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ABSTRACT

Experimental data on the Escherichia coli
transcriptional regulatory system has been used in
the past years to predict new regulatory elements
(promoters, transcription factors (TFs), TFs’ binding
sites and operons) within its genome. As more gen-
omes of gamma-proteobacteria are being sequenced,
the prediction of these elements in a growing number
of organisms has become more feasible, as a
step towards the study of how different bacteria
respond to environmental changes at the level of
transcriptional regulation. In this work, we present
TRACTOR_DB (TRAnscription FaCTORs’ predicted
binding sites in prokaryotic genomes), arelational data-
base that contains computational predictions of new
members of 74 regulons in 17 gamma-proteobacterial
genomes. For these predictions we used a compar-
ative genomics approach regarding which several
proof-of-principle articles for large regulons have
been published. TRACTOR_DB may be currently
accessed at http://www.bioinfo.cu/Tractor_DB, http://
www.tractor.Incc.br/ or at http:/www.cifn.unam.mx/
Computational_Genomics/tractorDB. Contact Email
id is tractor@cifn.unam.mx.

INTRODUCTION

One of the challenges of Functional Genomics is the identifi-
cation of all the elements that take part in an organism’s
transcriptional regulatory network. This is necessary to under-
stand how the cell reacts to environmental stimuli at the level
of transcriptional regulation. Intense research is being carried

out in this direction (1-3). The first step towards this goal is the
recognition of all the genes regulated by a transcription factor
(TF), i.e. its regulon.

Computational approaches to recognizing the location of
regulatory sites in bacterial genomes include the use of weight
matrices (4), phylogenetic footprinting (5), searching for
statistical overrepresentation of oligonucleotides within a
genome and clustering co-expressed genes in order to find
conserved patterns in their upstream regions (6,7), among
others (8,9). Recently, Tan et al. (10) proposed a new method-
ology which brings together the advantages of both, the weight
matrices and the phylogenetic footprinting approaches.

In the past few years, a great amount of research has been
dedicated to computational prediction of important regulatory
elements in the Escherichia coli genome: promoters (11),
operons (12), TFs (13) and TF binding sites (9). As more
bacterial genomes are sequenced, it is becoming more impor-
tant to extend these efforts to other organisms, and decipher
their transcriptional regulatory networks by means of com-
parative regulatory studies (10,14—19).

Our two major goals in this work were the production of a
reliable set of binding site predictions for as many gamma-
proteobacterial TFs as possible in 17 organisms of this division
[E.coli K12 (NC_000913), Haemophilus influenzae
(NC_000907), Salmonella typhi (NC_003198), Salmonella
typhimurium LT2 (NC_003197), Shewanella oneidensis
(NC_004347), Shigella flexneri 2a (NC_004337), Vibrio
cholerae (NC_002505), Yersinia pestis KIM (NC_004088),
Buchnera aphidicola (NC_004545), Pseudomonas aeruginosa
(NC_002516), Pseudomonas syringae (NC_004578), Pasteur-
ella multocida (NC_002663), Pseudomonas putida KT2440
(NC_002947), Vibrio parahaemolyticus (NC_004603), Vibrio
vulnificus CMCP6 (NC_004459), Xanthomonas axonopodis
(NC_003919) and Xylella fastidiosa (NC_002488)], and
the construction of a database (TRACTOR_DB, accessible
at  http://www.bioinfo.cu/Tractor_DB, http://www.tractor.
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Incc.br and  http://www.cifn.unam.mx/Computational _
Genomics/tractorDB) with a user-friendly navigation interface
containing these computationally predicted sites. Several
recent papers have addressed the first goal; however, to our
knowledge, the present work is the most complete in terms of
the number of regulons and organisms that it comprises. Most
other studies have been limited to E.coli and H.influenzae (10)
or to one or few regulons (18,19). In contrast, the work by
McCue et al. (20) predicted a large number of putative reg-
ulatory sites in 10 gamma-proteobacterial genomes, but could
not associate many of those sites to a given TF.

METHODS
Selecting organisms and regulons

We used the main ideas of the methodology proposed by Tan
et al. (10) to predict new regulon members in 17 gamma-
proteobacterial genomes. Orthology information is used in
this methodology to assess the biological significance of
putative regulon members. The methodology requires that
the organisms selected be phylogenetically close to E.coli,
since E.coli known binding sequences are used to build a
statistical model of a TF’s binding site, and this model is
subsequently used to predict new members of that regulon
in the other organisms within the study. Hence, we included
in our study a group of organisms from different subdivisions
of the gamma-proteobacteria subclass whose genomes were
completely sequenced. We started working with all TFs with
at least one binding site known in E.coli.

