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Abstract

An important problem in molecular biology is to build a complete understanding of transcriptional regulatory processes in
the cell. We have developed a flexible, probabilistic framework to predict TF binding from multiple data sources that differs
from the standard hypothesis testing (scanning) methods in several ways. Our probabilistic modeling framework estimates
the probability of binding and, thus, naturally reflects our degree of belief in binding. Probabilistic modeling also allows for
easy and systematic integration of our binding predictions into other probabilistic modeling methods, such as expression-
based gene network inference. The method answers the question of whether the whole analyzed promoter has a binding
site, but can also be extended to estimate the binding probability at each nucleotide position. Further, we introduce an
extension to model combinatorial regulation by several TFs. Most importantly, the proposed methods can make principled
probabilistic inference from multiple evidence sources, such as, multiple statistical models (motifs) of the TFs, evolutionary
conservation, regulatory potential, CpG islands, nucleosome positioning, DNase hypersensitive sites, ChIP-chip binding
segments and other (prior) sequence-based biological knowledge. We developed both a likelihood and a Bayesian method,
where the latter is implemented with a Markov chain Monte Carlo algorithm. Results on a carefully constructed test set from
the mouse genome demonstrate that principled data fusion can significantly improve the performance of TF binding
prediction methods. We also applied the probabilistic modeling framework to all promoters in the mouse genome and the
results indicate a sparse connectivity between transcriptional regulators and their target promoters. To facilitate analysis of
other sequences and additional data, we have developed an on-line web tool, ProbTF, which implements our probabilistic
TF binding prediction method using multiple data sources. Test data set, a web tool, source codes and supplementary data

are available at: http://www.probtf.org.
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Introduction

Transcriptional regulation is a central control mechanism for
many biological processes. Transcriptional regulation generally
mvolves DNA-binding proteins, transcription factors (TTs), that
control gene expression by binding to short regulatory sequence
motifs in gene promoters [1]. DNA-binding specificities of TFs are
encoded in their DNA-binding domains that specialize them to
recognize and bind specific types of binding sites. This mechanism
is the basis of control in complex transcriptional regulatory
networks. Revealing these regulatory mechanisms is one of the key
problems in understanding genome-wide transcriptional regula-
tion. Although experimental studies and computational approach-
es are extending our knowledge of TT binding specificities,
relatively little is known about genome-wide binding of TFs to
gene promoters. Thus, TF binding prediction remains an
important problem in computational biology.

Computational approaches to TF binding site analysis can be
divided into two categories, discovery and prediction. Motif discovery
focuses on searching for novel binding motifs from a collection of
short sequences that are assumed to contain a common regulatory
motif. Several algorithms have been proposed for motif discovery
(for a recent review and comparison, see [2,3]). Accurate motif
discovery is difficult in general, but incorporating additional
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information to guide the search for novel sequence signals can
improve performance. Such additional data sources include,
among others, information about co-regulated genes [4], evolu-
tionary conservation [3,6], physical binding locations as measured
by chromatin immunoprecipitation on chip (ChIP-chip) [7-9],
information on the structural class of TFs [10], and nucleosome
occupancies [11,12].

TF binding prediction, in turn, makes use of given DNA-binding
specificities to predict putative TF binding sites. The binding
preferences can either be the output of a motif discovery algorithm
or they can be experimentally measured, such as those reported in
curated databases (TRANSFAC [13] and JASPAR [14]).
Regardless of the data source, binding site prediction typically
requires some information about binding specificities and is
therefore dependent on previous analysis. Current knowledge of
binding preferences already allows useful predictions to be made
genome-wide. Moreover, several novel measurement techniques to
measure DNA-binding specificities have recently been developed
[15-19]. For example, Berger et al. [16] have developed a protein
binding microarray (PBM) technology to measure binding
preferences to all A-mers, & currently being 10 base pairs. These
new techniques are rapidly expanding currently available
databases by providing estimates of binding specificities of virtually
any TTF in a high-throughput manner. Consequently, they also
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offer an approach for rapid and sensitive identification of all TF
binding sites genome-wide. In particular, high-throughput screen-
ing of TF binding specificities combined with accurate TT binding
prediction provides a viable, condition independent, alternative to
somewhat complex ChIP-chip experiments [20]. At the same time,
however, there is a growing need for accurate TF binding
prediction methods.

Although motif discovery methods are relatively well-developed,
the TT binding prediction problem has attracted less attention.
Most of the previous binding site prediction tools have been
formulated as hypothesis testing methods, where a significance
value of TF binding at a specific sequence position is obtained by
comparing a test statistic to a null distribution [21-28], and
possibly correcting the significance level for multiple testing.
Traditional scanning methods for TF binding site prediction are
known to perform relatively poorly in that they typically have an
excessively high false positive rate (see [29]). This reported poor
performance is not directly a shortcoming of previous prediction
methods but has more to do with the fact that models to represent
binding motifs and background sequences alone do not contain
sufficient information for accurate binding site detection. This
suggests that one possible approach to improve binding site
prediction is to develop better motif (and background) models than
the currently used position specific frequency model (PSFM) for
binding sites and Markovian models for background. For example,
observed dependencies between binding site nucleotides [30,16]
can be incorporated into motif models [31]. However, the use of
more complex models, such as general Bayesian networks, is found
to be challenging [32]. While developing better motif and
background models is important, another more general direction
aims at making use of several additional information sources, in a
similar manner as has been done in the context of motif discovery
(see above) to improve TF binding prediction.

Here, we formulate a probabilistic framework for TF binding
prediction that differs from the standard hypothesis testing
approaches in three important ways. First, the proposed
framework is probabilistic in nature and thus outputs a probability
of binding (as opposed to a p-value), which directly reflects our
belief of gene’s promoter having a binding site. We introduce both
likelihood and Bayesian inference methods that naturally allow
regularization via various prior distributions. Secondly, the
proposed method answers the question of whether the whole
promoter has a binding site, as opposed to reporting a p-value for
every possible position in the sequence. But it is also straightfor-
ward to modify our methods to estimate TF binding separately for
each base pair position as well, which we also consider. Since we
process each promoter as a whole, in addition to assessing physical
TF binding at the individual locations, our computational
predictions provide insights into the functional role of a TF in
the regulatory program of a target gene. The rationale for this is
the fact that the higher binding probability anywhere on the
promoter (not just in a particular location) implies higher
probability of a regulatory relationship. Thirdly, and most
importantly, we propose a principled way of combining multiple
data sources, such as evolutionary conservation, regulatory
potential, CpG islands, nucleosome positioning, DNase hypersen-
sitive sites, ChIP-chip, and other prior knowledge, into a unified
probabilistic framework. Moreover, the proposed data fusion
framework is extremely versatile and thus, allows incorporating
practically any additional (future) information sources that are
indicative of TF binding sites at the genome level.

To validate our computational methods, we constructed a test
set of annotated binding sites in mouse promoters from existing
databases [13,33-35]. We demonstrate that our probabilistic
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inference framework significantly improves TF binding predic-
tions. We also test our probabilistic inference method by applying
it to all known mouse promoters. These genome-wide results,
which are made publicly available, indicate a sparse connectivity
between transcriptional regulators and their target promoters. To
provide easy access to this method, we have also implemented a
web tool, ProbTF, which allows users to analyze their own
promoter sequences and additional data sources.

Because our proposed computational framework is based on
probabilistic modeling, it provides an intuitive interpretation (i.e.,
probabilities, not p-values). Our probabilistic formulation also
provides regularization to the inference problem via several
informative prior distributions, hence further improving perfor-
mance. Results on a carefully constructed test set show that the
proposed computational methods significantly improve perfor-
mance when compared to previous binding site prediction
methods. This is partly due to the fact that each promoter
sequence is analyzed as a whole (i.e., TF binding is not assessed
independently at each nucleotide position), taking advantage of
multiple binding sites. The most important ingredient, however, is
the principled incorporation of multiple additional data sources.

We construct our basic probabilistic framework using common-
ly used models for binding and non-binding sites, although
generalizations to more complex models are straightforward.
Consequently, our initial formulation is similar to other previously
proposed TF binding prediction methods [36-38] and has perhaps
even more in common with general motif discovery methods
[6,39-45]. Notably, the differences are that we further extend our
basic TF binding prediction method into a Bayesian setting,
incorporate multiple motif models, consider combinatorial regu-
lation with multiple TFs, combine both forward and reverse
strands into the modeling framework, provide a way to
simultanecously estimate binding probabilities to the whole
promoter and at single nucleotide resolution and, most impor-
tantly, provide a principled statistical integration of multiple data
sources.

Although applications that combine binding site prediction with
other data sources, especially “phylogenetic footprinting,” are
plentiful (see e.g [46,47], or [29,48] for review), we are not aware
of other probabilistic frameworks for TF binding modeling that
can combine several additional data sources at the genome level.
Related probabilistic data fusion approaches to TF binding
prediction are introduced in [49,50]. For example, the method
of Beyer et al. [49] provides a general, higher-level, naive Bayes
approach to integrate ChIP-chip data with several additional
evidence sources. Our approach is different in that we integrate
multiple data sources at the genome level, which is indeed
necessary for incorporating nucleosome information, regulatory
potentials, etc. We also note that our probabilistic predictions can
be further used in other methods, such as the one of [49]. Other
related previous methods include, among others, probabilistic
methods for combining sequences and microarray data [51,52],
general frameworks for data integration (see [53]), and a
supervised method for binding site prediction [54,55]. The most
closely related previous method is that by Thijs et al. [42], although
that was originally introduced in the context of motif discovery
and without an option for data fusion. Note that depending on
what additional data sources are available, our method can be
applied with either zero or any number of additional information
sources.

Although our general aim is to integrate as many lines of
evidence as possible into TT binding prediction, we restrict our
focus to those data sources that contain useful information for TF
binding at the genome level. For example, we do not consider
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functional data sources, such as gene expression or protein level
measurements, or descriptive higher-level information, such as
gene ontology. Despite the fact that gene or protein expression
measurements alone can be informative of transcriptional
regulatory relationships and, therefore, indirectly informative of
TF binding as well, we will not include those data sources into our
modeling framework. For example, proper modeling of gene
expression or protein level measurements does inevitably require
the use of a predictive network model, such as a (dynamic)
Bayesian network [56-58], a system of ordinary differential
equations or a stochastic kinetic model [59-61]. However, even
more comprehensive modeling approaches that integrate all
sequence level data sources with functional measurements and
gene ontology information become much easier to tackle because
our TT binding prediction are probabilistic. Probabilistic methods
similar to those presented in [62-64] are practically straightfor-
ward to apply using our sequence level predictions as a building
block (see ‘Discussion’ Section for more discussion). From a more
general point of view, our approach has much in common with
general strategies to infer transcriptional regulation from multiple
data sources (see [62-65] for representative examples). We expect
that the method described herein will also prove to be a useful
building block in comprehensive transcriptional regulatory
modeling.

Results

Probabilistic modeling for binding prediction

To motivate the results presented in this section, we briefly
outline our computational methods—first for the basic probabi-
listic formulation without any additional data sources and then for
general data fusion. A detailed description of the methods is
presented in ‘Materials and Methods’ Section.

