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ABSTRACT

We describe a comprehensive map of putative tran-
scription factor binding sites (TFBSs) across mul-
tiple genomes created using a search method that
relies on hidden Markov models built from experimen-
tally determined TFBSs. Using the information in
the TRANSFAC and JASPAR databases, we built
1134 models for TFBSs and used themto scan regions
10 kb upstream of the start of the transcript for all
known genes in the human, mouse and Drosophila
melanogaster genomes. The results, together with
homology information on clusters of ortholog genes
acrossthe three genomes, were used to create a multi-
organism catalog of annotated TFBSs. The catalog
can be queried through a web interface accessible
at http://bio.chip.org/mapper that allows the identifi-
cation, visualization and selection of TFBSs occur-
ring in the promoter of a gene of interest and also
the common factors predicted to bind across the
cluster of orthologs that includes that gene.
Alternatively, the interface allows the user to retrieve
binding sites for a single transcription factor of inter-
estinasingle geneorinall genes of the human, mouse
or fruit fly genomes.

INTRODUCTION

The precisely coordinated temporal and spatial control of gene
expression that is key to development and differentiation is
accomplished by the interplay of multiple regulatory mechan-
isms. Transcription factors (TFs)—regulatory proteins that
bind short DNA motifs called transcription factor binding
sites (TFBSs), play a central role in this context by recruiting
the transcriptional machinery at the promoter of the genes and
leading to the initiation of their transcription (1). TFBSs often
occur in close proximity to each other forming cis-regulatory

modules that suggest the existence of a combinatorial
code for transcriptional regulation (2). The importance of
understanding this code and the availability of the complete
genome sequence for many organisms has motivated the
development of algorithms and search engines for the identi-
fication of TFBSs (3-7) and the creation of databases contain-
ing information about the TFs and their binding sites in target
genes (8-10). Moreover, sequence conservation of regions
containing regulatory elements in ortholog genes across spe-
cies was used to select regulatory elements that are more likely
to be functional, a method called ‘phylogenetic footprinting’
that has been widely used in computational approaches for
TFBS identification (11-14).

One of the most popular ways of abstracting the character-
istics of a TFBS is to use a multiple sequence alignment of
experimentally determined binding sites for a given TF to
generate a nucleotide weight matrix (NWM) that describes
the probability distribution of the four nucleotides at each
position in the site (15). The NWM model assumes that
nucleotides that form a binding site are independent of each
other and their contribution to the specificity of the site is
additive (16). To test this assumption experimentally, key
positions in the binding sites for two TFs [nucleotides at posi-
tions 16 and 17 in the Mnt repressor protein binding site (17),
and the central nucleotide triplet in the mouse EGR1 protein
binding site (18)] were systematically mutated to all possible
combinations and the binding affinity of the respective TFs (or
its mutants) for these sites was determined. These data pointed
out that nucleotides within a TFBS are not independent and
that even though NWMs do not capture those dependences
they represent a good enough approximation for modeling the
site (16,17). However, it is generally recognized that using
NWDMs to search for putative TFBSs often leads to the retriev-
ing of a very high number of false positives (15).

An alternative way of modeling a TFBS is by using profile
hidden Markov models (HMMs) that, in addition to capturing
the probability distribution of the nucleotides at each position,
can model insertions or deletions and allow fragment matches
to the model in the search procedure (19). HMMs have been
used in several bioinformatics applications owing to their
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increased statistical power in capturing the characteristics of a
motif. These applications include generating the extensive
Pfam database of conserved protein motifs (20) and, for a
very limited number of cases, modeling TFBSs (21-23).

To develop the MAPPER database, we used the curated
information on experimentally determined binding sites con-
tained in the TRANSFAC and JASPAR databases (8,9) in
conjunction with the statistical power of HMMs to generate
a library of 1134 models corresponding to 863 TFs with dis-
tinct names. We then used these models to scan the upstream
sequences of all known genes in the human, mouse and
Drosophila genomes, and we collected the resulting predicted
TFBSs in a relational database. The database can be queried
via a web-based interface publicly available at http://bio.chip.
org/mapper.

