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ABSTRACT

Transcriptional regulation is mediated by a battery
of transcription factor (TF) proteins, that form com-
plexes involving protein±protein and protein±DNA
interactions. Individual TFs bind to their cognate
cis-elements or transcription factor-binding sites
(TFBS). TFBS are organized on the DNA proximal
to the gene in groups con®ned to a few hundred
base pair regions. These groups are referred to as
modules. Various modules work together to provide
the combinatorial regulation of gene transcription in
response to various developmental and environ-
mental conditions. The sets of modules constitute a
promoter model. Determining the TFs that preferen-
tially work in concert as part of a module is an
essential component of understanding transcrip-
tional regulation. The TFs that act synergistically in
such a fashion are likely to have their cis-elements
co-localized on the genome at speci®c distances
apart. We exploit this notion to predict TF pairs that
are likely to be part of a transcriptional module on
the human genome sequence. The computational
method is validated statistically, using known inter-
acting pairs extracted from the literature. There are
251 TFBS pairs up to 50 bp apart and 70 TFBS pairs
up to 200 bp apart that score higher than any of the
known synergistic pairs. Further investigation of 50
pairs randomly selected from each of these two sets
using PubMed queries provided additional support-
ing evidence from the existing biological literature
suggesting TF synergism for these novel pairs.

INTRODUCTION

One of the major challenges in biology is to understand the
precise mechanism by which protein expression is regulated.
Thus, the information that indicates the spatial, temporal and
quantitative contribution of a protein to the organism devel-
opment is relevant. One of the most important stages at which
this regulation occurs is at the level of transcription.
Transcriptional regulation is mediated by transcription factor
(TF) proteins which bind to speci®c DNA signals or
transcription factor-binding sites (TFBS), varying between 5
and 20 bp in length. The analysis of transcriptional regulation
is particularly hard in higher eukaryotes due to large intergenic
regions and signals with relatively low information content.

Precise regulatory control is achieved by combinatorial and
concerted interactions of various transcription factors with
their cognate binding sites, with each other and with the
transcription initiation complex. In order to enhance our
understanding of gene regulation it will be necessary to derive
a precise identi®cation of the DNA signals, the proteins that
bind to them, the interaction among these proteins to form
complexes and the genes these complexes regulate in different
tissues under different conditions.

TFBS are organized into modules on the DNA, frequently
proximal to the gene, in groups con®ned to a few hundred base
pair regions (1). Various modules interact together (where the
ensemble can be referred to as a promoter model) to provide
the combinatorial regulation of gene transcription in response
to various developmental and environmental conditions. [See
Werner (2) for an approach for identifying promoter models
using comparative genomics.] Determining the TFs that
preferentially work in concert as part of a module is an
essential component of understanding transcriptional regula-
tion. Although not all TFs that contribute to regulatory control
as part of the same complex bind to neighboring cis-elements,
many of these TFs that act synergistically in such a fashion are
likely to have their cis-elements co-localize on the genome.
One obvious example of a class of synergistically acting
factors is the homo- and heterodimers where the correspond-
ing cis-elements are 2±5 bp apart. There have been various
attempts to detect pairs of co-localized cis-elements, referred
to as composite elements, in the literature that deals with
detecting patterns in groups of sequences (3,4). There has also
been some work in detecting and searching for transcriptional
modules (5±8).

We exploit this notion of co-localization of cis-elements for
synergistically acting TFs to predict TF pairs that are likely to
be part of a transcriptional module. The basic idea is to
measure the frequency at which the cis-elements for two
factors co-occur on the genome relative to some appropriate
background. We expect that the pair of TFs acting synergis-
tically will have a relatively higher value of this measure, thus
suggesting the use of this measure as a predictor of potential
synergism.

