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ABSTRACT

The influx of high-throughput data and the need
for complex models to describe the interaction of
prokaryotic transcription factors (TF) with their
target sites pose new challenges for TF-binding
site databases. CollecTF (http://collectf.umbc.edu)
compiles data on experimentally validated, naturally
occurring TF-binding sites across the Bacteria
domain, placing a strong emphasis on the transpar-
ency of the curation process, the quality and avail-
ability of the stored data and fully customizable
access to its records. CollecTF integrates multiple
sources of data automatically and openly, allowing
users to dynamically redefine binding motifs and
their experimental support base. Data quality and
currency are fostered in CollecTF by adopting a
sustainable model that encourages direct author
submissions in combination with in-house valid-
ation and curation of published literature. CollecTF
entries are periodically submitted to NCBI for inte-
gration into RefSeq complete genome records as
link-out features, maximizing the visibility of the
data and enriching the annotation of RefSeq files
with regulatory information. Seeking to facilitate
comparative genomics and machine-learning
analyses of regulatory interactions, in its initial
release CollecTF provides domain-wide coverage
of two TF families (LexA and Fur), as well as exten-
sive representation for a clinically important bacter-
ial family, the Vibrionaceae.

INTRODUCTION

The binding of transcription factors (TF) to target sites
in genomic DNA is a defining element of transcriptional
regulatory networks (TRN). Bacterial transcription

networks rely extensively on direct TF–DNA interactions
and display relatively lower complexity than their eukary-
otic counterparts (1,2). This has generated substantial
interest in modeling and cataloguing bacterial TF-
binding site interactions, leading to the emergence of
several model organism-based databases aimed at
compiling TF-binding sites to define TRN and explore
their interplay with other cellular systems (3–6), as well
as two databases dedicated to compiling gene-regulation
information across multiple prokaryotic species (7,8). In
recent years, the development of high-throughput tech-
niques for the identification of TF-binding sites, like
ChIP-Seq (9), has led to a rising influx of data that chal-
lenges the traditional manual curation process and the
underlying definition of TF-binding sites in current data-
bases (3). In turn, the increasing availability of such data
and the mounting evidence on the complexity of TF-
binding site recognition and regulatory logic in bacteria
(10–12) have led to the proliferation of machine learning
and comparative genomics techniques to model TF-
binding site interactions (13–15). These approaches
require the integration of genome-wide, multi-species
knowledge on TF binding, using a broader definition of
TF-binding site and having direct access to the experimen-
tal sources of evidence for each site. At present, cross-
species information is hard to compile and standardize
across prokaryotic TF-binding site databases. Different
databases use different ranking systems for experimental
evidence, which is not always made directly accessible, and
will often combine experimentally supported sites with
computational predictions, as well as naturally occurring
sites with artificially generated ones. CollecTF seeks to
address these issues and complement existing databases
by providing high-quality, transparent annotation on
naturally occurring TF-binding sites across the Bacteria
domain, explicitly integrating multiple sources of
evidence and binding site definitions into a highly access-
ible, machine readable and fully customizable database.
In line with previous initiatives (16), CollecTF combines
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in-house curation with direct submission from authors,
and seeks to foster a sustainable external submission
model through its integration with NCBI RefSeq (17).

DATABASE CURATION

The main goal of CollecTF is to provide high-quality an-
notation on experimentally validated TF-binding sites in
their genomic context. This is accomplished through the
manual curation of peer-reviewed literature with a special
focus on the experimental process used to identify TF-
binding sites. Curations may be initiated in-house by a
team of curators specifically trained on the experimental
techniques used to determine TF-binding sites, or by
direct submission from authors. In all cases, curations
are double-checked by at least two curators following a
well-defined set of guidelines before inclusion in the
database. Given its fundamental importance, the
curation process is the central element of the relational
database structure of CollecTF (Figure 1 and
Supplementary Figure S1). A curation essentially
establishes a link from a TF and a number of sites as
reported in a scientific publication to a set of genome pos-
itions and a protein accession in the NCBI RefSeq
database. The mapping process involves an automated
search of reported sites in the target reference sequence
and manual verification of their genomic location by the
curator. Exact matching sequences for each binding site
are first identified in the reference genome and their
genomic location is reported to the curator together with
information on the functional annotation of nearby genes.