Outline of the predictive methodology

Original training sets contain E.coli TFs’ binding sequences
extracted from RegulonDB, version 4.0 (21). The first eight
organism referenced in the list above (those sharing at least
30% of orthologous genes with E.coli) were used to construct
the original training sets. A training set was built for each TF
with at least one known binding sequence in E.coli (21) and it
included also those of orthologous non-coding regions when
less than 25 binding sequences were known in E.coli. We built
weight matrices only for TFs with training sets larger than four
sequences. Two statistical models were built for each TF:
one using CONSENSUS, and the second using the Gibbs-
SAMPLER. The training sets were filtered twice as proposed
by Tan et al. (10) to eliminate possible weak binding
sequences and cutoff values were selected in accordance
with their methodology.

The model built using CONSENSUS was aligned against
TUs promoter regions (from —400 to +50) using PATSER (4),
setting the lower threshold of the program to the weak cutoff
value; the DSCAN software was used to scan these regions
with the model built using the Gibbs-SAMPLER (22). The sets
of putative sites thus produced by CONSENSUS and Gibbs-
SAMPLER were merged and subsequently filtered using
orthology information and score (10).

New training sets were built rescuing putative sites
predicted for each TF in all organisms. For those TFs that
produced more than four putative sites in E.coli (after the
orthology filtering) and in at least one other organism, a train-
ing set was built for each separate organism with more than
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four putative sites. These sets were then used to build a specific
model for each organism using CONSENSUS, which were
then used to re-calculate the cutoffs and to re-scan the reg-
ulatory regions of each organism.

Summing up, the main features included in the approach
proposed by Tan et al. (10) in order to extend it to as many TFs
as possible were as follows: (i) the use of two different algo-
rithms to build the statistical models of each TF binding site:
the CONSENSUS (4) and the Gibbs-SAMPLER (22); (ii) the
inclusion, within the training set used to build the model of
each TF, of non-coding regions upstream the TUs of
the organisms other than E.coli that are orthologous to those
that in E.coli are known as regulon members (orthologous
non-coding regions), along with E.coli known binding
sequences of the TF; and (iii) the reconstruction of the models
for each TF in each organism after the prediction process,
which allows the refinement of the search for new members
of the regulon within each genome.

All the sites found for a given TF—in the eight initial
organisms—after the second scanning using the rebuilt models
were aligned, using CONSENSUS, to produce a Positional
Weight Matrix (PWM). Those PWMs were then used to
scan the genomes of the other nine organisms for new putative
binding sites. The orthology filtering process was done as
described in the Supplementary Material, Section 1.5, using
only the first eight organisms at the centre of the analysis.

For a thorough description of the predictive methodo-
logy see Section I.(1-6) and Figure 1 of the Supplementary
Material.

Designing and building the database

The database was designed and built following the relational
model, and installed on a MySQL server. The web interface is
managed by a cgi PERL script that does all the work, from
querying the database at the user’s request, to generating the
dynamic web pages that form the interface. The design that we
have adopted makes it very easy to incorporate new instances
to the database, which may be very easily accommodated into
the interface. Figure 1 shows the main relationships between
the tables that compose TRACTOR_DB and the most impor-
tant queries carried out by the interface program.

Several links in the dynamically generated web pages that
form the interface make the navigation easy and user-friendly.
The dynamic pages are linked to other databases such
as RegulonDB (21), EcoCyc (23) and the NCBI database.
All the data stored in the database may be downloaded in
the form of flat files and the complete system will be available
for installation upon request in the near future.

RESULTS
Putative new regulon members by organism

Table 1 of the Supplementary Material shows the number of
members (TUs) found in all organisms for each of the 74
regulons for which a statistical model was built. (In those
cases for which the model of the binding site could be rebuilt,
the results shown correspond to the search done with that
rebuilt model.) For those regulon members found in E.coli,
predictions are compared to regulon members (TUs) annotated
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Figure 1. TRACTOR_DB design. Main relationships between tables (oval arrows), and main queries performed by the interface program (stealth arrows).

in RegulonDB (shown in column one), in order to assess the
sensitivity of our search for new regulon members. Regulons
may be grouped in three different clusters based on this sen-
sitivity. First, there is a set of six regulons for which 50-80%
of the known TUs are recognized by the methodology. This
group contains several global regulators (24), and its most
prominent members are CRP (75% of member TUs recog-
nized) and FNR (65%). This improves the results obtained
by Tan et al. (10) (44.6 and 46.2%, respectively), which
are mostly due to the incorporation of new organisms into
the study. The failure in detecting the remaining quarter of
CRP, and one-third of FNR regulated TUs is mostly due to the
restriction imposed by the weak cutoff. Most of the sites that
the methodology does not recognize score below this cutoff.
The second group comprises 63 regulons, with few (<10) TU
members known in E.coli. For these, most TU members are
recognized by the methodology (from one-half to all). Finally,
there is a group of five regulons for which less than that one-
half of the members are identified, in most cases due to
the failure in producing a good model of the binding site.
Our results recognizing E.coli known regulon members are
comparable to those of McCue et al. (20) for small regulons
and are better for large regulons.