We used TRANSFAC (9) (http://transfac.gbf.de/
TRANSFAC/) and TRANSCompel (10) to validate our
methodology. TRANSFAC records for each TF the other
TFs that are known to interact with it. Additionally, the
TRANSFAC database includes the TRANSCompel database,
which presents information on combinatorial gene transcrip-
tional regulation and protein±protein interactions between
different TFs bound to their cognate promoter elements. The
TRANSFAC database contains curated de®nitions of TFBS
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represented as `positional weight matrices (PWMs)' that
provide a quantitative description of the nucleotide base pair
variations at each position of the binding sites. These PWMs
have been constructed from experimental data taken from
different binding studies of transcription factor proteins and
their cognate DNA sequence. The PWMs are redundant at two
levels. Firstly, there could be many PWMs describing the
binding site of the same transcription factor and these matrices
are quite similar, if not identical. At a different level, there are
potentially distinct TFs that have very similar cognate cis-
elements resulting in the existence of very similar PWMs. The
TFBS described by similar PWMs tend to cluster together
arti®cially, which potentially obscures truly co-localized
distinct sites. In order to eliminate these cases we developed
a similarity measure between pairs of PWMs in a manner
similar to the comparison of amino acid pro®les for protein
domains to determine relatedness (11). Thus, we have
developed a Smith±Waterman style dynamic programming
based algorithm to compute a similarity score between a pair
of PWMs. Based on this measure we eliminated all the PWM
pairs that were similar to each other.

We found that the pairs of TFs that are known to act
synergistically from experimental analysis indeed have a
relatively higher value of the co-localization measure, thus
validating the use of this measure as a predictor of potential
synergism. A preliminary result based on the PWM hits in the
upstream regions of a small set of 500 disease-related genes
was published earlier (12). In the current study we extend this
to annotated cis-elements on the entire human genome. By
using PubMed (http://www.ncbi.nlm.nih.gov/), which is the
largest freely available online database of biological literature,
we further investigated the TF pairs with a high value of this
measure but not recorded in the databases of synergistically
interacting pairs. We found experimental evidence for
synergism for a large fraction of these novel TF pairs.

MATERIALS AND METHODS

Identifying TFBS on the human genome sequence

PWMs representing TFBS known to occur in human were
extracted from TRANSFAC version 4.4 (13) and used in our
annotation of the human genome. We used only 247 PWMs
based on the human and mouse sequence. Identifying the
alignment of PWMs on sequences was performed with
PWM_SCAN (M.Flanigan, in preparation), which is a faster
implementation of the publicly available program PATSER (14).

Acceptable PWM alignments were detected with a
measured probability (P) of 2 3 10±4 or lower. This results
in approximately 1 100 000 hits per PWM on the human
genome sequence of size ~2.8 Gb, considering both strands
independently.

Transcription factor co-localization

For each pair of PWMs we compute a measure of frequency of
co-localization of the two PWM hits relative to an appropriate
background model. For a pair of PWMs i and j, let Nij be the
number of times the two PWMs co-localize within w bp in S.
We randomly swap the PWM identity for all the hits to
generate the background model. For example, for two
randomly selected hits for PWMs i and j, we swap the hits,

i.e. what was the hit for PWM i now becomes the hit for PWM
j and vice versa. There are other ways of generating the
background that we have examined (12). This approach
preserves the total number of hits for each PWM as well as
preserves the density of hits within various sequence regions.
Let Rij be the number of times the two PWMs co-localize
within w bp in S after the aforementioned perturbation. The
preferential co-localization of a pair of PWMs i and j is
measured in terms of a co-localization index (CI ), de®ned as:

CI = Nij/Rij

Note that CI is symmetric for a pair of factors, resulting in
(n2 ± n)/2 values, where n is the total number of PWMs from
TRANSFAC. Values for w of 50 and 200 bp were used.

Transcription factor with known synergism

Two sources of data were used to extract the PWM pairs that
are known in the literature to act synergistically. In
TRANSFAC the entry for transcription factors included an
interaction ®eld, which lists other factors known in the
biological literature to interact with the factor in a synergistic
fashion. Additionally, each PWM has a factor associated with
it. We took a pair of PWMs to be interacting if the
corresponding factors were recorded as interacting in
TRANSFAC. This yielded 295 pairs from TRANSFAC 5.3.

