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ABSTRACT

This article summarizes our progress with
RegulonDB (http://regulondb.ccg.unam.mx/) during
the past 2 years. We have kept up-to-date the know-
ledge from the published literature regarding tran-
scriptional regulation in Escherichia coli K-12. We
have maintained and expanded our curation efforts
to improve the breadth and quality of the encoded
experimental knowledge, and we have implemented
criteria for the quality of our computational predic-
tions. Regulatory phrases now provide high-level
descriptions of regulatory regions. We expanded
the assignment of quality to various sources of
evidence, particularly for knowledge generated
through high-throughput (HT) technology. Based
on our analysis of most relevant methods, we
defined rules for determining the quality of
evidence when multiple independent sources
support an entry. With this latest release of
RegulonDB, we present a new highly reliable larger
collection of transcription start sites, a result of our
experimental HT genome-wide efforts. These

improvements, together with several novel en-
hancements (the tracks display, uploading format
and curational guidelines), address the challenges
of incorporating HT-generated knowledge into
RegulonDB. Information on the evolutionary conser-
vation of regulatory elements is also available now.
Altogether, RegulonDB version 8.0 is a much better
home for integrating knowledge on gene regulation
from the sources of information currently available.

INTRODUCTION

Escherichia coli K-12 is one of the best-characterized
microorganisms. RegulonDB is a relational database
that serves the scientific community involved in the
study of bacteria, offering in an organized and comput-
able form, knowledge on transcriptional regulation that
has been manually curated from original scientific publi-
cations. This includes curated information on known
mechanisms of regulation of transcription initiation
through the activation and repression of transcription
factors (TFs), which bind to individual sites around pro-
moters; the organization of operons and their various
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transcription units (TUs) and the integration of regulons
as gensor units (GUs). The RegulonDB team also con-
tinues to perform high-throughput (HT) experimental
identification of promoters in the E. coli genome. Our
mission has been to be the compilers and editors of the
knowledge generated by the international scientific com-
munity regarding the regulatory elements of transcrip-
tional regulation of gene expression in E. coli K-12. Our
work maintains up-to-date information in both the
RegulonDB and EcoCyc databases [(1,2) and an update
by Keseler et al. in this issue].

We should emphasize that any piece of knowledge is
curated with its associated reference(s) and the corres-
ponding evidence code on which unified criteria have
been defined, enabling distinctions between strong versus
weakly supported objects. As detailed later, this
classification has been enriched, initiating the process to
integrate multiple sources of evidence to define gold
standards.

High-quality expanded encoded mechanistic knowledge
from different sources

In the main menu ‘About RegulonDB’, we show the his-
torical increase of all objects through the years. During the
past 2 years, the number of publications supporting the
corpus of knowledge encoded in RegulonDB has
increased to 4667. We have increased the number of
known functional and non-functional conformations of
TFs from 232 to 298, corresponding to a total of 103
TFs (see historical increase in RegulonDB web site). By
‘functional’ we mean the conformations that bind to
DNA and exert their regulatory effect. The analysis of
the repertoire of regulatory mechanisms focusing on the

(a) OxyR sequences, 2010

TTCTGATTTGACCTCTCACAGCAATTAGTTCTTCTTCCT hemHp
AAAAGGCATAACCTATCACTGTCATAGGTAAGAGCTTAG ahpCp2
GATAATGGAAACGCATTAGCCGGTAAGGTAAAACTTATC ahpCp«—»dspr
AATAGATAATGCCAATCAAAATAATTGCTACAAATTTGT furp
CGCTTGTTACCACTATTAGTGTGATAGGAACAGCCAGAA dpsp
TATAGCTTTTAGCAATTAATGCAACAGGTTAAACCTACT grxAp-ybjCp
GCACTTTTTTACCTATCTCTTAAATAGTCATTTTCAATA sufAp )
ATAAAACGATCAATATCTATTTTATCGATCGTTTATATC flup a
CATAATCCTGGTCTATCAGAGAAATCACCACAATCCATT mntHp

2

architecture of signal recognition, specifically, the func-
tional conformation (holo or apo) of a TF, its function
or mode of regulation (activator, repressor or dual) and
the anabolic or catabolic nature of its regulated genes,
enables searches at a genomic level for design principles
under the framework of the demand theory of gene regu-
lation, which we discuss elsewhere (Balderas-Martinez
et al., submitted for publication). All conformations are
supported by experimental methods that have been classi-
fied into strong or weak evidence types (see the new
Evidence page in RegulonDB).

A constant effort focused on detailed correction of
TF-binding site (TFBS) properties, such as the length,
symmetry, precise position, strand and orientation, is
now reflected in new improved alignments for ~130
TFs. This has been a demanding and time-consuming
effort of continuous curation that has strongly enhanced
the quality of the evidence for the DNA-binding sites of
the TF collection, a core element of the mechanistic and
genomic imprint of transcriptional regulation. See the
OxyR example in Figure 1. This effort started in 2009,
and it is already providing fruits in terms of improved
computational TF-DNA models.