The most commonly used probabilistic models for binding sites
and background sequences, on which our methods are also built,
are the position specific frequency matrix (PSFM) model [66,21]
and the Markovian model [67], respectively. Our choice of using
PSFM model for binding sites is arbitrary. The same modeling
framework can be extended to virtually any binding site model.
Although we focus on TT binding prediction, our computational
formulation is perhaps more closely related to probabilistic motif
discovery methods (see e.g [6,39-45]). Note, however, that our
goal is not de novo motif discovery but probabilistic inference of TT
binding, given some a priort information about TF binding
specificities and background sequence properties. Because we
assume to have prior knowledge of TF specificities we can use a
different approach in our computation (compared to motif
discovery methods) to better address our goal of estimating TF
binding. Further, these standard motif and background models are
combined in a probabilistic framework with multiple additional
data sources that are indicative of TF binding or transcriptional
regulation in general.

Motif and background models are denoted by 0 and ¢,
respectively. For the cases where a TT is associated with more than
one motif model, we denote multiple motifs by ® = (8, 0™). A
key (unknown) quantity is the number of binding sites Q in a
promoter sequence S=(si,...,5,). Instead of fixing Q= ¢ binding
sites to particular positions, we consider (sum over) all possible
non-overlapping motif start positions 4= {ay,...,a,} and configu-
rations 7€{1,...,m}* and weight different combinations according
to their probability. This is illustrated in Figure 1, which shows
four different combinations of the number of binding sites O,
positions 4 and configurations 7 for a TF that is associated with
two motif models (blue and green boxes).
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Figure 1. An illustration of four different binding site
configurations for a TF that is associated with two motif
models (blue and green boxes). The diagram illustrates the
upstream promoter region for a gene, where the direction of
transcription is indicated by the direction of the arrows. The arrows
are located at the transcription start sites.
doi:10.1371/journal.pone.0001820.g001

Given S, ® and ¢, we are interested in computing the
probability of having ¢=0,1,... binding sites

P(QZC|S=®>¢)OCP(S|Q:C=®’¢)P(Q:C|®’¢)’

where the term PS|Q=¢,0,0) involves summing over all motif
positions A and configurations 7 for ¢ binding sites. The prior
PQ=¢|0,0) reflects our prior belief of having ¢ binding sites. The
probability of binding can be assessed by the probability of having
at least one (or any other higher number, if so decided) binding site
P0>0]5,0,0). A computationally efficient recursive algorithm to
compute PQ>0]5,0,0) is described in ‘Materials and Methods’
Section. Our basic formulation can be viewed as a direct
generalization of that by Thijs et al. [42] who proposed a
practically equivalent framework for a single motif model. Similar
probabilistic modeling frameworks have also been constructed
using hidden Markov models [36-38,44].

Because motif models are typically constructed from a relatively
small number of experimentally verified binding sites (or from an
output of a motif discovery algorithm) they can contain a
considerable amount of uncertainty. Thus, it is also useful to
consider a Bayesian approach where ©® and ¢ are random
variables. Given S, 4 and m and applying Bayes’ rule gives

P(A.7|S)oc P(S|A,7) P(A,m),

where P§|4,n) is the marginal likelihood obtained by integrating
over parameters ® and ¢. The probability of binding can again be
assessed by the probability of having at least one binding site, i.e.,
1-PA=0O,n=0|S). For the Bayesian approach we develop a
Markov chain Monte Carlo (MCMC) estimation method (see
‘MCMC estimation for Bayesian inference’ Section for details).
Another important benefit of using a Bayesian approach is that
with the proposed MCMC sampling strategy one can solve more
complex inference problems (and with more complex prior
distributions) than with the efficient recursive algorithm for the
likelihood method. In particular, MCMC sampling also makes it
possible to jointly estimate binding probabilities to the whole
promoter and individual base pair locations.

Performance on real sequences

We demonstrate our computational methods on a carefully
constructed test set that contains annotated binding sites in 47
mouse promoters. For the positive cases we use those TF-promoter
pairs that contain an annotated binding site for a TF in a
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promoter. Negative cases consist of TF-promoter pairs that (are
expected to) have no functional binding sites. Although negative
sets in general are likely to contain some true binding sites (those
that are not yet discovered), that does not invalidate our
performance evaluation but merely introduces a degrading bias
in our results. Similarly, some of the annotated binding sites may
have been used to construct the PSFM models that we use in our
analysis and that in turn can introduce an optimistic bias into our
results. The above-mentioned biases are impossible to avoid in
practice. Fortunately, this is not a major issue, especially as long as
we use the same test set and the same PSFM and Markovian
background models for all the new and previously published
methods that we compare. The full details of the test set can be
found in ‘Data’ Section. For the binding specificities, we use
(scaled) motif models from TRANSFAC Professional version 10.3.
We measure performance using standard receiver operating
characteristics (ROC) curves that plot the fraction of true positives
(sensitivity) versus the fraction of false positives (complementary
specificity), see e.g [68]. We also use the area under the curve
(AUC) measure that summarizes and represents the ROC with a
single number. Given the probabilistic nature of our method, we
also found it instructive to visualize the distribution of estimated
binding probabilities for positive and negative test cases.

Comparison of background model orders

Before proceeding to more interesting results, we first test the
effect of some of the parameters in our probabilistic formulation. A
natural parameter to start with is the order of the Markovian
background model. Several authors have reported that the use of
higher-order background models improves motif discovery
[67,69]. Figure 2 shows ROC curves for our test set using the
basic likelihood-based probabilistic method with varying Markov-
ian background model orders, de{0,1,...,4}. Figure 2 shows
somewhat surprisingly that, overall, TF binding prediction does
not seem to depend greatly on the background model order. The
best overall performance, according to AUC, is achieved with
d=0. For consistency, we use d=0 in all our simulations.

Another useful preliminary test is to vary the prior probability of
having Q=0 binding sites as well as the parameter x, which
specifies how fast the prior probability of having Q>0 binding sites
approaches zero (see ‘Materials and Methods’ Section for more
details). In general, these parameters only affect the overall bias of
the posterior binding probabilities: larger values of AQ=0]|0,d)
and smaller values of x bias probabilities towards small values, and
vice versa (results not shown).

Comparison of likelihood and Bayesian approaches
Adopting a Bayesian approach allows the modeling of
uncertainty in the model parameters as well. Although we use
the Dirichlet prior distribution for both the motif and background
model parameters, we are primarily concerned with the
uncertainty in the motif models, since the background model
parameters are estimated from a much larger data set.
Hyperparameters of the Dirichlet prior control the amount of
uncertainty in the motif model parameters and that can also
provide regularization for the inference problem (see [70] for a
discussion in the context of Bayesian networks). For consistency,
we use the same hyperparameters to obtain the scaled PSFMs for
the likelihood-based approach. Figure 3 shows the ROC results for
the likelihood and Bayesian methods with varying prior strengths
(see ‘Materials and Methods’ Section for more details). In the basic
simulations setting without any additional data sources, the
likelihood and Bayesian methods perform almost identically.
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0.2 0.4 06 0.8 1
complementary specificity

Figure 2. The standard ROC curves for the basic likelihood-
based method with varying Markovian background model
orders, d={0,1,...,4}.

doi:10.1371/journal.pone.0001820.g002

Figure 4 shows histograms of the estimated binding probabilities
for the likelihood and Bayesian methods for prior strengths A= 50
and M=100. A general character of the histograms is that the
binding probabilities of annotated sites (red bars) are biased
towards high values whereas the binding probabilities of negative
cases (blue bars) are approximately uniformly distributed. Smaller
prior strengths correspond to more uncertain motif models and
that, in turn, allows the data (i.e., promoter sequence) to have a
stronger effect on the posterior motif model. Typically, smaller
prior strengths also bias overall posterior probabilities towards
higher values, especially for the negative set (compare blue bars in
Figures 4 (a—b) with the ones in (c—d)). In terms of ROC curves and
AUC measures, proposed methods are insensitive to small
deviations in prior strengths (within a range of reasonable values).
Prior strength M =100 seems to provide good results and this
value was used in all our simulations for consistency.

Comparison with traditional promoter scanning

In order to better assess the performance of the proposed
methods, we also compare our basic likelihood method with
traditional promoter scanning (see [21-24]) and a probabilistic
scanning-based method that assesses the probability of binding
[63] (see ‘Comparison with other methods’ Section for more
details). Due to a fundamental problem of hypothesis testing
approaches, they are prone to systematically finding more
significant binding sites in longer promoter sequences just by
chance. This inherent bias could be accounted for to an extent by
correcting for the multiple testing issue. That would be remarkably
challenging because all significance values corresponding to a
PSFM model should be corrected simultaneously and that would
easily result in millions of p-values per PSFM model. An even more
severe issue, however, stems from the fact that exact promoter
regions are unknown practically for all the genes. Thus, a
particular choice of the promoter regions, especially their lengths,
has a potential to impose a significant biasing effect. The easiest
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Figure 3. ROC curves for the likelihood and Bayesian probabilistic methods with varying prior strengths. (a) M=50. (b) M =100. Results
for (c) likelihood-based and (d) Bayesian methods for various values of M.

doi:10.1371/journal.pone.0001820.g003

and safest way to guarantee a fair and unbiased comparison
between different methods is to shorten all the promoter sequences
in our controlled test set to have approximately the same length
(but we also compare different methods without changing the
promoter lengths for comparison purposes). Figure 5 shows ROC
results for the three methods with two different background model
orders. Overall, the performance of all three methods is similar,
which is to be expected since they are based on the same motif and
background models. However, our probabilistic method performs
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better for small values of false positives (about <0.2). This is
partly due to the fact that our method makes inference using
multiple binding sites together and hence, it is able to assign
higher probability to sequences that have multiple annotated
binding sites. Performance differences become more significant
when we integrate multiple data sources into TT binding
predictions in the next section. In traditional hypothesis testing
based approaches, one has typically been interested in a region of
the ROC curves that corresponds to a remarkably small false
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doi:10.1371/journal.pone.0001820.g004

positive rate, say <0.01. This is mainly due to the fact that each
PSFM and nucleotide location pair is assigned its own
significance value and therefore even a tiny false positive rate
makes the results look like each factor binds to practically every
promoter. Fortunately, this issue becomes less severe in our
modeling framework since each promoter is processed as a whole
(i.e., a single binding probability per TF-promoter pair), although
later on we also estimate binding probabilities at a single
nucleotide resolution. Further, and perhaps more importantly,
one of our main goals is full probabilistic modeling, where
different evidence sources are combined in a seemingly
continuous fashion (i.e., without making calls of ‘binding’ or
‘not binding’ at each step of the inference process). For example,
practically all parts of the ROC curve become equally important
when our sequence-based probabilistic modeling is combined
with gene expression data and other information sources.
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Supplemental Figure S1 shows the same comparison results as
in Figure 5, but without forcing the promoter lengths to be equal.
These results show that when promoters have varying lengths,
our probabilistic method that processes each promoter as a whole
performs even better when compared to scanning-based ap-
proaches.

Probabilistic integration of multiple data sources

Many TF binding sequences are relatively short and non-unique
and hence, the expected number of their occurrences in a genome
by chance is high. These presumably non-functional binding sites
cause traditional TF binding site prediction methods to have
unacceptably high false positive rates. Although the above
probabilistic formulation provides a principled framework for TTF
binding inference and allows regularization via a Bayesian
approach, being built on the same modeling framework as other
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Figure 5. ROC curves for the likelihood-based probabilistic method (red), traditional scanning (blue), and a probabilistic scanning-
based method that outputs a probability of binding (green). The background model order is (a) d=0 and (b) d=1.

doi:10.1371/journal.pone.0001820.g005

methods (PSFM motif and Markovian background models), it is
also vulnerable to identifying non-functional sites.