The TRANSCompel database originates from the
COMPEL database (10) and collects information about
composite regulatory elements (CEs): pairs of closely situated
sites and transcription factors binding to them. Composite
elements are de®ned as a minimal functional unit within which
both protein±DNA and protein±protein interactions contribute
to a highly speci®c pattern of gene transcriptional regulation
(15). As before, we associate a pair of PWMs as a composite
pair via their corresponding factors. This yielded 156 unique
pairs of PWMs.

Combining the two sources yielded 444 unique pairs of
PWMs that have been identi®ed as either acting synergistic-
ally towards transcription regulation or are known to interact
in the context of transcriptional regulation.

Similarity score of PWMs

A Smith±Waterman (16) style alignment algorithm was
implemented to align a pair of PWMs. A PWM can be
viewed as a sequence of probability distributions where each
position in the PWM has a corresponding probability distri-
bution representing the base pair preferences at that position.

The alignment score of a position i of PWM I to the
position j of PWM J is the relative entropy (RE ) (17) of the
two probability distributions corresponding to the two
positions. For probability distributions X = (xAxCxGxT) and
Y = (yAyCyGyT),

RE�X;Y� �
X

i2fA;C;G;Tg
xi � ln�xi=yi�

Since RE is an asymmetric measure, we take the minimum
of RE(X,Y) and RE(Y,X). The resulting score of a pair of
positions is calibrated appropriately to make the expected
score non-positive, which is a requirement for a Smith±
Waterman algorithm. A stringent gap penalty was used based
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on empirical distribution of RE values. Finally, the resulting
alignment score for a PWM pair is normalized using the length
of the longer PWM. As a result of our choice of various
parameters the alignment score has a value between 0 and 0.4,
where 0.4 is achieved for identical PWMs.

Constructing a PubMed query to verify novel predictions

For each PWM the list of protein name synonyms was
extracted from TRANSFAC via corresponding transcription
factors. We will describe the query to retrieve literature
relating to factor pairs by illustrating an example. The
synonyms for PWM M00005 (TRANSFAC identi®er) are
AP-4 and AP4. The synonyms for PWM M00141 are LyF-1,
Lyf-1, Ikaros and lymphoid transcription factor. To gather
evidence from PubMed for the interaction of the two matrices
we did the following PubMed query: (``AP-4'' OR ``AP4'')
AND (``LyF-1'' OR ``Lyf-1'' OR ``Ikaros'' OR ``lymphoid
transcription factor'') AND (complex OR composite OR
interact OR interacts OR interaction) AND (transcription OR
transcriptional).

One could think of additional ways to make this query more
speci®c and sensitive but this query does extract useful
information and is suf®cient for our current purposes. The
resulting abstracts are manually scrutinized to gather the ®nal
evidence.

RESULTS

Correlation between CI and TF synergism

We wanted to determine whether synergistic or interacting TF
pairs from the experimental literature had a preferentially
higher CI value. Therefore we computed CI for every pair of
PWMs as described in Materials and Methods by using the
TFBS data from the human genomic sequence. From this set
of values we extracted the CI values corresponding to the
subset of 444 pairs with known synergism. This latter set
provides us with a foreground and the whole set of CI values
provides a background. Figure 1 shows these two distributions
for w = 50. The CI distribution for the synergistic PWM pairs
(the foreground) is biased towards higher values of CI.

This bias in the CI immediately suggests that this measure
could be used to predict synergistic PWMs and hence TFs
which could potentially be tested experimentally.

Correlation between CI and similarity score

Upon further investigation of PWM pairs with high CI not
included in the TRANSFAC database, we realized that a large
proportion of these PWM pairs either corresponded to the
same transcription factor or to different factors which
nevertheless had very similar PWMs. To test the contribution
of this effect to the bias shown in Figure 1, we investigated the
correlation of the PWM similarity score (computed as
described in Materials and Methods) and the CI. Figure 2
shows the plot of these two quantities for all pairs of PWMs.
The correlation coef®cient of these two quantities is 0.5. It is
clear from this high correlation between the two quantities that
a majority of the TF pairs with high values of CI in fact have
very similar PWMs and hence are not signi®cant. The
correlation shown in Figure 2 is bimodal, where the pairs
with perfect alignment score (PWM similarity score = 0.4)

form one mode. Upon further inspection it is clear that these
correspond to scores of matrices aligned against themselves.
The range of CI values for these re¯ect either: (i) a tendency to
form homodimers, (ii) a tendency to occur in clusters or (iii) a
repeat nature of the binding sites. Further investigation,
although important, will not be dealt with in this work and
these cases will be eliminated from further analysis. Figure 2
also suggests that this correlation between CI and similarity
score drops off below 0.25. Upon further inspection of the
similarity scores we decided upon a stringent cut-off threshold
of 0.2, below which the PWMs are quite dissimilar.