The number of TFs that possess at least four binding
sites has increased from 71 to 86 in the past 2 years,
enabling the construction of position weight matrix
(PWM) bioinformatics models. Since 2011, we have
proposed the use of four independent criteria to assess
the quality of matrices: (i) information content conserva-
tion of at least 1.5 bits in at least six positions in the
matrix; (i) a low false-positive rate (<le™ ") for recovering
70% of the annotated sites; (iii) an observed distribution
of scores in the upstream regions on E. coli K-12 that
shows overrepresentation of high scores compared with

CGACTATCATACCTATTGAATAAAACAGATTGTTGTCTG trxCp
AATAGGCACAGGCTATCTTATTGATAGTTTATATTCATG yhjAp T AAAETL AL BT TTTrARAIATTT TSRS .
GTAAGATCTCAACTATCGCATCCGTGGATTAATTCAATT katGp - L m T abmbobohm FE Y T A e g i &
GATAGTTCATGGCGATAGGTAGAATAGCAATGAACGATT oxySp—OXyRp 5 T TTToTTToo RN aNaame mo m3

GATGTGGTTAACCAATTTCAGAATTCGGGTTGACATGTC uxuAp-gntPp
ACATGATTTCATCTCTTTCATTGATAATGATAACCAATA fhufp
TATCGGGTAAACCTATCGCTATGATTAGCAATCATTATC fhuFp

(b) OxyR sequences, 2012
TTCTGATTTGACCTCTC AATTAGTTCTTCTTCCT h -55/-33
ARAAGGCATAACCTATC CATAGGTAAGAGCTTAG ahpCp2-76/-53
GATAATGGAAACGCATT GTAAGGTARAACTTATC ahpCp -66/-44..dsbGp
AATAGATAATGCCAATC AATTGCTACAAATTTGT furpl -62/-40
CGCTTGTTACCACTATT CATACGAACAGCCAGAA dpsp  -66/-44
TATAGCTTTTAGCAATT AACAGGTTAAACCTACT grxAp -66/-44.ybjCp
GCACTTTTTTACCTATC ARTAGTCATTTTCAATA SufAp -232/-210
ATARAACGATCAATATC TATCGATCGTTTATATC £1 2/24
CATAATCCTGGTCTATC ARTCACCACAATCCATT mntlp -75/-53
CGACTATCATACCTATT ARACAGATTGTTGTCTG trxCp -57/-35
AATAGGCACAGGCTATC GATAGTTTATATTCATG yhjAp -86/-64
GTAAGATCTCAACTATC CGTGGATTAATTCAATT katGp -66/-44
GATAGTTCATGGCGATA AATAGCAATGRACGAIT oxySp -67/-45.-0XyRp
GATAGGGATAATCGTTC oxyRp -
GATGTGGTTAACCAATT ATTCGCGTTGACATOTC wabAb —54/-32.gntPp
ACATGATTTCATCTCTT GRTAATGATAACCAATA fhulp -105/-83
TATCGGGTAAACCTATC GATTAGCAATCATTATC fhuFp -21/2
gATAGgtttaAcCTATC gATAGgtttaAcCTATC CONSENSUS

.
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Figure 1. Analysis of TFBSs to improve the quality of PWMs in the RegulonDB database. OxyR binds in tandem, covering regions of ~40bp (a).
We identified within these regions, two inverted-repeat motifs of 17 bp, separated by 5bp (b). Therefore, we now propose a new consensus sequence,
GATAGGTTnAACCTATC, for the binding sites of OxyR. This new annotation has improved the quality of the matrices (b) and, therefore, also the

predictions of binding sites for OxyR.
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the theoretical distribution and (iv) not overfitting the
matrix to the sequences that were used to build it (3).
For details of these four criteria, see the documentation
on PWMs in RegulonDB. Based on these criteria, the
current collection of 86 TFs contains 50% high-quality
models. The low-quality models are mostly those for
TFs with a reduced number of sites. For instance,
when counting only matrices with eight or more sites,
58% are of high quality. In 2008, only 33% of the 60
TFs with a PWM had a high-quality matrix, whereas
currently 56% of these 60 TFs have a high-quality
matrix, reflecting the importance of our curation and cor-
rection efforts.

The increased quality of the PWM collection is reflected
in the number of false-positives that might be generated
from a whole-genome computational prediction of
binding sites. Overall, the known versus predicted
fraction of sites when assessing all our computational
predictions in the genome has diminished from ~1 to 40
in 2008, to 1 to 5 in 2010, and to 1 to 3 in the current
version.

The improved PWMs were used to initiate curation of
regulatory interactions that had no binding site identified,
despite the availability of experimental evidence that sup-
ported them. Our current manual curation of the
predicted sites has identified TFBSs for 35 interactions.
In seeking consistency of evaluation of knowledge
irrespective of its source, we used similar criteria to
assess the quality of binding sites identified by chroma-
tin  immunoprecipitation  (ChIP)-Seq  experiments
(see ‘Enriched classifications based on classic and HT evi-
dence’ and Supplementary Data).