A natural way to improve specificity of TF binding site
predictions is to make use of additional biological information in
the inference. This idea has been proposed in several articles
where, for example, promoter scanning with PSFMs has been
constrained to only those parts of the genome that are highly
conserved, 1.e., conservation scores exceed a threshold (see reviews
in [29,48]). However, not all binding sites are conserved [29].
Therefore, using additional data in such a binary fashion, is likely
to miss some binding sites and does not provide the most efficient
use of the data. A key advantage of our formulation is that it
provides a principled, probabilistic framework for incorporating
multiple data sources.

A number of additional information sources can be useful for
predicting TF binding. First, functional binding sites are typically
evolutionarily conserved [71], albeit with the caveat described in
the previous paragraph. Alignments of interspecies genomes
combined with other modeling efforts can be used to assess the
probability that a certain genomic location is under evolutionary
selection, and thus more likely to be a functional binding site. We
use PhastCons [72] to assess the probability of conservation.
PhastCons uses genome alignments of 17 species and a
continuous-time Markov model for nucleotide substitutions and
a two state phylo-HMM model to compute posterior conservation
probabilities.

Second, in addition to evolutionary conservation, methods
exist to assess whether a conserved sequence is neutral or
functional. This more detailed information, often called regula-
tory potential, has a potential to distinguish neutral sequence
regions from the functional ones, even within conserved parts of
sequences. Regulatory potential scores (log-likelihoods) are
obtained using ESPERR [73] that also makes use of multiple
genome alignments. After appropriate dimension reduction and
alphabet selection, ESPERR applies two variable order Markov
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models to estimate likelihoods of regulatory and neutral sites. The
two Markov models are trained from a set of known regulatory
and neutral sites which makes ESPERR essentially a discrimina-
tory method.

Third, while evolutionary conservation can help in discriminat-
ing functional binding sites that are more prevalently located on
conserved parts of the genome from presumably non-functional
sites on non-conserved regions, it does not explain the mechanism
by which a TT is guided to its functional site. A hypothesis is that
this process is controlled by the intrinsic nucleosome organization
of genomes [74,75]. The likelihood of binding to a non-functional
binding site can be decreased by locating a stable nucleosome over
those genomic regions while keeping functional sites accessible for
TFs, i.e., free of (stable) nucleosomes. The nucleosome occupancy
probabilities can be computed using a method by Segal et al. [74],
which uses a Markov model whose parameters are estimated from
a set of known nucleosome locations.

Although we primarily focus on the three additional evidence
sources mentioned above, other information sources can also be
directly included into our modeling framework. For example, a
general sequence feature of many promoters, and thereby a
feature of binding sites within promoters as well, is that they
typically have a high CpG dinucleotide content [75]. Binding sites
are also commonly found to be organized into clusters (for a
review, see [76]). Furthermore, other more important, direct
evidence sources include experimental measures of TF binding as
measured by chromatin immunoprecipitation on chip [77,9] and
DNase hypersensitive sites [78].

From a computational point of view, we assume that each
additional data source is in the form D= (H1),...,PN)), where P
denotes the probability that the ith nucleotide has one of the above
sources of evidence. Although not all data sources are in the form
of probabilities they can often be interpreted or transformed such
that they conform to this format. Additional data D is assumed to
be conditionally independent of the sequence S (given 4, 7, @ and
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¢) and independent of the motif and background models, i.e.,

P(S,D|4,7,0.4) = P(S|4,7,0,§) P(D|A,m). (1)

The intuitive rationale for defining the term that captures the
additional data, AD|A4,m), is to assign higher probabilities for those
configurations (4,m) that are located in regions that are more likely (in
light of additional data D) to contain functional binding sites. A
similar data fusion technique works in a Bayesian framework as well

P(A,7|S.D)c P(S|A,7) P(D| A7) P(A.7). )

We extend the above framework to multiple data sources D,
1=i=Np, by combining them using a standard weighting scheme
prior to applying Equations (1-2). The details of the computa-
tional methods for incorporating multiple data sources are
described in ‘Combining multiple information sources’ Section.

Performance on real multiple data sources

The data fusion problem is illustrated in Figure 6 for four TF-
promoter pairs. The first row in each subplot shows the annotated
binding site(s). For illustration purposes, the next rows show the
log-likelih@ ad scores of motif model(s) 0 to the background model
$, logWa "/ (see Equation (11) for details). The last three rows
show the probabilities of conservation, nucleosome occupancy and
the regulatory potential. Figure 6 illustrates some general
Charac(tncgistics of the data. First, the highest log-likelihood score
logW, " is not always obtained at the annotated site but on other,
possibly non-functional, positions. Second, for some TTs, such as
SRF, motif models 6 are highly correlated whereas for other TFs,
such as SP1, motif models produce “‘scores” which are distinct
from each other. Finally, many of the annotated sites are also
associated with a high probability of conservation and regulatory
potential and with a low probability of nucleosome occupancy.
This correlation is not expected to be perfect though since only
about 50% of the functional binding sites are assessed to be
conserved (see [29]). Our goal here is to make principled
probabilistic inference from these numbers and to output a single
probability of binding for the promoter as a whole (ie.,
transcriptional regulation). We will also compute the probability
of having a binding site at each nucleotide position later on.

Comparisons between different additional data sources

Figure 7 (a) shows ROC curves for the likelihood-based method
(blue) when combined with a single additional information source.
The use of regulatory potential scores (red) already gives a
marginal improvement for the TTF binding prediction, but
evolutionary conservation (green) significantly improves the
detection performance. Although nucleosome occupancy proba-
bilities seem to be low at annotated sites in Figure 6, static
predictions of nucleosome positions are not sufficiently informative
to help binding prediction. Perhaps the main difficulty in using the
predicted nucleosome locations is that the nucleosome model is
constructed for yeast (only models for yeast, chicken and human
are available in [74]). However, as Narlikar et al. [11] have
demonstrated in the case of motif discovery in yeast, nucleosome
information can be informative, especially if combined with ChIP-
chip data in a discriminatory setting. We also found out that
information of CpG-islands does not improve binding predictions.

Figures 7 (b) and (c) show the corresponding histograms of the
estimated binding probabilities. Combining the probabilistic
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method with evolutionary conservation produces the most
discriminatory histogram (Figure 7 (c)) whereas regulatory
potential data (Figure 7 (b)) assign higher probabilities to some
of the negative case. This can also indicate that the negative
sequences may indeed contain unannotated binding sites.

In these simulations, the scaling parameter for each additional
data source (see ‘Combining multiple information sources’ Section
for details) is chosen using a grid search over values de{0, 0.01,...,
0.5} and taking the one that produces the best AUC measure. We
found ¢=0.04 for conservation and d=0.05 for the regulatory
potential data, but the results are not sensitive to small deviations
in the values of the scaling parameters. To verify that choosing
scaling parameters by maximizing the AUC measure does not
introduce an optimistic bias, we repeated the same simulation
using stratified cross-validation. For conservation scores, the results
remained virtually the same and for the regulatory potential the
results are also similar (see supplemental Figure S2). ESPERR [73]
is trained on a set of human genes, which is further expanded by
mapping the set of human genes to orthologous mouse genes,
amongst others. This extended data set partly overlaps with our
test set. We verified that this overlap does not introduce any bias in
our results by removing the overlapping genes from our test set
and repeating the simulation (see supplemental material Text S1
and Figure S4).

Given the above promising results with a single additional data
source, a natural question then is to study whether combinations of
additional data sources further improve TT binding prediction.
We consider the combination of conservation and regulatory
potential for which the ROC curve as well as the corresponding
histogram of the estimated binding probabilities are shown in
Figure 8. Combining conservation and regulatory potential gives a
minor improvement relative to using these data sources alone.

We used the same scaling parameters as above and tried a set of
different weighting schemes and again chose the weighting
parameter that gives the best AUC measure over grid wye{0.5,
0.52,..., 1}. We found w;=0.14 and wy,=1—w,;=0.86 for
regulatory potential and conservation, respectively (see ‘Combin-
ing multiple information sources’ Section for details). Similarly to
scaling, weighting is not sensitive to small deviations in the values
of the weighting parameters. Weighting some of the data sources
more heavily just biases the results towards those obtained using
the particular single data source alone.

The standard practice has been to constrain the scanning with
PSFMs to only those regions of the genome whose conservation
probability (or score) is sufficiently high [29]. For comparison
purposes, we applied the same strategy to our test set using a
similar grid search for the optimal threshold as above. Figure 9
shows ROC curves for the traditional scanning with and without
conservation data as well as our probabilistic method when
combined with conservation information. These results demon-
strate the fact that thresholding-based methods cannot achieve
optimal performance since not all functional binding sites are
conserved. This issue becomes more prevalent when more than
one data source is integrated. Supplemental Figure S3 shows the
same results as in Figure 9 but without forcing the promoter
sequence lengths to be equal, in which case, our probabilistic
method performs again even better than the traditional scanning.
These results again demonstrate the potential bias of hypothesis
testing based approaches.

Evolutionary conservation and regulatory potential are the most
informative additional data source in our simulations, whereas
estimated nucleosome locations or CpG-islands do not improve
TF binding predictions. As mentioned above, the particular
estimated nucleosome data that we use might not be optimal for
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Figure 6. An illustration of the data fusion for TF binding prediction. (a) Annotated binding sites for SRF on Actc1 promoter. (b) Annotated
binding site for SRF on M23768 promoter. (c) Annotated binding site for SP1 on Myod1 promoter. (d) Annotated binding site for TEAD1 on Myh6
promoter. Figure keys are as follows. 8?: motif models for each TF, Conserv.: sequence conservation probabilities computed by PhastCons [72], Nuc.
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from [73]. The additional evidences range between 0 and 1. Promoters sequence lengths are 2000 base pairs in (a), (c) and (d), and 500 base pairs in

(b). See text for more details.
doi:10.1371/journal.pone.0001820.g006

our mouse test set. Once a mouse nucleosome model or high-
throughput nucleosome data become available, they can be used
in the same framework as well, likely improving TF binding
predictions. For example, Narlikar e al. [12] have found that even
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low resolution measurements of nucleosome locations give a
marginal improvement for motif discovery methods in yeast.
Similarly, once more abundant ChIP-chip data becomes available,
it can be incorporated into our modeling framework as well. This
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data fusion step can be performed in two ways: either use an
approach where binding probabilities are estimated separately
from ChIP-chip and sequence data and then combined (see [49]),
or incorporate high-resolution ChIP-chip binding data (see [9])
directly into our model.

Modeling combinatorial regulation

Gene regulation in higher organisms commonly requires
multiple TFs. Thus, combinatorial regulation by several TTs is
another important problem to study. The main difference between
a single TF and multiple TFs regulating a gene is that
combinatorial regulation requires all TFs to have at least one
binding site for (at least) one of their motif models. Although
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multiple regulatory proteins can also form a complex and the
complex can regulate a target gene via a single binding site, we
only consider regulation via multiple binding sites, the single
binding site case being similar with our previous analysis.
Statistical inference for combinatorial regulation can be naturally
addressed in our probabilistic framework. For that purpose, we
propose to use both the likelihood and Bayesian methods (see
‘Combinatorial regulation’ Section for more computational
details).