Correlation between CI and TF synergism for
non-similar PWM pairs

It is clear that the correlation of high CI scores with similar
PWMs is a strong contributor to the bias shown in Figure 1,

Figure 1. Distribution of CI for 444 synergistic pairs of PWMs versus all
pairs, for w = 50, based on a set of 247 TRANSFAC PWM hits on the
entirety of the human genome sequence at a stringency of P < 0.0002. The
synergistic PWM pairs were extracted from the TRANSFAC and
TRANSCompel databases as described in Materials and Methods.

Figure 2. PWM similarity score versus CI. The correlation coef®cient
is 0.5.
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therefore, to remove this bias from our analysis, we made two
changes: (i) we consider PWM hits on the genome within w
base pairs as neighboring only if the sites identi®ed do not
overlap by >4 bp; (ii) we eliminate all pairs of PWMs from our
analysis that either have the same factor name or their
similarity score is at least 0.2. Both of these criteria try to
address the same issue. Removing similar PWMs results in the
retention of 292 PWM pairs with known synergism, corres-
ponding to 105 unique PWMs. This was a reduction from 444
pairs corresponding to 139 unique PWMs. This reduction of
~25% is due to our stringent threshold and may not re¯ect
what is truly redundant in TRANSFAC, which probably needs
closer manual inspection.

We repeated the analysis presented in Figure 1 after making
these changes. Figures 3 and 4 show the corresponding plots
for w = 50 and w = 200. Even though the distributions are
seemingly not as discriminating, they are in fact discriminat-
ing looking from a different perspective. For instance, for
w = 50 there are 30% of the PWM pairs with CI > 1, whereas
there are 43% of PWM pairs with known synergism with
CI > 1. Similarly, for w = 200 there are 25% of the PWM pairs
with CI > 1, whereas there are 38% of PWM pairs with known
synergism with CI > 1. These facts indicate that experimen-
tally determined synergistic TF pairs still have a preference for
higher CI values.

Analysis of novel predictions

All the PWM pairs with high CI not reported in TRANSFAC
are potentially novel synergisms. It is also possible that some
of them are in fact known in the biological literature but have
not been assigned by TRANSFAC as yet. To test the validity
of our approach, we extracted at random 50 PWM pairs whose
CI values were greater than those of the known synergistic
pairs, both for w = 50 and w = 200. For w = 50, the maximum

CI among the pairs with known synergism is 2.31 and there are
251 PWM pairs with CI > 2.31. For w = 200, the maximum CI
among the pairs with known synergism is 1.77 and there are
70 PWM pairs with CI > 1.77. There are only seven PWM
pairs in common between the two random sets of 50 pairs. For
each PWM pair analyzed we queried PubMed for documents
supporting synergistic interactions of the PWMs. The type of
query used is described in Materials and Methods.

In 26 out of 50 cases there are PWM pairs that have
experimental literature supporting synergistic interactions
involved in transcriptional control using w = 50. Out of
these 26, nine of the pairs have evidence for physical
interaction, either by direct protein±protein interactions or
indirectly by virtue of being in the transcriptional complex.
Out of these 26 pairs, two of the pairs correspond to the same
factor pair, namely CREB:SREBP-1, and three of the pairs
correspond to CREB:NF-kB. If we discount these redundan-
cies this leaves 23 pairs with evidence, of which eight pairs
have evidence of physical interaction. Table 1 lists these PWM
pairs and the supporting literature reference obtained from
PubMed.