We have expanded our curation to include factors that
bind allosterically to RNA polymerase directly. The two
currently known mechanisms for E. coli regarding allo-
steric binding involve ppGpp and DksA. We curated
regulatory interactions in which the nucleotide guanosine
5'-diphosphate, ppGpp (referred to as both tetrap-
hosphate and as its precursor, pppGpp) (4,5) and the
small protein DksA (6,7) bind to the RNA polymerase
alone or form a complex with each other, affecting tran-
scription in either a positive or negative manner, or act
antagonistically on the same promoter (8,9) (see
Supplementary Figure S1 in the Supplementary Data).
Currently, 70 promoter interactions regulated by ppGpp,
as well as some that include regulation by DksA, have
been curated. The growth conditions under which the pro-
moters are regulated are also included in each reaction of
regulation (see Supplementary Figure S1 in the
Supplementary Data).

HIGH-LEVEL CURATION

We believe that the integration of knowledge to facilitate
an understanding at different levels of abstraction and
detail is a major challenge for genomic databases. In the
following section, we describe two directions of our efforts
towards obtaining higher integration levels: (i) GUs and
(i1) the organization of multiple TFBSs into regulatory
phrases.

Nucleic Acids Research, 2013, Vol. 41, Database issue D205

Fur, a complex GU

In 2011, we described the new concept of genetic
sensory-response units, or ‘gensor units’, which are
composed of four components: (i) the signal, (ii) the
signal-to-effector reactions that end with activation or in-
activation of the TF, (iii) the regulatory switch (resulting
in activation or repression of transcription of target genes)
and (iv) the consequence, or effects and roles of the
regulated genes (1). RegulonDB contains 25 completed
GUs, which are organized into two categories: carbon
source utilization and metabolism of amino acids. These
are all GUs for local TFs and small regulons. We decided
to curate a much larger GU as a first step towards
eventually compiling information on GUs of global
regulators.

Certainly, the size and complexity of the Fur (ferric
uptake regulator) GU poses new challenges in its repre-
sentation. Fur regulates transcription initiation of 66
TUs, including nine TFs, a regulatory small RNA
(sRNA) and two sigma factors (' and o). It
includes >200 reactions and close to 300 nodes. To fa-
cilitate interpretation of this GU, we included a
high-level illustration that provides an overview of all
classes of genes and functions subject to Fur regulation
(see Figure 2). Search ‘gensor unit’ in the main menu in
RegulonDB and select Fur overview.

Fe+
Fe+ release transport

Fe storage
proteins

Proteins for FeS
cluster biosynthesis

Fe-containing
Metal-containing proteins
proteins
Other SRNA-GU
proteins
Sigma Factor
@ TF-GUs
GUs

Figure 2. Overview of the GU of the Fur TF. In the presence of Fe™,
Fur represses genes involved in transport and release of Fe' from sid-
erophores and genes for biosynthesis and assembly of FeS clusters; in
addition, it activates genes involved in Fe™ storage and activates/
represses genes that encode proteins that contain Fe™ or a group
heme as a cofactor. In the presence of the signal, Fur also regulates
transcription of nine TFs, the '’ and o factors and a regulatory
sRNA, RhyB, submaps of which are depicted as dark gray squares
that can be expanded to see their corresponding GU. In addition,
Fur regulates genes that encode metal-binding proteins (other than
Fe") and other proteins that apparently have no direct relationship
with Fe™ or other metals.
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Regulatory phrases

Another area that will clearly benefit from a more
integrated description of the genome is the encoding of
the organization and functioning of regulatory regions
governing transcription. Previously, we displayed the col-
lection of sites in upstream regions affecting each
promoter, leaving it to the user to decipher how these
multiple sites, which bind the same or different TFs,
work in a coordinated fashion, or not, to regulate tran-
scription. For instance, regulation of the acsp2 promoter
is affected by two activator sites for CRP, three repressor
sites for Fis and three for IHF. The functions and pos-
itions of these eight sites are listed one by one in
RegulonDB, when in fact it is known, first, that both in
case of Fis and IHF, the multiple sites work together, and,
second, that each group of sites represses the acsp2
promoter independently: FIS in log phase and ITHF in
stationary phase. Both proteins work as anti-activators
of CRP during the transition from log-phase to
stationary-phase growth (10,11). Briefly, the aim is to
then group sites that work together in a ‘regulatory
phrase’, or module. This integration of many sites into a
reduced number of phrases will contribute to the under-
standing of complex regulation. Thus, phrases working
independently that affect the o’° family of promoters
should have at least one proximal site, where the
position of a proximal site guarantees direct interaction
with the RNA polymerase (12—14).