The curator uses this contextual information to validate
the correspondence between identified genome positions
and reported sites. For reported sites without exact
matches in the genome, a search allowing up to two
mismatches is performed. Identified sequences are again
annotated with contextual information, ranked using a
position-specific weight matrix derived from the list of
reported sites and presented to the curator for manual
verification. For any given curation, at least 90% of the
reported sites must have exact matches in the reference
genome in order for the mapping to be accepted.
Otherwise, the submitted data is stored but not associated
with the NCBI record. Most importantly, for each TF-site
pair the curation process also determines all the tech-
niques used to identify the site and its regulatory role on
nearby genes, and generates a summary description of the
experimental process. CollecTF distinguishes between two
primary experimental sources: direct evidence of binding
and evidence of TF-mediated regulation. In silico tech-
niques are annotated as complementary sources in the
experimental process, but are not admitted as the single
source of evidence for a record. CollecTF does not rank
experimental techniques. Instead, it provides direct
queryable access to the experimental support, providing
users with full control over quality standards of retrieved
data.

DATABASE CONTENT

CollecTF contains exclusively experimentally verified TF-
binding sites identified in natural DNA sequences.
Historically, the definition for TF-binding site has been
associated to the presence of a well-defined TF-binding
motif, but in the last decade it has become increasingly
apparent that many TFs bind DNA without clear-cut
sequence determinants (10–12). To accommodate this
diversity without losing the high-quality annotation of
motif determinants, CollecTF curators classify sites as
motif associated or non-motif associated. Motif associated
sites are either explicitly identified by authors as following
a pre-established motif or shown by means of detailed
experimental work (e.g. site-directed mutagenesis) to
conform to a new motif. Non-motif associated sites are
any DNA fragments conclusively identified by the authors
as bound to the TF; this includes ChIP sites as reported by
authors using a given peak-calling method and confidence
interval. Any quantitative information associated with
sites (e.g. estimated Kd) is also stored during curation,
together with its range and a short description of the
quantitative technique. For ChIP data, additional infor-
mation on the experimental conditions and the ChIP
protocol is also compiled.
Experimental evidence of binding for a given genomic

position may be distributed across multiple reported sites
of either type. Wherever a motif associated site has been
defined, CollecTF dynamically combines multiple sources
of evidence by arbitrarily defining a leader site and using
two simple pair-wise propagation rules. Evidence from
two motif associated sites is combined if the overlap
between sites is >75% of the combined site length.
Evidence from non-motif associated sites is integrated

Figure 1. Schematic representation illustrating the CollecTF data
structure, curation and navigation processes. (Left panel) The
curation table is the pivotal element of the relational design in
CollecTF, providing a central link to all the other tables in the
database (Supplementary Figure S1) and establishing a link between
reported TF-binding sites, the evidence supporting them, their regula-
tory effects on genes and their mapped instances in a reference genome.
(Right panel) Navigation is initiated by browsing or customized search,
leading to a dynamically generated report that can be cumulative or
individualized for each TF/species pair (Supplementary Figure S2).
Motif alignments and logos are provided for visualization, together
with export functions to FASTA and flat-file formats. Users can link
out to specific site reports and link-out to curation reports to evaluate
all the supporting evidence for reported sites and the genome mapping
process.

Nucleic Acids Research, 2014, Vol. 42, Database issue D157

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/42/D

1/D
156/1051934 by guest on 31 January 2024

-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1123/-/DC1
transcription factor
-
transcription factor
larger than 
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1123/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1123/-/DC1


into a leader site if they fully overlap any of the combined
motif associated sites. CollecTF was born with the goal of
unifying and simplifying data collection on TF-binding
sites for comparative genomics and machine learning
approaches. In its initial release, CollecTF curators have
focused on providing comprehensive, domain-wide
coverage for two TF families (LexA and Fur), as well as
extensive TF representation for a bacterial family, the
Vibrionaceae, for which abundant knowledge on the
intertwined transcriptional regulation of virulence is avail-
able in the literature but poorly represented in available
databases (18). CollecTF plans to steadily increase its
coverage by targeting other bacterial groups of clinical
and agricultural relevance not covered by organism-
based databases, such as the Xanthomonadaceae or the
Campylobacterales, focusing on TF families with substan-
tial experimental support across multiple species, such
as OmpR and LuxR, and promoting direct author sub-
missions on any transcriptional system/species. At the
time of writing, CollecTF contains >2000 curated sites
for 68 TFs in 64 species.