In 16 out of 50 cases there are PWM pairs that have
experimental literature supporting synergistic interaction
involved in transcriptional control using w = 200. Out of
these 16, seven of the pairs have evidence for physical
interaction, either directly or indirectly by virtue of being in
the transcriptional complex. Table 2 lists these PWM pairs and
the supporting literature evidence.

DISCUSSION

From a previous study on the TFBS identi®ed in the 5 kb
upstream region of 500 human disease genes (12), we have
been able to show that the measure of CI, the tendency for
TFBS to co-localize on the genome, is shifted toward higher

Figure 3. Distribution of CI for synergistic pairs of PWMs versus all pairs,
similar to Figure 1, after eliminating similar PWM pairs, for w = 50. The
maximum CI for synergistic pairs is 2.31. The maximum for the all pairs is
8.10 and there are 251 pairs with scores >2.31. Even though the distribu-
tions are seemingly not as discriminating, from a different perspective there
are 30% of the PWM pairs with CI > 1 whereas there are 43% of PWM
pairs with known synergism with CI > 1.

Figure 4. Distribution of CI for synergistic pairs of PWMs versus all pairs,
similar to Figure 1, after eliminating similar PWM pairs, for w = 200. The
maximum CI for synergistic pairs is 1.77. The maximum for the all pairs is
2.96 and there are 70 pairs with scores >1.77. Even though the distributions
are seemingly not as discriminating, from a different perspective there are
25% of the PWM pairs with CI > 1 whereas there are 38% of PWM pairs
with known synergism with CI > 1.
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values. Upon closer manual scrutiny of PWM pairs with high
CI values we observed a signi®cant number of PWM pairs
with the same factor name but distinct PWM identi®ers. There
was an obvious need to remove spurious, multiply identi®ed
PWM pairs since this redundancy could obscure any potential
value to the CI scoring scheme. This led to the elimination of
PWM pairs with a Smith±Waterman similarity score of at least
0.2 and otherwise to eliminate any TFBS annotated pair that
overlaps by >4 bp. The second condition will address cases

where a Smith±Waterman alignment does not indicate suf®-
cient similarity, but where different PWMs identify the same
region of DNA. After removing this redundancy in our TFBS
identi®cation process it was possible to ®nd the same trend of
shift towards high CI upon recomputation of the remaining
PWM pairs. This is consistent with the notion that TFBS co-
localize in clusters or modules and that they convey the
necessary information for the transcriptional control of the
gene under different conditions (1). For example, in the case of

Table 1. PubMed evidence for synergistic transcriptional regulation for the 23 PWM pairs among the
randomly chosen 50 pairs with CI values >2.31, for w = 50

ID, factor name Reference Complex
(Y/N)

PWM1 PWM2

M00008, Sp1 M00141, Lyf-1 (19) N
M00008, Sp1 M00189, AP-2 (20) N
M00008, Sp1 M00253, cap signal (21) N
M00033, p300 M00039, CREB (22) Y
M00033, p300 M00041, CRE-BP1/c-Jun (23) Y
M00033, p300 M00141, Lyf-1 (24) N
M00033, p300 M00220, SREBP-1 (25) Y
M00033, p300 M00233, MEF-2 (26) Y
M00039, CREB M00053, c-Rel (27) Y
M00039, CREB M00054, NF-kB (28) Y
M00039, CREB M00077, GATA-3 (29) N
M00039, CREB M00141, Lyf-1 (30,31) N
M00039, CREB M00220, SREBP-1 (25) Y
M00039, CREB M00233, MEF-2 (32) N
M00039, CREB M00243, Egr-1 (33) N
M00039, CREB M00253, cap signal (34,35) N
M00041, CRE-BP1/c-Jun M00054, NF-kB (36) N
M00041, CRE-BP1/c-Jun M00077, GATA-3 (37) Y
M00041, CRE-BP1/c-Jun M00141, Lyf-1 (38) N
M00041, CRE-BP1/c-Jun M00233, MEF-2 (39) N
M00054, NF-kB M00077, GATA-3 (40) N
M00054, NF-kB M00119, Max (41) N
M00054, NF-kB M00121, USF (42) N

Eight out of the 23 pairs in fact interact physically via direct interaction or as part of same complex. A Y in
the last column indicates evidence of direct or indirect physical interaction among the factors. An N indicates
an absence of such evidence.