It has been known for years that the possible arrange-
ments of sites and their functioning can vary for each TF,
or each TF family. In addition to showing this higher or-
ganization within individual promoters, we also generated
a new page within RegulonDB that groups all possible

arrangements described in the genome for each TF, and
even for complex phrases with sites of different TFs, that
support coordinated regulation of multiple TFs working
together to affect transcription initiation (See Figure 3).
For instance, the [CRP +] phrase offers the list of all
precise positions found in E. coli, with either one or
several sites used by CRP to activate transcription
(15,16). It will then be ecasier to see that the CRP pair of
sites activating acsp2 occurs also at similar positions in
fixAp, which is subject to CaiF and FNR activation, or
that the proximal —69.5 CRP activating position also
occurs at the ¢siDp, gntKp and prpRp promoters in the
context of regulation by other TFs. This first version
of regulatory phrases was based on the identification of
proximal sites first and then on detailed curation of cases
of multiple TFs known to work jointly [e.g. CytR with
CRP; or MeclR with CRP (17)], as well as on an
exhaustive identification of regulatory phrases with no
proximal site, mostly from TFs known to bend the
DNA and function as architectural elements [e.g. IHF,
Fis and other proteins (18,19)].

THE CHALLENGE OF ENCODING KNOWLEDGE
GENERATED BY NOVEL ‘OMIC’ TECHNOLOGIES

As HT methodologies have more frequently become a
source of information regarding gene regulation, we
have had to address several conceptual and practical
issues for their easier inclusion in RegulonDB. We have
expanded our classification scheme for the various de-
grees of confidence in these different methodologies.
In addition, we have analysed how independent the differ-
ent methods are (i.e. their different potential sources of

-200 -150 -100 -50 0 Legend
proximal
-41.5 mremote
[CRP,+]-ychHp,
-81.5 -41.5
[CRP,+]-pkap
-101.5 -41.5

[CRP,+]-malXp

[CRP,+]-acsp2 1225

-126.5

—

[CRP,+]-fixAp

-69.5
-69.5

[CRP,+] phrase and all other phrases that regulate these promoter(s). List of promoters and their corresponding regulatory phrases.

Remote upstream site(s) Proximal site(s) Promoter
downstream name
site(s)

Remote

[CRP+,-41.5] ychHp

[CRP+,-41.5,-81.5] pkap
[CRP+,-101.5] [Mall,--16.5] [CRP+,-41.5] malXp
[CRP+,-122.5] [IHF-,-180.0,-153.0,-225.0] [Fis,-,-98.0,-265.0]  [CRP+,-69.5] [Fis,-,-59.0] acsp2
[FNR,+,-197.5] [CRP+,-126.5] [CaiF,+,-136.5,-117.5] [CRP+,-69.5] [CaiF,+,-79.5,-60.5] fixAp

Figure 3. The [CRP,+] regulatory phrase. The graph shows sites of the [CRP,+] phrase for five promoters, and the table includes all additional sites
that regulate these promoters. Each promoter name is a link to the page in RegulonDB presenting all phrases for that promoter. Proximal sites are
those within the interval from —93 to +20, from which the TF can directly interact with RNA polymerase. All other sites are considered remote,

either upstream or downstream.
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false-positives); from this information, we are able to then
propose which methods upgrade the quality of evidence to
‘strong’ for objects with two types of weak evidence, and
to ‘confirmed’ evidence for objects with two independent
strong types of evidence.

We implemented tracks that facilitate the display of HT
data, and we have also implemented formats for investi-
gators to submit their HT data sets. Furthermore, we
report the results of our RNA sequencing (RNA-Seq)-
based identification of transcription start sites (TSSs),
which have increased considerably the collection of TSSs
for the E. coli genome.

Enriched classifications based on classic and HT evidence

Since the release of version 6.0 of RegulonDB, we have
classified evidence associated with the objects annotated in
RegulonDB as strong or weak, depending on the confi-
dence level of the associated experimental or computa-
tional methodologies. This two-tier rating system quickly
distinguishes reliable from less reliable knowledge,
contributing to better comparisons, interpretations and
selection of gold standards.

However, this classification was not defined for other
sources of knowledge beyond classic methodologies; in
addition, the different types of evidence do not add up.
We had not previously addressed the analyses from differ-
ent sources of knowledge that, if independent, should
increase the degree of confidence for a given piece of
knowledge, object or interaction.

To facilitate adding evidence from HT methodologies
without losing track of the highly reliable manually
curated knowledge supporting RegulonDB, we had to
expand our classification to the rapidly growing number
of HT methodologies used for the identification of TFBSs,
TSSs and TUs (20). These new technologies have
generated a flood of new data, as they have allowed
analysis of putative targets in parallel, but they are also
associated with a high risk of false-positives due to new
sources of stochastic effects, ‘batch’ errors and experimen-
tal artifacts (21-23). Therefore, the majority of HT
methods, for instance, RNA-Seq and ChIP-Seq, generate
evidence classified as weak within RegulonDB. Strong
evidence requires efficient measures to exclude false-posi-
tives as well as the reliability of the evidence based on
biologically congruent replicates. The results of the
detailed analyses of the different HT methodologies are
reflected in the expanded evidence classifications shown
in Table 1 of the new Evidence page in RegulonDB web
site.

The global character of HT approaches makes it natural
to compare their results with equally global computational
predictions. However, the analysis of HT data sets
involves bioinformatics and biostatistics processing,
which, given the diversity of strategies, may limit their
comparison until more standardized procedures have
been established. A final outcome when these issues are
addressed will be the combination not only of the different
experiments and HT data sets, but also of all sources of
knowledge, computational and evolutionary predictions,
classic methodologies and HT strategies, to keep track of

Nucleic Acids Research, 2013, Vol. 41, Database issue D207

each contribution and to assign an appropriate level of
confidence to each object and interaction.