Combinatorial regulation by multiple TTs is less well-known
and fewer combinatorial annotated binding sites are reported in
databases or even in the literature (see [79]). We construct a
sufficiently large test set for computational simulations from our
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test set of annotated binding sites. For each promoter sequence, we
pair different TFs that have annotated binding sites on it and
consider these TT pairs to jointly regulate a given gene. We add a
further constraint that, for each pair of TFs, at least one annotated
binding site pair is within a cluster, i.e., sufficiently close to each
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Figure 9. ROC curves for the traditional scanning (green),
traditional scanning combined with thresholded conservation
information (blue), probabilistic method combined with con-
servation information (red), and probabilistic method (cyan).
doi:10.1371/journal.pone.0001820.9g009
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other, as is typically the case in real promoters as well [76]. We
construct a negative set such that approximately half of the TF
pairs have no annotated binding sites and half of the TF pairs have
an annotated binding site for one TF but not for the other.

The problem of inferring combinatorial regulation among many
TFs becomes computationally expensive because there are

Z) =0(nk) ways to choose & TFs from the set of n TFs.
Inference for combinatorial regulation can only be done exactly
using an MCMOC sampler. This can become a problem since
Bayesian inference is considerably slower than the likelihood-
based inference. Therefore, in addition to Bayesian inference for
combinatorial regulation, we also consider here a naive approx-
imation that estimates the probability of combinatorial regulation
by the product of individual TF binding probabilities. Figure 10
shows ROC results and the corresponding histograms for the two
different methods. Surprisingly, the approximative method
performs slightly better than the Bayesian method. Figures 10 (b)
and (c) seem to suggest that the Bayesian method assigns higher
probabilities to some of the negative cases and, thereby, results in
slightly worse ROC curve than the likelihood method. Note that,
given the more difficult problem of finding multiple weak sequence
signals, histograms of combinatorial regulation probabilities for the
positive set (red bars) now span the whole range from 0 to 1.

As suggested by previous simulations, the detection of
combinatorial regulation can be improved by incorporating
additional data sources. We consider using evolutionary conser-
vation for which the results are shown in Figure 11. Comparison of
Figures 10 and 11 shows that additional data improves
performance significantly. As in the case of no additional
information, the naive likelihood approximation performs better
than the Bayesian alternative. These results suggest that our
proposed methods are well suited for inferring combinatorial
regulation as well. Further, the naive likelihood approximation
provides a computationally efficient alternative.
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Extensions to double-stranded DNA and single
nucleotide resolution
Single vs. both strands

So far we have assumed that the direction of transcription is
known and we have focused on analyzing only a single strand of
the DNA. This is not always the case and, therefore, it is useful to
generalize TF binding prediction methods such that they use both
strands of the DNA. Our probabilistic methods generalize
naturally to handle double-stranded DNA. This can be achieved
simply by applying the aforementioned methods to both strands,
either independently or simultaneously (computational details are
described in ‘Single vs. both strands’ Section). To demonstrate
performance of our methods on double-stranded DNA, we re-
compute the results shown in Figure 7. Here we use a variant of
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Bayesian method and (c) naive likelihood approximation.

the likelihood method that processes different strands indepen-
dently. Figure 12 shows the resulting ROC curves. Results in
Figures 7 and 12 are virtually identical which suggests that our
proposed methods perform equally well on both single and double-
stranded DNA.

Predicting binding site positions

Our final simulation concerns inferring the probability of
having a binding site at a single nucleotide position. Although
our proposed methods are primarily designed to process each
promoter sequence as a whole, it is also useful to be able to infer
binding probabilities at a higher resolution, in particular, at
each nucleotide position. Inferring the binding probabilities at
each base pair location is more challenging from the
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computational point of view. In particular, the efficient
recursive algorithm developed for the likelihood method cannot
be applied. The inference can, however, be easily performed in
our Bayesian framework using our MCMC sampler. The
binding probability at each base pair location is achieved by
integrating out all other locations (see ‘Binding probabilities at
single nucleotide resolution’ Section more details). Figure 13
shows a representative result of binding probabilities for SRF on
the Actcl and M23768 promoters, SP1 on the Myodl
promoter, and TEADI on the Myh6 promoter, with and
without evolutionary conservation as an additional data source.
These results correspond to the data shown in Figure 6. The
Bayesian inference (left column) is able to find and assign a high
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probability to all the annotated sites, although some presumably
non-functional (i.e., non-annotated) sites are identified as well.
The use of evolutionary conservation improves the performance
of the Bayesian inference by “biasing” the binding sites towards
conserved regions. In particular, all the annotated (resp. non-
annotated) binding sites are assigned a higher (resp. lower)
binding probability than without conservation data. It is also
worth noting that our probabilistic inference method does not
assign a zero probability to any of the possible binding sites.
This is useful because the motif models are known to contain
uncertainty and particularly because the binding prediction is
based on noisy data. Hence, a probabilistic approach is more
flexible and principled.
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Genome-wide Analysis

Encouraged by the above performance evaluations, we applied
the proposed likelihood-based binding prediction method to the
2K base pair upstream promoter regions of all 20397 mouse genes,
where the genomic locations of the promoters are based on RefSeq
gene annotations. Evolutionary conservation was used as an
additional data sources as explained above and binding specific-
ities for 266 TT's were again taken from TRANSFAC Professional
version 10.3. Prior to analyzing the promoter sequences, DNA
repeats were found using RepeatMasker [80] and ignored from
further analysis. While we mainly focus on general summary
results here, the full binding probability results for all mouse TF-
gene pairs (20397 X266 table) are available on the supplementary
web page.

Figures 14 (a)~(c) show histograms of the estimated binding
probabilities, maximum a posteriori (MAP) number of binding
sites and the expected number of binding sites, respectively, over
all 5.4 million TF-promoter pairs. A histogram of the estimated
binding probabilities in Figure 14 (a), for example, shows strong
bias towards weak binding probabilities. Similarly, zero binding
sites is by far the most frequent case among the MAP number of
binding sites (Figure 14 (b)) and the expected number of binding
sites are also heavily biased towards small values (Figure 14 (c)).
These findings are consistent with the current view that, on
average, biological interaction networks, such as transcriptional
regulatory networks, are sparsely connected (see [81]). Perhaps
more interestingly, the histogram of binding probabilities is clearly
bi-modal. The second, smaller peak is located at high binding
probabilities, close to the probability value 1. Therefore, the
histogram of binding probabilities can, for example, be considered
as a mixture of two exponentially decreasing (no binding) and
increasing (binding) distributions.

Figures 15 (a) and (b) further summarize the estimated binding
probabilities over different TFs and promoter sequences, respec-
tively. Although most TFs have relatively low average binding
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probabilities (Figure 15 (a)), say between 0 and 0.3, average
binding probabilities also possess some degree of variability. For
example, the TF that has the highest average binding probability
(about 0.52) is the well-known Sp1 protein (see [82]) that has been
reported to bind practically everywhere in the human genome
[83]. Figure 15 (b) displays the histogram of the average binding
probability to a promoter sequence. Most of the average binding
probabilities are again relatively small, say between 0 and 0.3, but
there are also a few promoter sequences for which the average
binding probability is higher. This feature is often referred to as
scale-free. Note that by scaling the x-axis of Figure 15 (b) by the
number of TFs (266) one gets an estimate of the number of
regulators per gene.

Discussion

In our analysis, we primarily focused on estimating the binding
probability of a TF to either the whole analyzed promoter or at
single base pair resolution (using the Bayesian method). We also
introduced an extension for inferring combinatorial regulation.
Given the flexibility of our probabilistic (Bayesian) modeling
framework, virtually any question can be answered probabilisti-
cally within it. For example, Beer and Tavazoie [51] introduced a
method for predicting gene expression using positional and
combinatorial constraints for local sequence elements. Similar
questions can also be answered probabilistically in the proposed
framework, e.g., “what is the probability that two TFs, A and B,
both have binding sites in a given promoter such that binding site
for A is closer to the transcription start site than that of B, binding
sites are within 50 base pairs from each other and within 150 base
pairs from the transcription start site?” Alternatively, the above
type of positional and combinatorial constraints that have been
identified in previous studies can be included into the proposed
framework via informative prior distributions.

One popular way of analyzing expression data is based on
clustering similarly behaving genes together or finding groups of
genes that are differentially expressed. The gene sets found are
then typically searched for common (either known or unknown)
sequence motifs. A potentially very useful extension of our
framework will be to develop a method for computing the
probability that a set of genes (or a fraction of them) have a
binding site for a TF or for a set of TTs.

A number of other possible extensions are also easily included in
this probabilistic modeling framework. For example, some
proteins interact to form a heterodimer and bind as a complex,
in which case the potential binding sites of (all or a subset of) the
constituent TFs may be more likely to be physically close to each
other. Incorporation of protein-protein interaction databases may
help in revealing such mechanisms. Evolutionary conservation was
included in the framework by utilizing the conservation scores of
an input promoter. One can also simultaneously analyze the
corresponding promoter in other organisms to check if they have a
binding site for the same TF (in the corresponding location), see
[46]. In addition to this, an interesting extension would be to
modify the proposed framework to take into account the
conservation of TF binding patterns [84]. An alternative future
extension is to incorporate probabilistic evolutionary processes
within the proposed binding prediction framework (see [6]).
Finally, as noted before, our choice of using a PSFM model for
binding sites is arbitrary and the same framework can be easily
extended to other binding site models as well.

Our final note is devoted to the general distinction between
motif discovery and binding site prediction methods. The
proposed Bayesian method interprets binding specificities as
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Figure 13. Estimated binding probabilities on a single base pair resolution for SRF on (a) the Actc1 and (c) M23768 promoters, (e)
SP1 on the Myod1 promoter, and (g) TEAD1 on the Myh6 promoter without any additional information. Subplots (b), (d), (f) and (h)
show the same results but with evolutionary conservation as the additional data source. The blue and red graphs indicate the start of the binding
sites. The annotated binding sites are shown with gray vertical bars. These results correspond to Figure 6.

doi:10.1371/journal.pone.0001820.9013

random variables whose prior parameters define the amount of
uncertainty associated with each TT binding model. By gradually
forcing all pseudo counts to be equal (unity), i.e., increasing the
uncertainty, the Bayesian binding prediction method indeed turns
into a pure motif discovery method. Thus, for uncertain binding
specificities, the Bayesian method can also be used as a motif
discoverer.

Our future work includes developing the framework in the
direction of the aforementioned extensions. We are also extending
our genome-wide analysis to yeast. Predicting TTF binding in yeast
is interesting not only because it is the most often considered
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model organism, but also because yeast has a well-developed
nucleosome model [74] and more abundant ChIP-chip data (see
[65,9]).

A central goal in the described computational analysis is
accurate TF binding prediction from multiple data sources.
However, because TF binding does not necessarily imply
transcriptional regulation, it is also important to further extend
computational methods to incorporate other, functional data, such
as gene expression or protein level (time series) measurements.
Statistical inference of transcriptional regulatory networks from a
combination of gene expression time series, promoter sequence
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Figure 14. Histogram of (a) the estimated binding probabilities, (b) maximum a posteriori (MAP) number of binding sites, and (c)
the expected number of binding sites over all 5.4 million TF-promoter pairs. Histogram frequency at bin value 10 in Figure (b) (resp. value

about 5 in Figure (c)) includes all values that exceed 10 (resp. 5).
doi:10.1371/journal.pone.0001820.g014

and binding specificity data has been studied in [85-87,63].
Probabilistic formulation of TF binding prediction is particularly
useful in such modeling approaches as it naturally allows a
principled fusion of various data sources. In a Bayesian context, it
is both intuitive and simple to integrate diverse data sources via
informative prior distributions. This is similar with what we
proposed for the probabilistic integration of multiple data sources
above. Similar ideas have already been introduced for the
Bayesian inference of transcriptional regulatory networks from
gene expression data where a prior distribution of network models
is estimated from promoter sequences and TT binding specificities
[63] or from ChIP-chip data [62]. We are currently developing
Bayesian learning methods for transcriptional regulatory networks
that can make principled statistical inference from diverse sets of
data sources, such as the ones already discussed in this work and
other functional data.

