highlighted in the same color. The
clustering of the queCDEF genes becomes very apparent with the color coding (Table 7.6).
Also rare clustering events such as the queD-tgt proximity in Synechocystis that had not
been detected by any of the clustering tools discussed previously become easy to visualize.
This is important, because in some cases, clustering occurring in just a few genomes can
give the initial association clue.

4.5.3. Conclusion—By focusing on a specific subsystem, the user can identify the
globally and locally missing genes, visualize clustering, or see phylogenetic distribution
patterns. In this way, SEED soon becomes for the user a virtual laboratory where specific
hypotheses can be tested in silico.

5. General Conclusion: The Power of Integration
The possibility of asking complex queries that integrate many types of data is the next
bioinformatic challenge. For example, to find the tRNA dihydrouridine synthase genes, one
could ask the following question: what protein families are absent in Pyrococcus sp. but
present in E. coli, B. subtilis, and S. cerevisiae, and are part of a dehydrogenase family, bind
tRNA, and cluster with genes related to translation (Bishop et al.,2002)? The data allowing
the correct prediction are available but have not yet been integrated in a database in a
queriable form. Several platforms are working toward this goal, and a summary of the
integrative capabilities of a few databases is presented in Table 7.7. These tools are
constantly improving, and in a few years such complex queries might, indeed, become
possible. One example of integration is the query toolbox of CMR-Genome properties that
can filter searches by use of different types of characteristic such as MW, pI, or keywords in
the annotations. Finally, although the examples in this review were taken from the tRNA
modifications field, the techniques discussed here could be applied to any field of
metabolism.
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Figure 7.1.
Comparative genomic strategies used to make predictions on gene function.
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Figure 7.2.
Clustering of queCDEF genes in several genomes.

de Crécy-Lagard Page 19

Methods Enzymol. Author manuscript; available in PMC 2011 February 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

de Crécy-Lagard Page 20

Table 7.1

tRNA modification genes recently identified by use of experimentally driven approaches

Functional role Verified in Protein name Initial experimental method and
reference

Postgenomic systematic approaches

Dihydrouridine synthases S. cerevisiae Dus1 Dus2 Dus3 Dus4
Dus5

Biochemical profiling (Xing et al., 2002)

tRNA(His) guanylyltransferase S. cerevisiae Thg1 Biochemical profiling (Gu et al., 2003)

tRNA m7G-methyltransferase S. cerevisiae Trm8 Trm82 Biochemical profiling (Alexandrov et al.,
2002)

2-thiouridine synthesis E. coli TusA TusB TusC
TusD

Systematic mutant analysis (Ikeuchi et al.,
2006)

Wybutosine biosynthesis S. cerevisiae WyeA WyeB WyeC
WyeD WyeE

Systematic mutant analysis (Noma et al.,
2006)

Classical genetic or biochemical approaches

tRNA (uridine-5-oxyacetic acid methyl ester) 34
synthase

E. coli CmoA Genetic screen (Nasvall et al., 2004)

tRNA (5-methoxyuridine) 34 synthase E. coli CmoB Genetic screen (Nasvall et al., 2004)

tRNA pseudouridine 13 synthase E. coli TruD Protein purification (Kaya and Ofengand,
2003)

tRNA(cytosine32)-2-thiocytidine synthetase E. coli TtcA Mapping of a previously identified
mutation (Jager et al., 2004)

Queuosine biosynthesis E. coli QueC Mutant complementation (Gaur and
Varshney, 2005)
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Table 7.2

tRNA modification genes recently identified by use of homology-based bioinformatic approaches

Functional role Verified in Protein name Identification method and
reference

tRNA-specific adenosine-34 deaminase (EC 3.5.4.-) E. coli TadA BLAST with S. cerevisiae deaminase
gene (Wolf et al., 2002)

Selenophosphate-dependent tRNA 2-selenouridine
synthase

E. coli YbbB Search for proteins containing
rhodanese domains (Wolfe et al.,
2004)

tRNA pseudouridine synthase (position 55) P. abyssi PsuX Gapped-BLAST with Euglena
gracilis Cbf5p (Roovers et al., 2006;
Watanabe and Gray, 2000)

tRNA m2
2G10 methyltransferase S. cerevisiae Trm112p Trm11p Protein fold prediction

(Purushothaman et al., 2005)

tRNA m1A58 methyltransferase Themus thermophilus TrmI tBlastN with Rv2118c from M.
tuberculosis (Droogmans et al., 2003)

tRNA (cytosine32/34–2′-O-)-methyltransferase S. cerevisiae Trm7p BLAST with FtsJ of E. coli (Pintard
et al., 2002)

tRNA:Cm32/Um32 methyltransferase E. coli YhfQ = TrmJ SPOUT domain search (Purta et al.,
2006)

tRNA (m7G46) methyltransferase E. coli YggH Protein fold prediction (De Bie et al.,
2003)

Wybutosine biosynthesis S. cerevisiae WyeC Methylase Motif searches (Kalhor et
al., 2005)