In an initial step in this direction, independent
cross-validation has been applied for promoters and regu-
latory interactions. This new concept integrates multiple
types of evidence with the intention of mutually excluding
false-positive results. The classification of ‘strong evi-
dence’ is assigned to data that are supported by at least
two independent weak types of evidence, provided that the
two sources of knowledge do not share major sources of
false-positives and do not use common raw materials or
common experimental steps. For instance, TSSs that have
been identified by transcription initiation mapping can be
cross-validated with in vitro transcription assays.
Similarly, TFBSs that have been identified by genomic
SELEX can be cross-validated by in vivo gene expression
data. Moreover, by applying this new concept to data that
are supported by strong evidence, we can extend our
two-tier rating system to three tiers. To this end, we
have introduced a third confidence score, ‘confirmed’.
Data supported by confirmed evidence, that is, by at
least two types of independent strong evidence, have a
high reliability and can be considered gold standard data
in RegulonDB. For instance, TFBSs that have been
identified by footprinting analysis and, in addition, have
been validated by mutational analysis of the binding site,
are now classified as data with confirmed evidence. The
detailed analysis of this improvement will appear in a
publication elsewhere (20). The results of this cross-
validation are summarized in Table 2 of the Evidence
page in RegulonDB web site (See Figure 4).

We evaluated the confidence levels of HT and classic
methodologies through a more detailed curation process,
which included independent cross-validation and/or stat-
istical validation. Statistical validation was used to
evaluate the confidence for TFBSs discovered by ChIP
technology, by using a strategy that was consistent with
the evaluation of PWMs from manually curated binding
sites, as described previously. To this end, we are imple-
menting a pipeline to assess the quality of the
ChIP-Seq/chip experimental data. We initiated analysing
PurR-binding sites, which were identified by ChIP-chip
(24) (see the Supplementary Data). The strategy was
divided into three main evaluation steps: (i) assessing the
enrichment of TFBSs with high scores for the aimed TF in
the set of ChIP-identified regions based on matrix quality
(3) (see Supplementary Figure S2 in the Supplementary
Data). (ii) Discovery of overrepresented motifs in the set
of ChlIP-identified regions, as well as detection of second-
ary motifs that could be related to cofactors that bind the
targeted TF from the ChIP experiment. We have
used peak motifs (25) to rediscover the PWMs for
TFs by comparing the discovered motifs with those
annotated in RegulonDB (see Supplementary Figure S3
in the Supplementary Data). (iii) If any result from
these two steps reveals an uncommon behavior, the set
of ChIP-identified regions is not annotated in the
RegulonDB core, and rather only as an independent
track in the genome browser. If the set of
ChIP-identified regions satisfies both evaluations, the
exact binding sites are identified with the annotated
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Figure 4. Schematic drawing of the classification of evidence in RegulonDB. Evidence codes for classical experiments: BCE, binding of cellular
extracts; IMP, inferred by mutant phenotype; IGI, inferred by genetic interaction; GEA, gene expression analysis; FP, footprinting; SM, site
mutation; BPP, binding of purified protein; APPH, assay with protein purified to homogeneity; RPF, RNA-polymerase footprinting; TA, in vitro
transcription assays; TIM, transcription initiation mapping; PM, effect of polar mutation on neighboring genes; LTED, length of transcript experi-
mentally determined; BTEI, identification of the boundaries of a transcript, ITCR, inferred through co-regulation; Evidence codes for HT experi-
ments; gSELEX, genomic SELEX; ROMA, run-off transcription microarray analysis; ChIP, chromatin immunoprecipitation; GEA, microarray or
RNA-seq gene expression analysis; IMP, inferred from mutant phenotype; RS, RNA-seq; RS-EPT-CBR, RNA-seq with at least two different
enrichment strategies for primary transcripts and consistent biological replicates; RS-EPT-ENCG-CBR, RNA-seq with at least two different enrich-
ment strategies for primary transcripts and evidence for a ncRNA, consistent biological replicates; MSI, mapping of signal intensities by microarray
analysis or RNA-seq; PET, paired-end di-tagging; MSI-ESG, mapping of signal intensities and evidence for a single gene; Computational
approaches: AIBSCS, automated inference based on similarity to consensus sequences; AIPP, automated inference of promoter position;
ICWHO, inferred computationally without human oversight; IHBCE, inferred by a human based on computational evidence; PAGTSBP,
products of adjacent genes in the same biological process; AISGDTU, automated inference that a single-gene direction is a TU; EC, evolutionary
conservation; Human inference: HIBSCS, human inference based on similarity to consensus sequences; AS, author statements; HIPP, human
inference on promoter position; IC, inferred by curator. CHIP-SV describes statistical validation of ChIP data sets. CV(A/B) describes independent
cross-validation of evidence A and B.

matrix in RegulonDB by using the program matrix scan
(26). The sites are then analysed by a curator to classify
quality as high or low, depending on stringent threshold
parameters and the context where the sites appear.
Statistical validation of the PurR-binding sites confirmed
13 binding sites that had been previously known and
annotated as having strong evidence within RegulonDB,;
one site was upgraded from weak to strong evidence, and

three new sites identified in the ChIP analysis were
validated as having strong evidence.