We have developed a flexible and comprehensive framework for
TF binding prediction from multiple data sources. The proposed
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methods are probabilistic in nature and, thus, directly assess our
degree of belief in binding or non-binding in terms of probabilities.
Instead of assessing TF binding at each nucleotide location
separately, we extended the binding prediction methods to analyze
each promoter sequence as a whole. This gives a more complete
view of a TF binding to and possibly regulating a target gene.
Although we primary focused on answering the question of
whether the entire promoter has a binding site for a TF, we also
developed a method for computing binding probabilities at each
nucleotide position by essentially integrating out other locations in
a promoter. Most importantly, the proposed methods can make
principled inference from multiple data sources that can include,
among others, multiple motif models, evolutionary conservation,
regulatory potential, CpG islands, nucleosome positioning, DNase
hypersensitive sites and ChIP-chip. Results on our carefully
constructed test set demonstrate that principled data fusion can
significantly improve the performance of binding prediction
methods. Recent technological developments, such as protein
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binding microarrays, now allow accurate measurements of TF
binding specificities to be gathered in a high-throughput fashion.
Using accurate binding specificity measurements together with
principled TF binding prediction methods can provide a
competitive alternative to traditional condition specific ChIP-
chip experiments, especially when TF binding prediction
incorporates multiple additional data sources. Our genome-wide
TF-DNA binding results for mouse indicate relatively sparse
connectivity between TFs and their target genes, consistent with
previous results. The probabilistic formulation of TF binding
prediction is particularly useful for integrating our results as
building blocks in other computational methods. To that end, we
have also implemented a web tool, ProbTF, which allows users to
analyze their own promoter sequences and additional data
sources.

Materials and Methods

The computational methods are implemented in Matlab and
will be made available as an open-source library upon publication.
The test set, including all sequences and additional information
sources, will also be made available on a supplementary web site.
A preliminary version of the computational methods presented in
Sections ‘Modeling framework’, ‘Likelihood approach: one motif
model 0’, and ‘Likelihood approach: multiple motif models ®’
have been reported in our previous conference article [88].

Modeling framework

Let S=(s1,...,57) denote a single strand of a promoter sequence,
where se{A, C, G, T} and L is the length of the sequence.
(Generalizations to double stranded DNA sequences are given
later on.) Let Q denote the number of (hidden) motif instances in
sequence S. This is one of the key quantities estimated from the
data. Further, let 4 denote the (unknown) start positions of non-
overlapping motif instances in sequence S. For example, if Q=¢,
then 4={ay,...,a,;}. Thus, a promoter consists of ¢ motif instances
and ¢+1 background sequence chunks, some of which can be
empty. In the following we assume that A always defines start
positions for non-overlapping motifs.

Non-binding background sequence locations are modeled by
the commonly used dth order Markovian background model ¢.
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That is, let

(si) =Py (SilSi—asSi—d+15---8i—1)

denote the probability of observing nucleotide s; at the th position
of a promoter sequence S in the background model ¢ given d
previous nucleotides. For simplicity, we assume that for positions
1=d we have access to s_41,...,5. We could alternatively define a
separate probability distribution for the first ¢ nucleotides. The
likelihood of the background model, A=, is thus
P(S|A=0.¢)=P(S|¢) =TT} §(s:).

Motifs are modeled using the standard PSFM model 0 which is
a product of independent multinomial distributions [21]. Similarly
as above, let

0(si.f) = Po(siyf)

denote the probability of observing nucleotide s; at the jth
(= 1,...,€) position of a motif model 0, where € is the length of the
motif. Note that Y geracgry0(sij)=1 for all j and that
probabilities for different js are independent. The probability of
sequence S, given non-overlapping motif positions and motif and
background models, is

a;—1 a +0—1 . a—1
P(S|A.0.9)= T §(s;) T 0(s; pi—ar+1) T ¢(s;)

ii=1 Si=a h=a+/{

backgroundl motif instancel background2
“T0(s, ) o

X e X S ofe —dec i,
je=a (Y_](IIL a.+ )[(H=a(+[¢(§‘ll+l)

— ©)
motif instancec backgroundc+ 1
L 4] e—10(s, k+1
=T ¢(s;) I IO O(sq 1k +1)
i=1 JE1k=0 P (sq4x)

4]
= P(slg) 11 W,

¢ 10(s 1k+1)

where |A| =Q=cand W, =II;_,
¢(~"L/j+k)
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Likelihood approach: one motif model 0
Using Bayes’ rule, the probability of ¢ motif instances, given the
sequence S, is (see [42])

P(S|Q: L,O,¢)P(Q= C‘O’qs)
P(S10.9) ’

where the normalization factor has the following form

P(Q=c|S.0.¢)= (4)

L7

P(S‘9’¢): ZP(SlQ:Cﬁrd))P(Q

c=0

=cl0.¢) ()

and L%j is the maximum number of non-overlapping ¢-length
motifs in an L-length sequence. Note that since the sum in
Equation (5) has only [£]+1 terms (instead of infinitely many) the
normalization factor can be computed exactly. The likelihood of
sequence S, given that it contains ¢ motif instances, can be
obtained by summing over all possible positions 4 of ¢ motif
instances [42]

P(S|Q=C,9,(/5)= Z P(S'A,Q=C,9,¢)P(A|Q=C,H,¢)
A:lA|=c
L—cl+1 L—(+1 ¢ (6)
= > PSI9) T Wy P(A]0=c0.4),

ar=1 ae=dac_1+{

where in the last equality we have used PS|4,Q0=c0,0)=
P(S|4,0,0) and Equation (3). The above probabilistic formulation
(Equations (4)—(6)) is practically identical to the one proposed by
Thijs et al. [42].

As in [42], let us assume for now that, for a fixed value of Q, the
prior over motif positions A is uniform and is inversely
proportional to the number of different motif positions, i.e.,
P(A|Q=c,0,¢) =TT;_ ;=5 Let R(S|Q=¢,0,0) denote the sum
in Equation (6) without the (constant) prior term P4| Q= ¢,0,0).
The likelihood in Equation (6) can be computed efficiently using
the following recursion

—cl+1

C
R(S|Q=c,0.9)= Z ‘ Z P(SI$) T W,
a=1 ac=ac_1+1t -
L—cl+1 L—(c—1)(+1 L—(+1 .
= > w, > PSIH) LW,
a=1 ay=a;+{ o=t +1
L—cl+1
- Z Wu,R(SmHlQ:cfl,H,(ﬁ)

where Sy, = (54, +¢,-..,52) denotes a subsequence of S (note that
$;=29). For the prior over the number of motif instances, we use a

probability distribution motivated by previous studies [42]

1 1 x «2 KlF-1
PO=clo)~ L £ L )

where C=2 Z,Lé(;l k!, Since A(Q=¢|0,$) does not depend on 0
or ¢ we also rewrite PQ=c|0,0)=PQ=c¢). One could consider
other priors as well, such as ones that depend on the information
content of the matrix (see [6]).

The probability that a given TF (defined by ) binds to a gene
having promoter sequence S, denoted by 0—S, can be computed
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as

P(0—5|S,0.6) = P(0>0|S,0,0) (8)
53
=) P(0=c[S.0.9) )
c=1
P(Q=0[S.0.9). (10)

where AQ=¢|S,0,¢) can be obtained using Equations (4)—(7).
Assuming a single binding position is sufficient for transcriptional
regulation, then the above probability of binding can also be
interpreted as a probability of transcriptional regulation. It is
straightforward to adopt the above probability P0—S|S,0,4) for
the requirement of having multiple binding sites. Also note that we
have the distribution of having any number (0 < 0 <| %) of binding
sites from which we can compute, e.g., the expected (mean) and the
maximum a posteriori (MAP) number of binding sites.

Likelihood approach: multiple motif models ®

A TF can recognize several different types of binding sites and is
then characterized by several motif models ® = (0",...,0"”) each
having length €;. Let me{1,...,m}‘ denote a configuration of motlf
models from @ in 4. That is, ©; specifies the motif model o'
location «;. For notational convenience, define

00 (54 sk +1)

b .
I, , fl<ag<L—V¢+1
k=0 ¢(Saj+k) ! !

i) = (1)

0, otherwise,

and note that (see also Equation (3))

P(S|4.7.0.4)=P(SI$) TT wi). (12)

The probability of ¢ motif instances can be obtained using
Bayes’ rule as in Equations (4)~(5) but 0 replaced with ®. Further,
following Equation (6), the likelihood of sequence S given ¢ motif
instances can be obtained by summing over all possible positions
and configurations

P(S|Q=C=®>¢) =

>, >

ne{l,...m}° A:|A|=c

x P(A,n|Q=¢,0.,)

>

ne{l,....m}*

(S|4.7,0=c,0.¢)

L—clyin+1 Ll +1 (13)

> PSId)

ae=a._1| +1),[( 1

a;=1
< 11 WS P(4.rI0=c.04)

where €,,;, = {€1,...,€,,}. Let us again start by assuming a uniform
prior over motif positions 4 and configurations 7 (for each fixed
value of Q), and let R(S| Q = ¢,®,0) denote the sum in Equation (13)
without the (constant) prior term PA4,7|Q =¢,0,0). A computa-
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tionally efficient recursive formula can be written as

L— clin +1 L—lmin +1

RSIQ=cOh)= S > > s i wl
ne{l,..m}¢  ar=1 ac=de— +lz,_, /=
L—clyin+1
SR MRS
1
me{l,...m} ar=1 [CETE2S Y= 5 W) Sl
L—(e—1)lmin+1 L—lmin +1 ()
X P(S|¢p) IT Wy~
azztl|+[nl a.=a, ,1+émil J
L—clyin+1

WOR(Su 10, 10=c~1.0.9)

me{l,...m}  ar=1

A closed form formula for uniform PA,n|Q=¢,0,p) is more
difficult to obtain in general, but it can be computed numerically
using a similar recursion as the one above.

The prior PQ=¢|0,$) depends now on ® and thus can be
adjusted for multiple motifs. However it is unrealistic to assume
that different motif models (0", 9('") are independent. Indeed,
it is likely that they are strongly dependent. Therefore, we use the
same prior A(Q = ¢) as in the case of a single motif model as a first
approximation.

Let ®— denote that a TT characterized by ® binds to a
promoter S. The probability that at least one of the motif models
in © has a binding site in S, @—S]5,0,0), can be computed as
in Equations (8)~(10) but 0 replaced with ®. Under the same
premise as above that a single binding site is sufficient for gene
regulation, A®—S|5,0,) can be interpreted as the probability of
regulation.

The above probabilistic modeling framework that incorporates
multiple motif models can be viewed as an extension of a
framework proposed in [42]. Note that the proposed framework is
also similar to hidden Markov models (HMM) that have been
proposed previously [36-38,44]. An HMM is defined by motif and
background models ® and ¢ and the transition probabilities
(between the states of the HMM) whereas the modeling framework
described herein is built on motif and background models alone,
with additional information brought into the computation via the

priors PQ]©,0) and P4,n| Q,0,d).

Bayesian approach

TT binding specificities are derived from experimental data sets,
some of which have extremely small sample sizes (as low as five
reported binding sequences). PSFM models can therefore contain
a considerable amount of uncertainty. Instead of assuming motif
models 6 to be known exactly, as above, it is useful to take the
uncertainty in the motif models themselves into account. This can
be done naturally in a Bayesian setting where the parameters/
models are considered as random variables. We describe the
Bayesian methods directly for the case of multiple motifs. The
single motif case can be obtained as a special case by setting m = 1
and omitting 7.