NAVIGATION AND AVAILABILITY

CollecTF (http://collectf.umbc.edu) is designed to
maximize ease of access to TF-binding site data in both
human- and machine-readable formats. Users can browse
the database taxonomically, by TF family or by experi-
mental techniques, or search clades and TF families for
sites with specific types of experimental support (e.g. all
Fur sites in Pseudomonas identified through mobility shift
assays). Users can elicit reports at any time during
browsing or searching, and have the option of condensing
the report or reporting by individual species/TFs. Instead
of relying on pre-computed motif representations, motif
associated sites are realigned dynamically with
LASAGNA and displayed with WebLogo (19,20),
providing a fluid representation of TF-binding motifs
that incorporates all the available sources of evidence
selected by the user (Figure 2). All report pages offer a

detailed view of TF-binding sites in their genomic context
with out-links to site description and gene NCBI acces-
sions, as well as export options to FASTA, flat-file CSV
and ARFF sequence formats and multiple position-
specific matrix formats (Supplementary Figure S2).
CollecTF also features a suite of motif comparison tools
that allow users to assess the similarity of motifs derived
from independent queries. Site-based comparisons
contrast the distribution of pair-wise Levenshtein dis-
tances within and between motifs (21). Motif-based com-
parisons combine ungapped Smith–Waterman motif
alignment with several well-established statistics, such as
the average Kullback–Leibler divergence or the average
log-likelihood ratio, which are contextualized by permu-
tation tests on the aligned motifs (22). All data stored in
CollecTF is directly accessible through navigation.
Navigating from main report pages, users may inspect
the individual site instances contributing support for a
specific leader site in a motif alignment or access the
curation record including curation notes, out-links to
external databases for supporting evidence and both the
originally reported and the genome-mapped data
(Figure 3). Flat-file versions of CollecTF primary tables
are generated periodically and made freely available for
download.

Integration with NCBI RefSeq

Bioinformatics databases suffer from intertwined visibility
and sustainability problems that limit their half-life and
up-to-dateness, and can lead to the so-called data tomb
effect (23). CollecTF seeks to partially address these
problems by incorporating periodic releases into the
NCBI RefSeq database as part of an ongoing collabor-
ation. TF-binding sites with experimental evidence of
binding are incorporated into complete genome RefSeq
records as /bound_moiety features detailing the experimen-
tal technique supporting each site and encoding a db_xref
out-link to their CollecTF record (Figure 4). The integra-
tion of CollecTF with NCBI RefSeq addresses the histor-
ical absence of this type of information in the largest

Figure 2. (A) Sequence logo for LexA-binding sites in the Firmicutes (top) and in Bacillus subtilis (bottom). (B) Sequence logo for Fur-binding sites
with experimental evidence of binding (top) or experimental evidence of regulation (bottom). Both examples are extracted from dynamically
generated CollecTF reports and illustrate the ability to customize queries and the fluidity inherent to the concept of TF-binding motif in CollecTF.
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and most frequently used bioinformatics resource
globally. At the same time, it dramatically increases the
visibility of the CollecTF database and its content.
Embedding data on regulatory interactions directly in

complete genome records allows reaching a much wider
audience that is often unaware of more specialized data-
bases. As such, it has the potential to provide unantici-
pated insights and trigger connections and discoveries in

Figure 3. Snapshot of the site report page for a Pseudomonas aeruginosa LexA-binding site, illustrating the integration of supporting experimental
evidence and including out-links to curations, publications, technique descriptions and NCBI Gene records. Like all other site report pages, this
record is directly accessible through its db_xref link at http://collectf.umbc.edu/EXPSITE_00001590.

Figure 4. Detail of the CollecTF generated record for the Bdellovibrio bacteriovorus complete genome (RefSeq accession NC_005363.1) showing the
/bound_moiety feature corresponding to a LexA-binding site upstream of the lexA gene (Bd3511). The feature details the experimental evidence for
the site with associated PubMed identifiers and provides a db_xref out-link to CollecTF.
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molecular microbiology research. Increasing the visibility
of the database and making it available on genome
records with direct references to the original publications
also provides an incentive for authors to submit their con-
tributions to CollecTF. By encouraging direct submissions
through increased visibility and concerted dissemination
efforts, CollecTF seeks to alleviate the pressure on
in-house curations and to develop a sustainable model
that allows database growth and expansion while main-
taining up-to-date information on TF-binding sites.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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5. Pauling,J., Röttger,R., Tauch,A., Azevedo,V. and Baumbach,J.
(2012) CoryneRegNet 6.0—Updated database content, new
analysis methods and novel features focusing on community
demands. Nucleic Acids Res., 40, D610–D614.