We offer the results of this example, step by step, using
a bioinformatics pipeline with tools publicly available for
those experimentalists interested in using it. See
Supplementary Tables S2, S3 and S4 in section III of the
Supplementary Data. Currently, we are applying this
approach to other recently published ChIP data to
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further improve the evaluation process using this pipeline.
Our intention is to provide a standardized analysis
platform to enable consistent comparisons across
multiple experiments from different laboratories.
Alternatively, provided that the raw sequences are avail-
able, we could perform such an analysis ourselves.

TSSs and promoter mapping by using RNA-Seq

Due to the high sensitivity of next-generation sequencing
technologies and the highly dynamic nature of the bacter-
ial transcriptome, several thousands of 5 RNA ends will
be detected in any given RNA-Seq experiment. The great
majority of them, however, correspond to processed or
degraded products. Therefore, in an effort to enrich for
primary unprocessed transcripts, different methods have
been attempted. Mainly, the TEX exoribonuclease
enzyme, which has a preference for 5-monophosphate
(5-MP) ends (27), and ligation of synthetic RNA
adapters to the whole RNA pool for 5-MP elimination
(1) have been used. However, these methods still leave a
great number of processed products, as indicated by the
presence of a large fraction of rRNA and tRNA sequences
in the supposedly 5-triphosphate-enriched libraries [(28)
and unpublished results]. Therefore, to achieve more
reliable TSS mapping, a combination of these two
methods was chosen, and only the 5 RNA ends consist-
ently detected in several independent experiments are
reported here as highly likely TSSs, consistent with the
evidence classification for HT data sets discussed in the
previous section.

We prepared six Illumina sequencing libraries, each one
from a culture grown to mid-log phase in minimal medium
with glucose. After standard rRNA removal, the remain-
ing RNA from each culture was either directly used for
library preparation (MT libraries) and/or treated to
generate at least one of the following library types:
5-MP only (M), triphosphate adapter (TA) or triphos-
phate exonuclease (TE), as reported before (1). Three of
our library sets contained all of these library types, and
other three do not have TE. Additionally, we generated
two MT libraries from cultures grown in LB medium and
MM with acetate as carbon source. The resulting libraries
allowed us to test the consistency for TSS detection despite
experimental noise and the imposed technical and growth
condition variations.

A total of 77628858 non-rRNA Illumina sequences
from the sum of all libraries were mapped to 821789
positions in the E. coli genome. Among this position set,
we found 67% and 86% of the 1418 TSSs reported in
RegulonDB (with classic methodologies) with an exact
position coincidence and within three nucleotides, respect-
ively. It is important to remember that the RegulonDB set
has promoters that have been identified under a large
variety of conditions. As anticipated, positions conserved
in an increasing number of libraries tend to be located at
the upstream regions of genes (which represent about 20%
of the genome sequence), as 15% of the positions present
in a single library map to upstream regions, but this
number increases to 71% for the positions present in 22
libraries.
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A total of 5197 positions were consistently observed in
at least half of the MT, TA and TE libraries. As these
libraries were enriched for 5 triphosphorylated RNA,
the selected positions are considered highly reliable
TSSs. Some of these positions were also detected in M
libraries, probably representing dephosphorylated 5
mRNA ends (mRNA degradation intermediates). Of the
5197 positions, 53% mapped in upstream regions and 551
mapped within +3 nucleotides of one of the TSSs
reported in RegulonDB. That is, 99.37% reduction of
the original positions maintained 45% of the TSSs
reported in RegulonDB detected in the complete data
set. As expected for bona fide TSSs, only a few, 12, pos-
itions were present in convergent gene regions, and some
of them were regions large enough to contain SRNAs. It is
remarkable that transcripts in the antisense orientation,
which have been reported to be highly abundant in
bacteria (1,29-31), dramatically decreased as the number
of experiments increased. Of the 5197 highly conserved
positions, only 80 (1.5%) were located in the antisense
orientation. These results strongly suggest that a large
fraction of the antisense transcripts detected in
RNA-Seq experiments are artifacts of the methodologies
or are not consistently expressed in the cells, as recently
suggested by Ochman and coworkers (32).

In conclusion, the highly conserved positions in our
combined libraries detected 5197 putative TSSs, 53% of
them located up to 150 bp upstream of genes, 0.2% in
convergent regions, 1.5% in the antisense orientation
and 44% within the coding region. Of the latter, it is
unknown how many of them could be TSSs for genes
located further downstream than our arbitrary 150-bp
threshold. All these positions are included in
RegulonDB with their predicted promoters annotated,
and they are also available as a data set for track
display. A detailed data analysis will be published
elsewhere.