Using Bayes’ rule, the probability of motif positions 4 and
configurations 7, given the sequence S, is

P(S|4,m)P(A,r)

P(A,n|S)= P(S)

(14)

The marginal likelihood S| 4,7) is obtained by integrating over
parameters

P(S| A7) = J@,¢P(S|A,77:,®,¢)P(®,¢|A,n)d®d¢,
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where P(S|4,7,0,0) is the same product of multinomial distribu-
tions as in Equation (12) and PO, |4,m) = AO,d)defines a prior
distribution for the parameters.

TTF-DNA binding databases typically provide information in the
form of “the number of times a TTF has been observed to bind a
given sequence.” These sequences are also aligned and aligned
counts are summarized in position specific weight matrices
(TRANSFAC, JASPAR), which we denote as (x ). Similar Counts
can also be obtained for the background model (denoted by o O
from genomic sequences that do not contain (known) binding 51tes
Therefore, it is natural to use a Dirichlet prior for the parameters,
which is defined by so-called pseudo-counts.

Let us rewrite the motif model parameters (independent
multinomial distributions) for now as 0%, j)= 09@ which again
defines the probability of seeing nucleotide €{A, C, G, T} at the
Jth (15j<€k) position in the kth (1=k=m) motif model. Denote

®= {(9?-,-( |i€{A, C, G, T}}. The Dirichlet prior for each 0 with

hyperparameters o 5 is defined as

P(0f)2) = r(Eay)

n,-r(a,g@)

where 0[7 = Y 017 =1, ocg»<k>>0, and I'(*) is the Gamma function.
Priors for different j and £ are assumed to be independent. The

e

Dirichlet prior for the background model is defined similarly.
The Dirichlet prior is also a conjugate prior for multinomials.
Consequently, the marginal likelihood has a closed-form solution.
Let N denote the number of times nucleotide ¢ is observed at the
Jth position in the kth motif model given S, 4 and m. Denote
/ Zzia!fk) and M(k)zzm7-(k). The marginal likelihood can be
written as

4(, 0 F( 0 4 N(O))
P(S|Am)= 11 n —- 2’7
Jj= 1"( ](0) +N](0)) ie{A,C.G,T} r(af;))>
(15)
m U r Ocj(k)> r( (k)+N(k>
x I I

In _——
k=1j= lr( (k)—l-N )te{ACGT} F(chjk>)

where the first (resp. the second) part corresponds to the
background model (resp. m motif models).

To keep likelihood-based and Bayesian approaches comparable,
we use the same prior here, i.e.

mm

ZPAle JP(Q=c) (16)

=P(A,n|Q=

[4)P(Q=4]),

where PA4,m| Q= |4|) and AQ = |A4|) are as in Equations (13) and
(7), respectively. Note that we write P4,m| Q= |A4]|) instead of
PA,m| Q= |A4]|, ©,0) because the (uniform) prior depends only on
the widths of the motif models, €; and not on the actual
parameters ® or ¢.

Because some of the motif models are remarkably diffuse
(computed from only a few example sequences), we do not use the
PSWMs as pseudo counts directly. We instead use a version that
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incorporates a so-called prior strength term A, i.e.,

(k)
(k) %

=M i (17)

(k
> ie{A.C.G,T}%;;

This prevents a (single) sequence to have too strong of an
influence on the posterior parameter values. For simplicity, we use
the same prior strength for all the motif models, although this does
not need to be the case in general. In addition, we add a small
number (one) to each ociJ(k) to prevent zero entries. Finally, to
preserve comparability between likelihood and Bayesian ap-
proaches, the normalized motif models for the likelihood based
approach are computed from the recomputed pseudo-counts used
in the Bayesian estimation, i.e.,

(k)
i

> ie{A,C,G,T}“Ej)

o

0% (i) = (18)

Recall that in the Bayesian framework, the mean of G(k)(i, 7
relative to the prior distribution P(@_/(k) | &) is equal to the quantity in
Equation (18).

MCMC estimation for Bayesian inference

Unfortunately, there is no efficient recursive formula to
compute the probabilities P4,m|S) for all 4 and n. However,
one can solve the problem by using stochastic estimation methods.
Here we propose to sample positions 4 and configurations 7w
directly from the posterior P4,m|S) using Markov chain Monte
Carlo (MCMC). We develop a Metropolis-Hastings (MH)
algorithm for this purpose. For an introduction to MCMC
methods, see [89].

The MH algorithm is completely specified by a proposal
distribution G(4',n’ | A,m) which proposes new pairs (4',n") given
the current (4,7). We define G as follows.

® Motif addition with probability p: for a uniformly chosen motif

model 07€®, propose a new, non-occupied/non-overlapping
motif position uniformly randomly (if a free location exists).

® Motif deletion with probability 1—p: delete an existing motif

uniformly randomly (if a motif exists).

We use p=0.5. The proposed pair (4',n') is then accepted with
probability

P(A',.7'|S)
P(A4,7)S)

[
R=min{l, G(4,nl4 ,n)}

* (A An)

which satisfies the detailed balance condition. Convergence in
distribution to the desired posterior (in the limit of infinitely many
samples) is guaranteed if, in addition to satisfying the detailed
balance, the resulting chain is also irreducible and aperiodic.
Irreducibility of the chain follows from the fact that any pair (4',7")
can be reached from any pair (4,m) by repeatedly adding or
deleting one motif at a time and each step has a positive selection
probability. Aperiodicity of the chain can be seen similarly. For
example, the probability that the chain first deletes all ¢= |4]|
motifs, then stays at 4 = any number of steps (by trying to delete
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a motif), and finally adds the same ¢ motifs, is non-zero. In other
words, the probability of moving from (4,7) back to (4,m) in 2¢ or
more steps is non-zero. Therefore, the period (the greatest common
factor of integers that include at least {2¢, 2¢+1,...}) for all the states
(4,m) is 1 and the chain is aperiodic. Note that computing the above
Bayes factor can be done very efficiently because only a single motif is
added or deleted at a time. In particular, only two parts of the
marginal likelihoods are different, corresponding to the motif that is
added/deleted and the background chunk that is deleted/added. For
integer-valued pseudo-counts, the computation of the Bayes factor
reduces even further because y(n)=(n—1)!. After a proper burn-in
period B, a dependent sample (A%, 7Y (48D 7B
(AP 7B s collected.

Although the chain is ergodic as shown above, it is important to
monitor convergence of the MCMC: algorithm for finite samples
to guarantee the desired output. Bayesian inference in this case can
be considered as a model selection problem where the model space
consists of all valid pairs (4,7). Although the model space is discrete
and finite, standard convergence diagnostics over the full model
space are difficult to apply in practice. Better suited diagnostic
methods are the ones that are specifically developed for model
selection problems, such as the ones in the context of reversible
jump MCMC methods (see [90]). A general strategy is to reduce
the model space and monitor the convergence in a lower
dimensional space. Here we consider a method that compares
the marginal probabilities of having 0<Q<[%£] binding sites,
PO=¢c|9=Yaj=c D PAm|S), from two independent chains
(see [91]). Note that AQ=c|.S) is exactly the distribution that we
are interested in when assessing TF binding. As for the
convergence diagnostic, we use a heuristic that reports two chains
as having converged if the L;-distance between two independent
estimates of AQ].S) is within an accepted error threshold (we use
0.025). We could also use a formal hypothesis testing (e.g. chi-
squared or Kolmogorov-Smirnov) for assessing lack of conver-
gence by sub-sampling the two chains to get (approximately)
independent samples [90]. The less involved heuristic seems to
serve our purposes. We use B=5-10° for the burn-in and N=B
for the sample size, where index =1, 2,... is increased until the
chain pair passes the convergence diagnostic.

As above, the quantities of interest include the probability of
having at least one binding site for at least one of the motif models,
denoted as @—S (or, conversely, having no binding sites),

L
£

“‘min

]
P(@-S)= > P(Q=c|S)

c=1

=1-P(A=0,1=0)|S)

and the posterior probability of having exactly Q = ¢ binding sites,
PQ=¢|S). These quantities can be estimated directly from the
chain

| BN "
P(A=071=0|S)~ — x( 14" =0
( " ‘ ) ]Vr=;+l/{(| ‘ )
and
1 B+N
P(Q=c|S)~— E 7147 = S
( c|S) N:~:B+1X(| { C)
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where y 1s the indicator function. The sample averages converge to
the true posterior probabilities almost surely. The final estimates
are obtained by averaging estimates from two independent chains
that pass the convergence diagnostic.

Combinatorial regulation
From the point of view of modeling transcriptional regulatory

networks, it is also important to study combinatorial regulation by
several TFs Q= (@Y., @), cach with a set of motif models

o= ((9(’*1), ... ,9“”"”), 1<i<p

A key quantity then is the probability that each different TT has at
least one binding site (for at least one of their motif models). Let
the configurations now be defined as

re{ (L), .., (Lm),2.0), ., (2ma), s (po1)s () }

and define a set

C={nlVie{l,... p}Fjie{l,...m} : (ij)en}.  (19)

In other words, the set € says that every TT is presented with
some motif in every configuration m. Note that Equation (19)
implies that if meC then |m| =c¢=p. The probability of p TFs
binding a promoter § jointly can be written as

Pt

min

PQ-SIS)= > > > P(4.xS).

c=p A:|A]=c neC

Probabilities A4,m|S) are computed as in Equations (14-16)
except that m in Equation (15) is replaced with m+...4+m, and the
prior PA4,m) defined in Equation (16) is adjusted for several TFs.
Let ¢=0 denote the number of binding sites for the ith TF.
Assuming that the number of binding sites for different TFs are
independent, then one can model the joint number of binding

sites, Og, as

P(Qa=c)=P(ci+ ... +¢p,=c)

= Z IEIP(Q=C,‘).

i—1
C] +...+c'],:cl

There is no efficient formula to compute P(Q—S|S), or even
the analogous likelihood based quantity, so we only formulate
this in the Bayesian context and solve it with MCMC sampling.
The same MH algorithm as above can be applied except that a
motif 8% is now added uniformly randomly from a list of motif
sets Q. Finally, PQ—S5|S) can be directly estimated from a chain
as

1 B+N

P@-SIS)x 5 > X(n(')eC>. (20)

r=B+1

We also consider a naive (likelihood-based) approximation that
estimates the probability of combinatorial regulation by the
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product of individual binding probabilities, 1.c.,

P(Q—S|S.Q.0) ~ fll P(00-s

S,@<">,¢). (21)

Combining multiple information sources

TF binding predictions can be significantly improved by
incorporating multiple additional data sources, such as evolution-
ary conservation, regulatory potential, CpG islands, nucleosome
positioning, DNase hypersensitive sites or ChIP-chip, into our
probabilistic inference framework. Let D denote a single additional
data source that is indicative of functional binding sites. The data
1s assumed to be in the form D= (A1),..., AL)), where F) is the
probability that the ith base pair location has one of the above
mentioned properties (is conserved, belongs to a regulatory region,
has a low nucleosome occupancy, etc.). Here we explain how such
additional information can be used in a principled way to
significantly improve TF binding inference.