MATERIALS AND METHODS
Building the profile HMM database

The flat files of the TRANSFAC Professional database
(version 8.1) were parsed to extract the sequences of the bind-
ing sites used to generate the TRANSFAC nucleotide weight
matrices. We called the alignments generated based on these
sites matrix-derived alignments; the HMM models based on
them have identifiers starting with ‘M’ and are referred to as
matrix-derived models. The TRANSFAC flat files were also
parsed to extract the binding sites referenced in the description
of the TRANSFAC factors. We called the alignments gener-
ated based on these sites factor-derived alignments; the HMM
models based on them have identifiers starting with “T” and are
referred to as factor-derived models.

The matrix-derived alignments were used directly to build
HMMs, while the factor-derived ones were first aligned with
ClustalW. As a consequence, the factor-derived models
usually have a lower quality than the matrix-derived ones;
however, they increase considerably the search power com-
pared to TRANSFAC as the sites they are based on are not
used in TRANSFAC to build NWMs but are only listed in the
description of the factors. In addition, the binding sites used to
generate several of the high-quality JASPAR matrices were
downloaded from http://jaspar.cgb.ki.se and were aligned with
ClustalW. The hmmbuild and hmmcalibrate functions of the
HMMER package (24) were used to build HMMs based on all
retrieved alignments.

Large-scale multi-genome scans

Genome sequences and annotations for human (version hg17),
mouse (version mmS5) and Drosophila (version dml) were
downloaded from the UCSC Genome Bioinformatics site
at http://hgdownload.cse.ucsc.edu/downloads.html (25). The
scanned upstream sequences span a gene region of variable
length starting from 10 000 bp upstream of the transcript start
up to 50 bp downstream of the ATG, thus possibly including
the initial introns and non-coding exons. In order to compare
the TFBS profile in upstream sequences of ortholog genes,
homology information describing clusters of orthologs across
the three genomes was obtained from the HomoloGene data-
base (build 30) available at http://www.ncbi.nlm.nih.
gov/HomoloGene/ (26). The GoldenPath annotation and

chromosome files were used to extract upstream sequences
for all annotated genes in the human, mouse and Drosophila
genomes. The HMMER hmmpfam function, called with a cut-
off value of 16 for the E-value, was used to search for matches
for all models in all upstream sequences collected. The
hmmpfam output is normally presented in a readable format
that is not well suited for automated processing. Since the source
code for the program is freely available, we modified it to output
its results in an alternative format based on structured lists,
which made subsequent parsing and processing much easier.
All HMMER hits returned by the large-scale runs were
filtered to flag as redundant the ones that occur in the same
sequence, have the same positions (more than 50% overlap)
and were retrieved by both matrix-derived and factor-derived
models that were linked to each other in the TRANSFAC
entries, thus eliminating them from the displayed results.

Database construction

Based on the modifications to the hmmpfam output, the data-
base construction process was completely automated: for each
organism the modified smmpfam program was used to scan a
file containing the upstream sequences of all its genes against
all models; the resulting output file was read by a Common
Lisp script and fed directly into a relational database based on
the MySQL database server. This pipeline was designed so
that it will allow us to easily update or recreate the database
when additional TF models or genome annotations become
available. To facilitate access to the database, we implemented
a publicly available web-based interface using the Allegro
Common Lisp programming language.

RESULTS
Profile HMMs

The parsing procedure described retrieved 359 matrix-derived
and 718 factor-derived alignments from TRANSFAC, while
57 alignments corresponding to JASPAR matrices were down-
loaded. All alignments were used to generate HMMs, resulting
in a total of 1134 models.