Tracks display of HT data sets and submission
forms for HT data sets

Initially motivated by the need to display data sets from
HT experiments, we implemented a new tool in the main
menu for use of a browser with the option of several
tracks, based on GBrowser v.248 (33,34). In an initial
step in this direction, independent cross-validation has
been applied for promoters and regulatory interactions.
We have also included a mechanism that enables the
display of the variety of ‘Data Sets’ in GBrowser. On
the GBrowser page, a user can proceed to ‘Select tracks’
to see the full set of options currently available, classified
by type of object, including operons, regulators (TFs, and
sRNAs), TFBSs,(ChIP-Seq and RegulonDB data sets),
HT-mapped TSSs and RegulonDB promoter data sets,
manually curated as well as computational predictions,
among others. An additional category called ‘Genome
regions’, for genes as well untranslated regions of 5 and
3’ends of TUs, is also included.

Every single data set can be documented as requested
when authors submit their experimental data, with specific
formats for ecach type of source (i.e. TSS, ChIP-Seq).
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The display of some icons has been adapted to those we
use in RegulonDB. A web form is available for those
interested in submitting their data sets directly online.
After careful analysis and curation (see the PurR
example in Supplementary Data), those individual
objects with strong evidence will be added individually
to RegulonDB. Additionally, the full data set will be avail-
able as such. Data sets with weak evidence will be avail-
able for display through tracks but will not be
incorporated as individual objects into RegulonDB.

Evolutionary conservation of promoters and
regulatory interactions

Given the availability of completed genomes, it makes
sense to estimate and add the evolutionary conservation
of regulatory elements as an additional relevant source of
knowledge for the regulatory network. For the first time,
we have added the evolutionary evidence for promoters
and TFBSs in RegulonDB, and we will add information
on conservation of operon organization. We have assessed
the evolutionary evidence to conservation within
gammaproteobacteria because enterobacteria being evolu-
tionary closer show a higher fraction of redundant
upstream regions. Our results are available from the
gene and regulon pages, with graphics showing a
summary of the number of genomes where conservation
is found and the alignment and conserved sequences avail-
able as multiple alignments. See a subset of nhad
orthologous upstream regions and conservation of pro-
moters and NhaR sites in Figure 5).

Currently, there are 375 sequenced gammaproteo-
bacterial genomes, from which 160 are enterobacteria
and 30 are part of the Escherichia subclassification. Due
to the close evolutionary distance of these genomes, we

decided to mask redundant sequences longer than 30 bp
with two mismatches, to avoid overestimating conserva-
tion in sequences of orthologous promoters for one
gene. On average, 32% of a set of orthologous upstream
regions per gene contributed to the assessment of
conservation.

We added and updated the conservation for all 6’ pro-
moters in RegulonDB, based on the strategy reported in
reference (36), in which we analysed the conservation of
clusters of overlapping ¢’ putative promoters across
enterobacterial genomes. We have shown that 74% of
the functional promoters are embedded in clusters of
~80 pb containing 4.82 signals on average (36,37).

RegulonDB version 8.0 has 811 ¢’° promoters that
were identified from manual curation and have been clas-
sified by evidence type: 630 with strong evidence and 181
with weak evidence. Of these, 678 promoters (523 with
strong evidence and 155 with weak evidence) were found
to be conserved in at least one orthologous gene, with an
average of conservation observed in 18% of orthologs.
Thus, 83% of 6’ promoters showed evolutionary conser-
vation of the promoter sequence (P < 0.0001) and/or of its
position relative to the start of the orthologous gene.

We found no correlation between the percentage of
conservation and the type of evidence; instead, we found
a strong correlation between the score of the sequences
recognized by the ¢’ factor and the degree of evolution-
ary conservation. Promoters with sequences more similar
to the consensus sequence of 6’° are more conserved: 67%
versus 7.5% conservation is observed for high-similarity
versus low-similarity promoters.

For the sake of determining conservation of TFBSs, we
only considered the regulatory regions of orthologous
target genes (if there was an ortholog for the TF gene in
the same organism). We determined the conservation of

Conserved Rl and promoter in the nhaA regulatory orthologous regions
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Citrobacter_koseri_ATCC_BAA_895_uid58143|nhaA - ‘
Citrobacter_rodentium_ICC168_uid43089|nhaA '
Legend Dickeya_dadantii_Ech703_uid59363|nhaA —
Bl NhaR 114 Enterobacter_638_uid58727|nhaA
B TSS Erwinia_billingiae_Eb661_uid50547|nhaA :
Escherichia_coli_536_uid58531|nhaA = :
Klebsiella_pneumoniae_342_uid59145|nhaA - I
Pectobacterium_atrosepticum_SCRI1043_uid57957|nhaA - I
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Figure 5. Evolutionary conservation of regulatory interactions and promoters. The figure shows the conservation of both promoters and regulatory
interactions in a subset of orthologous regulatory regions corresponding to nhaAd. The complete set can be directly searched in RegulonDB.
Orthologs were selected by using a bidirectional best hit method (35), and sequences are masked to eliminate sequence redundancy to assess an
unbiased conservation score. Nonetheless, the maps like the one shown here show all the sites found in all orthologous regions including masked
sequences. Blue boxes correspond to the detected binding sites for the NhaR TF; the width of the boxes correspond to the scores of the sites, with the
highest obtained score indicated in the symbol key (11.4). Red vertical lines indicate the predicted position for the TSSs based on identification of the
promoter —10 and —35 boxes. The zero coordinate is that of the beginning of the gene.
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the TF—target gene regulatory interaction if there was a
higher number of TFBSs than expected by chance in the
set of orthologous promoters for the target gene of the TF,
based on the regulog assumption of an interaction: that is,
that the TF and target orthologs are present and there is a
TFBS upstream of the regulated gene (38). Overall, we
observed that 41% of the regulatory interactions showed
conservation within gammaproteobacteria and 38% in
enterobacterial genomes. Interestingly, we observed
higher conservation of regulatory interactions supported
by strong evidence (27%), compared with 10% for inter-
actions with weak evidence.