6. Sierro,N., Makita,Y., de Hoon,M. and Nakai,K. (2008) DBTBS:
a database of transcriptional regulation in Bacillus subtilis
containing upstream intergenic conservation information.
Nucleic Acids Res., 36, D93–D96.

7. Grote,A., Klein,J., Retter,I., Haddad,I., Behling,S., Bunk,B.,
Biegler,I., Yarmolinetz,S., Jahn,D. and Münch,R. (2009)
PRODORIC (release 2009): a database and tool platform for the
analysis of gene regulation in prokaryotes. Nucleic Acids Res., 37,
D61–D65.

8. Cipriano,M.J., Novichkov,P.N., Kazakov,A.E., Rodionov,D.A.,
Arkin,A.P., Gelfand,M.S. and Dubchak,I. (2013) RegTransBase—
a database of regulatory sequences and interactions based on
literature: a resource for investigating transcriptional regulation in
prokaryotes. BMC Genomics, 14, 213.

9. Mardis,E.R. (2007) ChIP-seq: welcome to the new frontier.
Nat. methods, 4, 613–614.

10. Van Hijum,S.A., Medema,M.H. and Kuipers,O.P. (2009)
Mechanisms and evolution of control logic in prokaryotic
transcriptional regulation. Microbiol. Mol. Biol. Rev., 73,
481–509.

11. Paul,L., Mishra,P.K., Blumenthal,R.M. and Matthews,R.G.
(2007) Integration of regulatory signals through involvement
of multiple global regulators: control of the Escherichia
coli gltBDF operon by Lrp, IHF, Crp, and ArgR.
BMC Microbiol., 7, 2.

12. Barnard,A., Wolfe,A. and Busby,S. (2004) Regulation at complex
bacterial promoters: how bacteria use different promoter
organizations to produce different regulatory outcomes.
Curr. Opin. Microbiol., 7, 102–108.

13. Narlikar,L. (2013) MuMoD: a Bayesian approach to detect
multiple modes of protein-DNA binding from genome-wide ChIP
data. Nucleic Acids Res., 41, 21–32.

14. Maienschein-Cline,M., Dinner,A.R., Hlavacek,W.S. and Mu,F.
(2012) Improved predictions of transcription factor binding
sites using physicochemical features of DNA. Nucleic Acids Res.,
40, e175.

15. Zwir,I., Shin,D., Kato,A., Nishino,K., Latifi,T., Solomon,F.,
Hare,J.M., Huang,H. and Groisman,E.A. (2005) Dissecting
the PhoP regulatory network of Escherichia coli and
Salmonella enterica. Proc. Natl Acad. Sci. U.S.A., 102,
2862–2867.

16. Griffith,O.L., Montgomery,S.B., Bernier,B., Chu,B., Kasaian,K.,
Aerts,S., Mahony,S., Sleumer,M.C., Bilenky,M., Haeussler,M.
et al. (2008) ORegAnno: an open-access community-driven
resource for regulatory annotation. Nucleic Acids Res., 36,
D107–D113.

17. Pruitt,K.D., Tatusova,T., Brown,G.R. and Maglott,D.R. (2012)
NCBI Reference Sequences (RefSeq): current status, new features
and genome annotation policy. Nucleic Acids Res., 40,
D130–D135.

18. Matson,J.S., Withey,J.H. and DiRita,V.J. (2007) Regulatory
networks controlling Vibrio cholerae virulence gene expression.
Infect. Immun., 75, 5542–5549.

19. Crooks,G.E., Hon,G., Chandonia,J.M. and Brenner,S.E. (2004)
WebLogo: a sequence logo generator. Genome Res., 14, 1188–1190.

20. Lee,C. and Huang,C.-H. (2013) LASAGNA: a novel algorithm
for transcription factor binding site alignment. BMC Bioinform.,
14, 108.

21. Vanet,A., Marsan,L. and Sagot,M.-F. (1999) Promoter sequences
and algorithmical methods for identifying them. Res. Microbiol.,
150, 779–799.

22. Mahony,S. and Benos,P.V. (2007) STAMP: a web tool for
exploring DNA-binding motif similarities. Nucleic Acids Res., 35,
W253–W258.

23. Wren,J.D. and Bateman,A. (2008) Databases, data tombs and
dust in the wind. Bioinformatics (Oxford, England), 24,
2127–2128.

D160 Nucleic Acids Research, 2014, Vol. 42, Database issue

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/42/D

1/D
156/1051934 by guest on 31 January 2024

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1123/-/DC1
This work is supported by 
 and by