The distribution of the number of sequences used to build
the models showed that the average number of sites used was
22 for matrix-derived models, 16 for factor-derived models
and 20 for JASPAR-derived models. The minimum number of
sites used for the three types of models was 4, 4 and 6 respect-
ively. Although the number of sequences in the training set
influences strongly the quality of the model, we did not want to
impose an arbitrary cut-off value on this parameter. Instead,
we are providing this information for each model (together
with other details such as the model length, HMM consensus
and HMM logo), allowing the user to decide on the quality and
suitability for the desired analysis of those models for which
the training set is small.

The 1134 models correspond to 863 TF entries with distinct
names in the TRANSFAC and JASPAR databases. However,
this number is only an estimate of the true number of factors
covered by MAPPER since in the two databases used as data
source, entries with different names pertain sometimes to iso-
forms of the same TF (e.g. HNF-1, HNF-1alpha) or even to the
same TF (e.g. p65, RelA). These discrepancies originated at
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the curation step in the two databases and pose a serious chal-
lenge for automation. However, in the absence of a consistent
and standard TF nomenclature, we decided to retain the
TRANSFAC and JASPAR names and accession numbers as
the most effective choice both for the purpose of this work as
well as for the user already familiar with the other two databases.
Nevertheless, our systemis able to accommodate future changes
and evolutions in the TF nomenclature.

The full list of transcription factors and associated models in
our database is available at http://bio.chip.org/mapperdb/
factors.html. The table contains links to model pages that
provide details such as the model length, the number of
sequences used to train it, the HMM consensus sequence(s)
(the most probable nucleotide at that position according to the
model; models that allow insertions or deletions may have
more than one consensus sequences displayed) and the
HMM logo generated using the Logomat-M software (27).
In addition, hit statistics for each model, such as the number
of hits in each organism and the minimum and maximum score
and E-value are provided.

Database content

All 1134 models were used to scan a total of 57906 sequences
from the human, mouse and Drosophila genomes. The rela-
tional database was used to store information on the genomic
sequences (gene name and symbol, Locuslink, RefSeq,
GenBank and Swiss-Prot identifiers, etc.) and their orthologs
(HomoloGene cluster numbers and homology percent), infor-
mation on the factors and matrices retrieved from TRANSFAC
and JASPAR, and the results of the HMMER searches. Each
hit in the database is described by its position, a score (a
probabilistic measure of the match between the hit and the
model—the higher the score the better the match), an E-value
(a measure of the likelihood of the hit being retrieved by
chance—the lower the E-value the more likely it is that the
hit is ‘real’), and the alignment between the model and the
sequence at the putative site. The cumulative results charac-
terizing our database are presented in Table 1. As explained in
the HMMER documentation (24), and as we have observed by
running Ammpfam on a number of control sequences, experi-
mentally validated sites can sometimes be retrieved with a
negative score. Therefore, we used ‘relaxed’ scores and
E-values for the search in order to obtain a comprehensive
representation of the TFBS map in the sequences scanned.
Since the total number of hits depends on the stringency of
the score and E-value parameters, we present both the figures
obtained using relaxed threshold values and those obtained
with more realistic thresholds, namely score > 0 or score > 0
and E-value < 1.

Table 1. Cumulative results characterizing the MAPPER database

H.sapiens M.musculus D.melanogaster — Total
Sequences scanned 21735 17218 18953 57906
Base pairs ~371 ~263 ~218 ~852
scanned (Mb)
Putative TFBS found
All 17357280 11093651 10032839 38483770
With score > 0 13503672 8335765 7112552 28951989
With score > 0 and 846509 311802 82716 1241027

E-value < 1
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Interface capabilities

We designed and implemented a web-based system
called MAPPER (Multi-genome Analysis of Positions and
Patterns of Elements of Regulation), publicly available at
http://bio.chip.org/mapper, to facilitate access to the catalog
of putative TFBSs.