Mitochondrial tRNA-specific 2-thiouridylase 1 Homo sapiens S.
cerevisiae

MTU1 BLAST with E. coli MnmA (Umeda
et al., 2005)

tRNA (ribose 2′-O-methylase), position cytosine 56 Pyrococcus abyssii PAB1040 SPOUT domain search (Renalier et
al., 2005)
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Table 7.3

tRNA modification genes identified by use of non-homology–based comparative genomics techniques

Functional role Verified in Protein name Key bionformatic evidence and reference

5-Methylaminomethyl-2-thiouridine synthase E. coli MnmC Clustering/fold recognition (Bujnicki et al.,
2004b; de Crécy-lagard, 2004)

Flavin-dependent tRNA:m5U methyltransferase B. subtilis Gid Occurrence profile (Urbonavicius et al., 2005)

tRNA lysidine synthase E. coli MesJ Occurrence profile and essentiality data (Soma
et al., 2003)

tRNA Carbamoyl-threonyl-adenosine synthase S. cerevisiae Sua5 Occurrence profile/structurea

Wybutosine biosynthesis S. cerevisiae WyeA Occurrence profile (Waas et al., 2005)

Bacterial tRNA dihydrouridine synthase E. coli DusA DusB DusC Occurrence profile/operon (Bishop et al.,
2002)

Queuosine/archeosine biosynthesis Acinetobacter baylyi QueE QueC QueD Occurrence profile/operon (Reader et al.,
2004)

PreQ0 reductase E. coli B. subtilis QueF Occurrence profile/operon (Reader et al.,
2004; Van Lanen et al., 2005)

a
de Crécy-lagard and collaborators (unpublished results).
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Table 7.4

Freely available databases and analysis platforms discussed in this reviewa

Name Location

Integrative databases

STRING http://dag.embl-heidelberg.de/newstring_cgi/show_input_page.pl

CMR-genome properties http://www.tigr.org/tigr-scripts/CMR2/GenomeSlicer.spl

SEED http://theseed.uchicago.edu/FIG/

NMPDR http://www.nmpdr.org/

MicrobesOnline http://www.microbesonline.org/

CoGenT++ http://cgg.ebi.ac.uk/cgg/cpp_sitemap.html

NCBI http://www.ncbi.nlm.nih.gov/

Protein fusion analysis

Fusion DB http://igs-server.cnrs-mrs.fr/FusionDB/

CDART http://www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi

Pfam http://www.sanger.ac.uk/Software/Pfam/

Phylogenetic distribution analysis

Protein Link Explorer (Plex) http://apropos.icmb.utexas.edu/plex/plex.html

Cluster of orthologous groups http://www.ncbi.nlm.nih.gov/COG/

http://www.ncbi.nlm.nih.gov/COG/old/phylox.html

PhydBac http://igs-server.cnrs-mrs.fr/phydbac/

MBGD http://mbgd.genome.ad.jp/

Pathway tools

GenomeNet and KEGG http://www.genome.ad.jp/

MetaCyc http://metacyc.org/

Cytoscape http://www.cytoscape.org/

Organism-specific databases

SGD http://www.yeastgenome.org/

TAIR http://www.arabidopsis.org/

Array, protein interaction, and phenotype analysis

Visant http://visant.bu.edu/

Array prospector http://www.bork.embl.de/ArrayProspector

Prophecy http://prophecy.lundberg.gu.se/

DIP http://dip.doe-mbi.ucla.edu/

a
See text for references.
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Table 7.5

Comparison of the STRING, PhydBac, NMPDR (SEED), and MicrobesOnline platforms to detect clustering
events

Predicted clustered genes

Inputgene String PhydBac NMPDR Microbes-Online

QueCEc = ybaX YgcF (0.938)a YgcF None detected by direct functional coupling. YbaX was detected
through the CL tool.

YgcF

YgcM (0.844) YgcM YgcM

YqcD (0.675) YbgF

YqcD

Pal

QueDEc = ygcM YbaX (0.844) YgcF As above YbaX

YgcF (0.804) YbaX

YqcD (0.535) YqcD

QueEEc = ygcF YbaX (0.938) YgcM As above YbaX

YgcM (0.804) YqcD

YqcD (0.720) YbaX

PyrG (0.519) YbgF

Pal TolB

QueFEc = yqcD YgcF (0.720) YgcF None detected None detected

YbaX (0.675) YhhQ

YgcM (0.583) YgcM

YgdH (0.440) YbaX

QueCBs = ykvJ YkvL (0.940) NAb YkvK (score 12)a YkvJKLM

YkvM (0.840) YkvL (score 12)

YkvK (0.804)

QueDBs = ykvK YkvL(0.926) NA YkvJ (score 12) YkvJKLM

YkvJ (0.804) YkvL (score 6)

YkvM (0.481)

QueEBs = ykvL YkvJ (0.940) NA YkvJ (score 12) YkvJKLM

YkvK (0.926) YkvK (score 6)

YkvM (0.792)

QueFBs = ykvM YkvJ (0.840) NA None detected by direct functional coupling. YkvJ and YkvL were
detected through the CL tool.

YkvJKLM

YkvL (0.792)

YkvK (0.481)

a
Database-specific scores.

b
Not available
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