A new regulon page: addressing user needs and
suggestions

Based on comments and suggestions offered by
RegulonDB users, we decided to modify the page display-
ing information about regulons and simplified the search
for all TFBSs of a single TF.

In close collaboration with interested users, we
redesigned the page that displays the information on
regulons, through the participation of our team and a
web design expert, and we generated a new interface
that is more user-friendly and better integrated.

The new page for regulons includes an icon linking a
regulon to the GU when its GU has been curated, the
detailed summary text prepared by curators for the TF,
followed by a section displaying the functional and non-
functional conformation(s), a classification of the signal
based on its source as internal, external or dual (39); a
category for the TF based on its connectivity, the target
regulated genes and the operon where the TF gene
belongs. Subsequent sections describe functional
properties of the regulon, the set of TFBSs and their or-
ganization patterns and phrases, logos, PWMs and
additional properties.

Users’ requests sent to regulondb@ccg.unam.mx are
answered immediately. We implemented a ‘Contact Us’
form under ‘About RegulonDB’ and at the bottom of
every page in the RegulonDB portal, which provides a
more user-friendly means of submission of questions or
comments.

CONCLUSIONS AND PERSPECTIVES

We are aware that RegulonDB is not the sole source for
information on regulation in E. coli, as we share our
manual curation of transcriptional regulation with
EcoCyc, in addition to several other existing resources
for E. coli with which users can search for knowledge
beyond transcriptional regulation [e.g. PortEco (http://
porteco.org/); M3D  (http://m3d.bu.edu/cgi-bin/web/
array/index.pl?section=home); COLOMBOS (http://
bioi.biw.kuleuven.be/colombos/), among several others].

There is a large number of bioinformatics resources
with information on gene regulation, gene expression
and related knowledge. A compendium of ~100 selected
resources of >240 was made available since 2009 (40).
They are classified in nine major categories (e.g. gene
expression; TFs/gene regulation, RNA, etc) with their
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link and short description. See the ‘Additional resources’
link in the main page of RegulonDB for more details.

Some of the unique guidelines of the encoding of know-
ledge in RegulonDB regarding gene regulation are our
focus on high-level curation, currently illustrated by
GUs and by the organization of binding sites into regula-
tory phrases, the search for clearly defining gold standards
based on enabling the combination of independent sources
of evidence into higher levels of confidence and the
addition of evolutionary conservation as another source
of knowledge on gene regulation.

Furthermore, significant progress in these past 2 years is
summarized as follows. We have significantly increased
the alternative  functional and  non-functional
conformations, documented now for 103 TFs, a data set
that has provoked a discussion of the demand theory of
gene regulation within a genomic perspective (to be
published elsewhere). The sustained effort of detailed
curation of relevant properties of TFBSs for 130 TFs
has significantly enhanced the precision of our encoding
of the anchoring of mechanisms in the genome, improving
the PWMs and their predictions. Our next step,
already initiated, is the grouping of binding sites into
phrases.

Addressing the challenge of omics technologies and the
assessment of the confidence levels for their results have
been crucial in this field. We have proposed criteria for the
classification of the degree of confidence that may be
useful for any bacterial study. We have illustrated the
use of a bioinformatics pipeline with tools publicly avail-
able that can provide a standardized analysis platform to
enable consistent comparisons across multiple experi-
ments from different laboratories. We are making avail-
able the results of the highly reproducible HT
whole-genome mapping of ~5000 TSSs from the group
of Enrique Morett. In addition to this data set, their
results show that inclusion of sufficient independent
experiments, together with the use of more than one en-
richment method for primary transcripts, is essential to
increase the confidence in reliably detecting TSSs, as
indicated by the enrichment of upstream positions and
the high proportion of previously reported TSSs also
detected and included in RegulonDB.

All these efforts, together with the distinctive
availability and display of HT data sets, our combined
bioinformatics and manual sustained curation, the
inclusion of evolutionary conservation and the structuring
of computable and high-level encoding, makes
RegulonDB a well-designed home for integrating
up-to-date knowledge on gene regulation from all, or
most, of the relevant sources of knowledge currently
available.

Escherichia coli K-12 will certainly keep our group and
many other research groups busy for a while!

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1-4, Supplementary Figures 1-3
and Supplementary References [41-46].
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