We model the probability of § and D given 4, m, ® and ¢ as

P(S7D|A7n3®5¢) = P(S|A’n5®’¢)P(D|A7T[)Q

where we assume that § and D are conditionally independent and
that the probability of D does not depend on the motif and back-
ground models. Let /={l,..., L} denote base pair indices of a
promoter and  Iyp={ai,....a1+ly —Las,....ar+ s, —1,
w5+ Ln, — 1} be indices of binding sites specified by 4
and 7. The data D can then be modeled as

P(D|A,m)= idl\}“(l—P(i)) a1 P(i)
_ ~ P(i)
= E(I*P(l))ielgﬂm
L ) by P(a-—i—k) (22)
N il;[l(l _P(l))jl;ll kl;lol—PEW
Al (m)
=1D(D|li5)_]_1:_[1 Dg,”’,

where P(D|¢) =TI~ | (1—P(i)) and

S Pl
’ k=01—P(a/*+k)

The factorization in Equation (22) is useful as it allows us to
write AS, D|4,7,0,0) in the following compact form

P(S,D]4,7,0.4) :P(S|¢)P(D|¢)j‘li’[‘1 (Wq(]m)l D‘g;f)> .

In particular, note that in the likelihood based approach the
same efficient recursive formula as in ‘Likelihood approach:
multiple motif models ® Section can be applied to compute S,
D|0=¢,0,0).

In a Bayesian setting, data fusion can be performed similarly

P(A,1|S.D)= W .
_ P(S|4,m)P(D|4,m)P(4,m) -

P(S.D)

March 2008 | Volume 3 | Issue 3 | e1820



If we have several additional data sources Dy = (P(1),..., P{L)),
1=k=Np, then we propose to combine them directly using

R Np AW
P(i)oc TI Pi(i)"™,

where ;=0 and Z,](Vil wi=1.

Conceptually, the probability PD|A4,m) can be viewed as a
positional prior for binding sites. But we do not combine PD|4,m)
with PA,7) since all aforementioned data sources (probabilities F2))
depend on the sequence S as well.

In practice, we do not use the above probabilities directly but a
scaled version of them. For the kth additional data set we scale
the original probabilities between [d;, 1—d;], where 0=d;=0.5.
We resort to fixed parameter values for wys and d;s here because
the estimated binding probabilities are not sensitive to small
deviations in the value of w; or d; However, it is also possible to
develop a full Bayesian treatment by introducing priors over wys
and d;s. Our simplified strategy also improves computational
efficiency and makes it possible to use the standard MCMC
instead of more computationally demanding trans-dimensional
MCMC methods.

Single vs. both strands

So far we have only considered using a single, either forward or
reverse, strand for inferring TT binding. Extending the above
methods to double-stranded DNA is straightforward. Let a
promoter be denoted now as S=(5",5"), where " and S" are the
forward and complementary reverse strands. Let us first assume
that binding events on separate strands are independent of each
other. In the case of double-stranded DNA, we need to compute
the probability of an event ®—S" or ®—S". Let us denote
PO—S"|5,0,0)= Py and PO—5"|S5,0,0)= Py. Now

P(©—-S|5,0,§)=P(O@-S"VO->S"S,0,0)
=PS’(1 _PS”)+PS”(1 _PS/)+PS’PS”~

Due to the OR-type of event (@—S" or @—S"), the effective
prior probability of having zero binding sites decreases. We
account for this bias by changing AQ=0|0,¢) from % to %, The
above formulation can also make use of the correlation between
Py and Pg. A similar extension works for the Bayesian case as well
with the exception that $" and $” should not be analyzed separately
even if binding on the two strands is assumed to be independent.
Joint analysis of §" and S” is easily implemented using the same
MCMC/MH algorithm as above. The only difference is that now
the model should include separate start positions 4= (4',4") and
configurations 7 = (n',7") for the two strands. This approach also
allows incorporating additional constraints, such as binding sites
on two strands are less likely to occur at the same position due to
physical space constraints.

Binding probabilities at single nucleotide resolution

Our computational methods are primarily designed to answer
the question of whether the whole promoter has a binding site for
a given TF. However, it is also useful to be able to infer binding
probabilities at higher, single nucleotide, resolution. A motif
position and configuration pair (4,7) contains a binding site (start
position) at the ith nucleotide if 1€A4. In the Bayesian context, the
probability of a binding site at the ¢th location can be expressed
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and estimated simply as

P(ied|S)=> " >

Azied gegy, Ml

P(A,n|S)

1 B+N

Z X(z’eA(”).

r=B+1

~

N

Comparison with other methods

We compare our proposed probabilistic method with traditional
promoter scanning [21-23,26,28] and with a method that assesses
the probability of binding [63]. Traditional scanning methods
output a significance value for each position in a promoter. It is
common practice to use the smallest p-value over a promoter as a
measure of binding to the whole promoter, which we also use here.
We use the same approach to adopt traditional promoter scanning
to handle multiple motif models and report the smallest p-value
over the multiple motif models. The same approach to handle
multiple motif models is used with the method from [63].
Significance values of the traditional scanning method (as well as
intermediate quantities in [63]) are computed relative to the null
distribution derived from the negative promoter sequences.

Data

The data set consists of a merger of annotated TT binding sites
for mouse from the ABS [35] and ORegAnno [34] databases. In
total there are 47 annotated promoter sequences. The sequences
have sets of length of around 500 nucleotides (ABS) and 2K
nucleotides (ORegAnno). The TF binding sites are mapped onto
the mm8 (February 2006) mouse assembly.

The promoters are generally upstream of the genes that they are
associated with. However, some regions stretch over the first exon
into intronic regions. Therefore, some promoters have exons in
their sequence. There were around a dozen overlapping
promoters between the two databases. The TT binding sites for
these promoters were merged onto the longer 2K ORegAnno
sequences. The data set also includes 250 upstream, non-coding
sequences that can be used for generating background models and
statistics.

The test set used in our simulations consists of 47 promoter
sequences, each having a varying number of annotated binding
sites (positive sequences), and 250 promoter sequences that have no
reported binding sites (negative sequences). Additional data sources
(evolutionary conservation [72], regulatory potential [73], nucle-
osome location [74], and CpG islands) are available for all the
positive sequences. Evolutionary conservation, regulatory potential
and CpG island data are downloaded from the UCSC genome
browser [33] and nucleosome location predictions are obtained
using the method and software from ([74]. After removing
unknown/unmatched TFs and TFs for which we do not have
prior binding specificities in TRANSFAC, we are left with 70
unique TF-promoter pairs in the positive set, which include 23
unique TFs. As for the negative set, we use all possible pairs of the 23
unique TFs and the 47 promoter sequences that are not in the
positive set. We further filter the negative set and ignore those TTF-
promoter pairs where the TF belongs to the same family as a TTF in
the positive set (for the same promoter) since their binding
specificities are defined by largely overlapping TRANSFAC motif
models. For example, Mef2¢ has an annotated binding site in the
Des promoter. Consequently, all other “Mef-family”’-Des pairs are
ignored from the negative set. This filtering reduces the negative
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set from all possible 23x47—70=1011 pairs to 952. Because all
the annotated binding sites for each TT are on the same strand of
DNA, we first use only the strand containing the annotated sites.
This also doubles the size of the negative set. Because the direction
of transcription can be unknown in general, we also extend the
analysis to cover both strands. In some simulations we use only 4
randomly chosen TF-promoter pairs for each promoter from the
negative set, resulting in 47 x4 = 188 unique TF-promoter pairs in
the reduced negative set.

For all the simulations, we use (scaled) motif models from
TRANSFAC. Parameters of the Markovian background models
(model orders 0,1,..., 4 are tested) are estimated from the 250
negative sequences (both strands).

Supporting Information

Text S1
Found at: doi:10.1371/journal.pone.0001820.5001
DOC)

Figure S1 ROC curves for the likelihood-based probabilistic
method (red), traditional scanning (blue), and a probabilistic
scanning-based method that outputs a probability of binding
(green) for the case where promoter sequence lengths have not
been made equal. Background model order is (a) d=0 and (b)
d=1.

Found at: doi:10.1371/journal.pone.0001820.s002 (0.49 MB TTF)

(0.03 MB
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Figure 83 ROC curves for the traditional scanning (green),
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Figure S$4 ROC curves for the likelihood-based method (blue)
when combined with a single additional information source:
evolutionary conservation (green) and regulatory potential (red).
Promoter sequences that are used to train the regulatory potential
method and that also overlap with our test set have been removed.
Found at: doi:10.1371/journal.pone.0001820.s005 (0.33 MB TTF)

Author Contributions

Conceived and designed the experiments: AR HL IS. Performed the
experiments: HL. Analyzed the data: AR HL. Contributed reagents/
materials/analysis tools: HL. Wrote the paper: HL. Other: Compiled and
created the test set: AR. Supervised the study: IS.

. Warren CL, Kratochvil NCS, Hauschild KE, Foister S, Brezinski ML, et al.
(2007) Defining the sequence-recognition profile of DNA-binding molecules.
Proceedings of the National Academy of Sciences of the USA 103: 867-872.

. Maerkl SJ, Quake SR (2007) A systems approach to measuring the binding
energy landscapes of transcription factors. Science 315: 233-237.

. Zhang L, Kasif S, Cantor CR (2007) Quantifying DNA-protein binding

specificities by using oligonucleotide mass tags and mass spectroscopy.

Proceedings of the National Academy of Sciences of the USA 104:

3061-3066.

Eisenstein M (2005) A plan for when the ChIPs are down. Nature Methods 2: 5.

Staden R (1984) Computer methods to locate signals in nucleic acid sequences.

Nucleic Acids Research 12: 505-519.

Quandt K, Frechl K, Karas H, Wingender E, Werner T (1995) MatInd and

MatInspector: new fast and versatile tools for detection of consensus matches in

nucleotide sequence data. Nucleic Acids Research 23: 4878-4884.

. Claverie JM, Audic S (1996) The statistical significance of nucleotide position-
weight matrix matches. Bioinformatics 12: 431-439.

. Wu TD, Nevill-Manning CG, Brutlag DL (2000) Fast probabilistic analysis of
sequence function using scoring matrices. Bioinformatics 16: 233-244.

. Huang H, Kao MCJ, Zhou X, Liu JS, Wong WH (2004) Determination of local

statistical significance of patterns in Markov sequences with application to

promoter element identification. Journal of Computational Biology 11: 1-14.

Hertzberg L, Zuk O, Getz G, Domany E (2005) Finding motifs in promoter

regions. Journal of Computational Biology 12: 314-330.

Barash Y, Elidan G, Kaplan T, Friedman N (2005) CIS: compound importance

sampling method for protein-DNA binding site p-value estimation. Bioinfor-

matics 21: 596-600.

Baji¢ IV (2006) Detection-theoretic analysis of MatInspector. IEEE Transactions

on Signal Processing 54: 2388-2393.

Wasserman WW, Sandelin A (2004) Applied bioinformatics for the identification

of regulatory elements. Nature Reviews Genetics 5: 276-287.

Bulyk ML, Johnson PLF, Church GM (2002) Nucleotides of transcription factor

binding sites exert interdependent effects on the binding affinities of transcription

factors. Nucleic Acids Research 30: 1255-1261.

Zhou Q, Liu JS (2004) Modeling within-motif dependence for transcription

factor binding site predictions. Bioinformatics 20: 909-916.

Barash Y, Elidan G, Friedman N, Kaplan T (2003) Modeling dependencies in

protein-DNA binding sites. In: Proceedings of the Seventh Annual International

Conference on Computational Biology (RECOMB 2003). ACM.

Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, et al. (2002) The

human genome browser at UCSC. Genome Research 12: 996-1006.