For some regulon—organism combinations no putative sites
are found although the TF is found in that particular organism.
This happens mainly for small regulons, those for which there
is a greater variation in the sequence of the recognition helix
from genome to genome (16), and thus, for which a greater
variation in the recognition sequence from one organism to the
next is expected.

The number of regulons for which our methodology could
predict sites is significantly low in the organisms more distant
from E.coli (i.e. Xanthomonas axonopodis and Buchnera
aphidicola, Table 1). This is mainly due to the limitations
that impose the methodology which rely on orthology relation-
ships between the organisms under study.

The database

We designed the web interface TRACTOR_DB so that it may
be accessed and browsed in four different ways or modes. The
first mode may be called one-gene-one-genome; it displays all
the sites found for a TU of any organism. The user selects this
mode by entering a gene name or gi and ticking an organism’s
name. In the second mode (one-gene-multigenome), the user
enters a gene name or gi and ticks the all organisms
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Table 1. Total number of predictions—supported by orthology or scoring
above the strong cutoff—and TFs found in each organism

Organism Total predictions Number of TFs
E.coli K12 853 74
S.typhi 725 23
S.typhimurium LT2 752 26
S flexneri 2a 658 32
Y.pestis KIM 354 11
H.influenzae 140 5
V.cholerae 234 7
S.oneidensis 285 6
B.aphidicola 7 3
P.aeruginosa 22 11
P.putida KT2440 17 9
P.syringae 16 9
V.parahaemolyticus 141 28
V.vulnificus CMCP6 112 23
X.axonopodis 3 2
X.campestris 5 4
X fastidiosa 7 4

option: the interface then displays the orthology information
that supports all sites predicted upstream the E.coli TU where
that gene is located. The third mode (one-TF-one-genome)
displays all predicted members of the TF regulon in one organ-
ism. To access this mode, the user ticks an organism’s name
and selects a TF name from the menu next to it. The last mode,
which may be called one-TF-multigenome, displays the infor-
mation regarding the conservation of a simple or complex
E.coli regulon (a set of genes regulated by the combination
of two or more TFs) across all the other 16 genomes.

The current release of TRACTOR_DB (1.0) contains com-
putational predictions of new members of 74 regulons in the
17 gamma-proteobacterial genomes referenced above. Future
releases will include transcription binding site predictions for
new gamma-proteobacteria whose genomes are already
sequenced and others which are currently in progress. The
update process will be carried out as new genomes are
available approximately once every six months. Table 1
summarizes the information available in the current release
of TRACTOR_DB.

DISCUSSION

To fulfill the identification of new members of as many known
gamma-proteobacterial regulons as possible in eight organ-
isms of this group, we employed the main ideas developed
by Tan et al. (10) in their approach to predict new members of
regulons, as an effective way to reduce the high false positives
rate inherent to all computational approaches used to predict
regulatory signals. Moreover, we incorporated several exten-
sions into that methodology in order to include as many reg-
ulons as possible to the study, including all with at least one
known binding sequence in E.coli. Finally, we found new
putative binding sites in E.coli for 74 out of 102 TFs with
binding sites annotated in RegulonDB, and for 42 of them, we
were able to rebuild the model of the binding site and tune
the search in each genome. The sensitivity of this extended
methodology in E.coli proved very good (Table 1 of Supple-
mentary Material). In addition, we predicted new members
of regulons in the other 16 gamma-proteobacterial genomes
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under study, in numbers ranging from two regulons in
X.axonopodis to 32 in S flexneri.

The most important result of this work is the establishment
of TRACTOR_DB, a relational database that gives access,
through a user-friendly browsing interface, to our comput-
ationally predicted members of proteobacterial regulons.
The design of the database makes it very easy to include
new computationally predicted regulon members in other
gamma-proteobacterial genomes and/or using different pre-
dictive approaches. TRACTOR_DB should aid experiment-
alist researchers in the analysis of microarray results or in any
other situation when a piece of information regarding the
possible regulation of a gene or set of genes may be of
help (orienting researchers about which genes are more likely
to be regulated by a given TF or set of TFs).

TRACTOR_DB may also be regarded as a starting point in
the understanding of the organization of the transcriptional
regulatory network of bacteria other than E.coli, given the fact
that—to our knowledge—this is the largest set of putative
regulon members in gamma-proteobacterial genomes from
the point of view of number of regulons and organisms.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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