The entry page allows the user to query a sequence based on
a gene identifier (e.g. NCBI Gene ID, RNA accession number
or CG symbol for Drosophila) and to retrieve all putative
binding sites that satisfy the input parameters specified: thresh-
olds on the score (default value is 0) and E-value (default value
is 10) and position relative to the ATG or the start of the
transcript. For each putative site the interface displays its
position according to three different coordinate systems (abso-
lute position on chromosome, distance from the ATG, distance
from the transcript start), its score and E-value, and the gene
region it belongs to (upstream region, intron or exon). The list
of hits can be sorted by position, score, E-value, factor name or
factor accession number. For each hit a pop-up window dis-
plays the alignment between the putative site on the query
sequence and the model. The results page highlights hits
retrieved in close proximity (i.e. within a window of 50 bp)
for factors known to physically interact with each other (based
on the TRANSFAC annotation), the TRANSFAC classes to
which the factors for which hits were found belong and the
common hits retrieved for the orthologs of the selected gene
across the three genomes (if present in the Homologene data-
base). The set of putative hits can be saved as a text file with or
without alignments, displayed graphically with respect to the
translation start, or exported as a custom track to the Gold-
enPath browser, thus allowing the user to visualize the putative
TFBSs in the context of the genomic region in which they are
found and to take advantage of the wealth of information
provided by the GoldenPath Genome browser (25).

Figure 1 presents the results displayed by MAPPER for
the promoter of the B99/gtsel (G2 and S phase-expressed-1)
gene containing an experimentally characterized p53-
responsive element located between positions —126 and —96
from the ATG. This element consists of three half-site dec-
amers and is responsible for the p5S3-mediated upregulation of
the gene following DNA damage (28). As shown in Figure 1A,
three models for p53 (T00671, T04997 and M00761) retrieve
these sites. The predicted TFBSs in this region are displayed as
a list (Figure 1A) and can be exported as text (with or without
alignments), in graphical form along the promoter of the gene
(Figure 2A) or as a custom track in the GoldenPath Browser
(Figure 2B). Figure 1B shows details on the p53 model
MO00761 whose match to the plus strand of the sequence is
shown in the pop-up window in Figure 1 A. It was experimen-
tally demonstrated that the p53 binding site contains two
copies of the sequence 5-RRRC(A/T)(T/A)GYYY-3'
(where R = A/G and Y = C/T) separated by a spacer region
(29). The HMM consensus sequences for model M00761 dis-
played in Figure 1B are in agreement with the p53 consensus
and show that the model can accommodate up to two inser-
tions or deletions (represented by a dot character) between the
two half-sites but not elsewhere. Based on our observations, if
the number of insertions in the spacer region was higher the
model would identify instead a half-site by matching only one
fragment to the model.
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T04997 pS3  Rattus nowvegicus kit b il

Hit statistics for model

. Number Score E-value
SH— ofhits | min | max | min | max
Homo sapiens 19,892 100 | 1040 | 0.06 | 16.00
Mus musculus 15,369 100 | 950 | 0.10 | 16.00
Drosophila melanogaster 4641 100 | 740 | 035 | 16.00

Figure 1. MAPPER output for the promoter of the mouse gzse/ gene. (A) The MAPPER query for putative TFBSs found within 500 bp upstream of the ATG in the
mouse gtsel gene identifies an experimentally characterized p53-responsive element composed of three half sites situated between positions —126 and —96 (28). The
models retrieving these sites are boxed. For each hit, a pop-up window displays the alignment between the sequence and the model at the putative site (the match
between the model MO0761 and the plus strand of the sequence is shown). (B) The consensus sequence displayed in the page for model M00761 shows that the model
can accommodate insertion or deletions (represented by a dot character) between the half-sites but not elsewhere. Additional information on the model and its hit
statistics over the entire database are also provided.
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Figure 2. Graphical export options for the hit set found in the promoter of the mouse gtse/ gene. The hit set presented as a list in Figure 1A is displayed graphically
along the promoter of the gene (A) or exported in the GoldenPath browser (B).