. Montgomery SB, Griffith OL, Sleumer MC, Bergman CM, Bilenky M, et al.

(2006) ORegAnno: An open access database and curation system for literature-

20.
21.

22.

26.

27.

28.
29.

30.

31.

32.

derived promoters, transcription factor binding sites and regulatory variation.
Bioinformatics 22: 637-640.

March 2008 | Volume 3 | Issue 3 | e1820



40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

58.

59.

60.

61.

62.

63.

64.

. Blanco E, Farré¢ D, Alba MM, Messeguer X, Guigo R (2006) ABS: a database of

Annotated regulatory Binding Sites from orthologous promoters. Nucleic Acids
Research 34: D63-D67.

5. Frith MC, Hansen U, Weng Z (2001) Detection of cis-element clusters in higher

cukaryotic DNA. Bioinformatics 17: 878-889.

. Rajewsky N, Vergassola M, Gaul U, Siggia ED (2002) Computational detection

of genomic cis-regulatory modules applied to body patterning in the early
Drosophila embryo. BMC Bioinformatics 3: 30.

Sinha S, van Nimwegen E, Siggia ED (2003) A probabilistic method to detect
regulatory modules. Bioinformatics 19: i292-1301.

. Lawrence CE, Altschul SF, Boguski MS, Liu JS, Neuwald AF, et al. (1993)

Detecting subtle sequence signals: A Gibbs sampling strategy for multiple
alignment. Science 262: 208-214.

Bailey TL, Elkan C (1994) Fitting a mixture model by expectation maximization
to discover motifs in biopolymers. In: Proceedings of the Second International
Conference on Intelligent Systems for Molecular Biology. volume 2. pp 28-36.
Bailey TL, Elkan CP (1995) The value of prior knowledge in discovering motifs
with MEME. In: Proceedings of the Third International Conference on
Intelligent Systems for Molecular Biology. AAAI Press, volume 3. pp 21-29.
Thijs G, Marchal K, Lescot M, Rombauts S, Moor BD, et al. (2002) A Gibbs
sampling method to detect overrepresented motifs in the upstream regions of
coexpressed genes. Journal of Computational Biology 9: 447-464.

Reiss DJ, Schwikowski B (2004) Predicting protein-peptide interactions via a
network-based motif sampler. Bioinformatics 20: 1274-1282.

Sinha S (2006) On counting position weight matrix matches in a sequence, with
application to discriminative motif finding. Bioinformatics 22: e454-e463.

. Lehrach WP, Husmeier D, Williams CKI (2006) A regularized discriminative

model for the prediction of protein-peptide interactions. Bioinformatics 22:
532-540.

Sandelin A, Wasserman WW, Lenhard B (2004) CoonSite: web-based prediction
of regulatory elements using cross-species comparison. Nucleic Acids Research
32: W249-W252.

Marinescu VD, Kohane IS, Riva A (2005) MAPPER: a search engine for the
computational identification of putative transcription factor binding sites in
multiple genomes. BMC Bioinformatics 6: 79.

GuhaThakurta D (2006) Computational identification of transcriptional
regulatory elements in DNA sequence. Nucleic Acids Research 34: 3585-3598.
Beyer A, Workman C, Hollunder J, Radke D, Méller U, et al. (2006) Integrated
assessment and prediction of transcription factor binding. PLoS Computatioanl
Biology 2: €70.

Ambesi-Impiombato A, Bansal M, Lio P, di Bernardo D (2006) Computational
framework for the prediction of transcription factor binding sites by multiple
data integration. BMC Neuroscience 7(Suppl 1): S8.

. Beer MA, Tavazoie S (2004) Predicting gene expression from sequence. Cell

117: 185-198.

. Jensen ST, Shen L, Liu JS (2005) Combining phylogenetic motif discovery and

motif clustering to predict co-regulated genes. Bioinformatics 21: 3832-3839.
Gordon DB, Nekludova L, McCallum S, Fraenkel E (2005) TAMO: a flexible,
object-oriented framework for analyzing transcriptional regulation using DNA-
sequence motifs. Bioinformatics 21: 3164-3165.

. Holloway DT, Kon M, DeLisi C (2005) Integrating genomic data to predict

transcription factor binding. Genome Informatics 16: 83-94.

. Holloway DT, Kon M, DeLisi C (2006) Machine learning methods for

transcription data integration. IBM Journal of Research and Development 6:

631-643.

. Murphy KP, Mian S (1999) Modelling gene expression data using dynamic

Bayesian networks. Berkeley: Technical report, University of California.

. Husmeier D (2003) Sensitivity and specificity of inferring genetic regulatory

interactions from microarray experiments with dynamic Bayesian networks.
Bioinformatics 19: 2271-2282.

Friedman N (2004) Inferring cellular networks using probabilistic graphical
models. Science 303: 799-805.

Chen T, He HL, Church GM (1999) Modeling gene expression with differential
equations. In: Proceedings of Pacific Symposium on Biocomputing (PSB 99).
World Scientific, Singapore, volume 4, pp. 29-40.

Bower JM, Bolouri H, eds (2001) Computational Modeling of Genetic and
Biochemical Networks. The MIT Press, Ist edition edition.

Wilkinson DJ (2006) Stochastic Modelling for Systems Biology. Chapman &
Hall/CRC, st edition.

Bernard A, Hartemink A (2005) Informative structure priors: joint learning of
dynamic regulatory networks from multiple types of data. In: Proceedings of
Pacific Symposium on Biocomputing (PSB 05). World Scientific, Singapore,
volume 10, pp. 459-470.

Chen G, Jensen ST, Stoeckert Jr CJ (2007) Clustering of genes into regulons
using integrated modeling-COGRIM. Genome Biology 8.

Pan W (2006) Incorporating gene functions as priors in model-based clustering
of microarray gene expression data. Bioinformatics 22: 795-801.

@ PLoS ONE | www.plosone.org

24

66.

67.

68.

69.

70.

71.

73.

74.

76.

77.

78.

79.

80.

81.

82.

83.

84.

86.

87.

88.

89.

90.

91.

Transcription Factor Binding

. Lee TI, Rinaldi NJ, Robert F, Odom DT, Bar-Joseph Z, et al. (2002)

Transcriptional regulatory networks in Saccharomyces cerevisiae. Science 298:
799-804.

Stormo GD, Schneider TD, Gold L, Ehrenfeucht A (1982) Use of the
‘Perceptron’ algorithm to distinguish translational initiation sites in E. colt.
Nucleic Acids Research 10: 2997-3011.

Thijs G, Lescot M, Marchal K, Rombauts S, Moor BD, et al. (2001) A higher-
order background model improves the detection of promoter regulatory
elements by Gibbs sampling. Bioinformatics 17: 1113-1122.

Fawcett T (2006) An introduction to ROC analysis. Pattern Recognition Letters
27: 861-874.

Liu X, Brutlag DL, S IJ (2001) Bioprospector: discovering conserved DNA
motifs in upstream regulatory regions of co-expressed genes. In: Proceedings of
Pacific Symposium on Biocomputing (PSB 01). World Scientific, Singapore,
volume 6, pp. 127-138.

Steck H, Jaakkola T'S (2002) On the Dirichlet prior and Bayesian regularization.
In: Advances in Neural Information Processing Systems, volume 15. pp
697-704.

Xie X, Lu J, Kulbokas EJ, Golub TR, Mootha V, et al. (2005) Systematic
discovery of regulatory motifs in human promoters and 30 UTRs by comparison
of several mammals. Nature 434: 338-345.

Siepel A, Bejerano G, Pedersen JS, Hinrichs AS, Hou M, et al. (2005)
Evolutionarily conserved elements in vertebrate, insect, worm, and yeast
genomes. Genome Research 15: 1034-1050.

Taylor J, Tyekucheva S, King DC, Hardison RC, Miller W, et al. (2006)
ESPERR: Learning strong and weak signals in genomic sequence alignments to
identify functional elements. Genome Research 16: 1596-1604.

Segal E, Fondufe-Mittendorf Y, Chen L, Thastrom A, Field Y, et al. (2006) A

genomic code for nucleosome positioning. Nature 442: 772-778.

. Heintzman ND, Ren B (2007) The gateway to transcription: identifying,

characterizing and understanding promoters in the eukaryotic genome. Cellular
and Molecular Life Sciences 64: 386-400.

Levine M, Tjian R (2003) Transcription regulation and animal diversity. Nature
424: 147-151.

Ren B, Robert F, Wyrick JJ, Aparicio O, Jennings EG, et al. (2000) Genome-
wide location and function of DNA binding proteins. Science 290: 2306-2309.
Crawford GE, Holt IE, Mullikin JC, Tai D, National Institutes of Health
Intramural Sequencing Center, et al. (2004) Identifying gene regulatory elements
by genome-wide recovery of DNase hypersensitive sites. Proceedings of the
National Academy of Sciences of the USA 101: 992-997.

Kel-Margoulis OV, Kel AE, Reuter I, Deineko IV, Wingender E (2002)
TRANSCompel®: a database on composite regulatory elements in eukaryotic
genes. Nucleic Acids Research 30: 332-334.

Smit AFA, Hubley R, Green P (1997) Repeatmasker computer program.
Available at http://www.repeatmasker.org/.

Reguly T, Breitkreutz A, Boucher L, Breitkreutz BJ, Hon GC, et al. (2006)
Comprehensive curation and analysis of global interaction networks in
Saccharomyces cerevisiae. Journal of Biology 5.

Thomas K, Wu J, Sung DY, Thompson W, Powell M, et al. (2007) SP1
transcription factors in male germ cell development and differentiation.
Molecular and Cellular Endocrinology 270: 1-7.

Cawley S, Bekiranov S, Ng HH, Kapranov P, Seckinger EA, et al. (2004)
Unbiased mapping of transcription factor binding sites along human
chromosomes 21 and 22 points to widespread regulation of noncoding RNAs.
Cell 116: 499-509.

Hallikas O, Palin K, Sinjushina N, Rautiainen R, Partanen J, et al. (2006)
Genome-wide prediction of mammalian enhancers based on analysis of
transcription-factor binding affinity. Cell 124: 47-59.

Segal E, Yelensky R, Koller D (2003) Genome-wide discovery of transcriptional
modules from DNA sequence and gene expression. Bioinformatics 19:
i273-1282.

Tamada Y, Kim S, Bannai H, Imoto S, Tashiro K, et al. (2003) Estimating gene
networks from gene expression data by combining Bayesian network model with
promoter element detection. Bioinformatics 19: 1i227-1i236.

de Hoon MJL, Makita Y, Imoto S, Kobayashi K, Ogasawara N, et al. (2004)
Predicting gene regulation by sigma factors in bacillus subtilis from genome-wide
data. Bioinformatics 20: i101-1108.

Lahdesmaki H, Shmulevich I (2007) Probabilistic framework for transcription
factor binding prediction. In: Proceedings of Fifth IEEE International Workshop
on Genomic Signal Processing and Statistics (Gensips’07).

Robert CP, Casella G (2005) Monte Carlo Statistical Methods Springer-Verlag,
2nd edition.

Brooks SP, Giudici P, Philippe A (2003) Nonparametric convergence assessment
for MCMC model selection. Journal of Computational and Graphical Statistics
12: 1-22.

Husmeier D (2005) Introduction to learning Bayesian networks from data. In:
Husmeier D, Dybowski R, Roberts S, eds. Probabilistic Modeling in Bioin-
formatics and Medical Informatics. UK: Springer-Verlag. pp 17-57.

March 2008 | Volume 3 | Issue 3 | e1820