An alternative way of using MAPPER consists in specifying
the accession number of a single TFBS model, and retrieving
the hits for that model only. This analysis can be performed on
a single gene or on all genes. In the latter case the results
returned are limited to a fixed number of best-scoring hits for
efficiency, and the graphical display options are not available
since the genes containing these hits will usually be scattered
on different chromosomes.

The web interface design is based on ease of use and flex-
ibility. The page layout was intentionally kept simple, mini-
mizing graphics and striving to present complete and clear
information in each page. Context-sensitive menus allow
the user to quickly switch between alternative views of the
data (e.g. different ordering of the hits, different reference

point for coordinates), and to filter the data by changing the
score and E-value thresholds. For each page, an on-line help
provides step-by-step instructions regarding the format of the
input required by each field as well as explanations regarding
the meaning of the output fields and the options available for
sorting and exporting them.

DISCUSSION

MAPPER represents both a catalog of models for TFBSs and a
catalog of putative sites retrieved for them in all human, mouse
and Drosophila genes that offers several advantages over other
available similar resources.
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First, the set of TFBS models in MAPPER is very compre-
hensive. The models are based on curated information on
experimentally determined binding sites contained in the
TRANSFAC and JASPAR databases, but use HMMs instead
of NWMs to model the characteristics of the sites. While some
of these models have an equivalent NWM in the TRANSFAC
and JASPAR databases, many others (the factor-derived
models) are specific to MAPPER. In addition to capturing the
probability distribution of nucleotides at each position in the
binding site, HMMs allow modeling insertions, deletions and
fragment matches to the model thus attaining a higher level of
generality than the corresponding NWM built on the same
alignment. Many TFs bind the DNA as dimers or tetramers
and thus the characterized binding sites are composed of func-
tional half-sites separated by spacers of variable lengths. While
in the functional moieties of the TFBSs insertions and
deletions are uncommon, they can occur in the more divergent
spacer regions (30). Moreover, in the search procedure
HMMER allows fragment matches to the model that in this
context will lead to the retrieval of half-sites. In our database,
481 models (42% of the total) allowed at least one insertion or
deletion during the large-scale searches.

We recognize that profile HMMs also have limitations. In
order to convert the observed counts into probabilities
HMMER combines the actual counts with priors, in this
case single-component Dirichlet priors (24). These priors
introduce pseudocounts that weight heavier if the training
set is low thus biasing the model. A small training set
would represent a problem for any statistical approach (includ-
ing NWMs) and, due to the fact that in some cases the number
of known or available sequences for a binding site is small, the
quality of the model has to be evaluated by different means.
For these reasons, the MAPPER model pages provide details
such as the length of the model, the number of sequences in the
training set, the HMM consensus, the HMM logos and hit
statistics over the entire database (minimum and maximum
scores and E-values) so that the user can make an informed
evaluation of the quality of any given model. Moreover, even
if some models are trained on a small number of sequences this
does not usually represent a problem in MAPPER since most
TFs are described by more than one model.

Second, in contrast to TRANSFAC and JASPAR that
require the user to supply the nucleotide sequence of the
gene of interest or the profiles to be included in the search,
MAPPER needs as little information as a gene identifier and
outputs all putative binding sites found for all its models that
satisfy the cut-off parameters. The sequences scanned to build
the database are likely to contain the regulatory regions of a
large number of genes, according to the most up-to-date anno-
tations. Having a pre-computed list of putative TFBSs in three
genomes instead of simply offering the ability to scan a user-
supplied sequence, represents in our opinion a good trade-off
between generality and efficiency: the results can be retrieved
very quickly (both for a single organism or when analyzing
multiple genomes), and, as our analysis covered a wide range
of scores and E-values, it allows the user to experiment effi-
ciently with very different settings of these parameters
when querying the database. Moreover, the static database
allows the retrieval of the best scoring hits for a given tran-
scription factor of interest by supplying only a model identifier
as input.

Finally, the MAPPER interface was designed to provide
comprehensive and detailed information to the users, and
offers powerful options for the visualization and the export
of the data.
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