Table 2. PubMed evidence for synergistic transcriptional regulation for the 16 PWM pairs among the
randomly chosen 50 pairs with CI values >1.77, for w = 200

ID, factor name Reference Complex
(Y/N)

PWM1 PWM2

M00039, CREB M00139, AhR (43) Y
M00039, CREB M00141, Lyf-1 (30,31) N
M00039, CREB M00191, ER (44,45) Y
M00039, CREB M00220, SREBP-1 (25) Y
M00039, CREB M00233, MEF-2 (32) Y
M00039, CREB M00249, CHOP-C/EBPa (46) N
M00039, CREB M00253, cap signal (34,35) N
M00041, CRE-BP1/c-Jun M00191, ER (47) Y
M00087, Ikaros 2 M00141, Lyf-1 (19,48) N
M00087, Ikaros 2 M00253, cap signal (49) N
M00114, Tax/CREB M00141, Lyf-1 (50) N
M00139, AhR M00180, E2F (51) N
M00139, AhR M00191, ER (52,53) Y
M00139, AhR M00253, cap signal (54) N
M00155, ARP-1 M00191, ER (53,55) Y
M00155, ARP-1 M00253, cap signal (56) N

Seven out of the 16 pairs in fact interact physically via direct interaction or as part of same complex. A Y in
the last column indicates evidence of direct or indirect physical interaction among the factors. An N indicates
an absence of such evidence.
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the ENDO-16 gene there are as many as eight distinct
structural modules, collectively containing up to 35 TFBS,
that control the expression of the gene during late embryonic
and larval development in the sea urchin. Other examples of
the modular design, this time in higher eukaryotes, have been
described for the control of human muscle-speci®c genes (18),
where ®ve TFBS are described in what is likely to be a
minimal set of control elements in muscle-speci®c gene
regulation.

The CI score revealed highly co-localized PWM pairs that
have not been reported in the curated literature of the
TRANSFAC database. Our examination of the PubMed
literature for a randomly chosen set of 50 PWM pairs
separated by 50 or 200 bp did reveal experimental evidence
supporting the proposed hypothesis of synergism for between
32 and 46% of the pairs (Tables 1 and 2). In addition, 39±43%
of the reported synergist pairs have evidence for physical
interaction between the TF proteins, indicating that the CI
score is a useful determinant for synergistic and potentially
interacting TF proteins. We have been able to identify 251 and
70 novel PWM pairs with CI values greater than the maximum
CI found for PWM pairs reported in TRANSFAC (CI = 2.31
and 1.77 for 50 and 200 bp separation, respectively). There are
33 PWM pairs that are in common between these two sets, but
for the most part it is clear that certain TFBS pairs have
preferred spacing, as indicated by their occurrence in one set
of higher CI scoring pairs and not the other. This ®nding is
consistent with the notion that the proteins bound to the TFBS
will interact and form complexes that themselves are likely to
form optimally at given separations through surface inter-
actions.

During the course of this study we noted that some PWMs
contained in TRANSFAC are very similar to each other by
using a Smith±Waterman based approach to align PWM pairs
without gaps. The alignment method resulted in a distance
measure between PWM and with a suitably chosen distance
threshold we removed similar PWM pairs. This resulted in a
corresponding 34% reduction in the 444 PWM pairs known to
exist from experimental data. The reduction essentially
eliminates multiple PWMs that are either similar or are
assigned the same TF name and thus eliminates trivial PWM
pair combinations.

The precise control of transcription is probably achieved
through combinatorial interactions among TFs. Although
higher order combination is relevant in this regard, discover-
ing the genes that are regulated by novel TF protein pairs
could provide an initial means by which common regulatory
pathways can be identi®ed. Indeed, identifying and clustering
all PWM pairs with a CI score >2.0 did not result in the
discovery of a precise set of higher order interactions. In this
situation most PWMs were members of one large cluster (data
not shown). Another approach to building higher order
interaction models and the genes that may be regulated by
proximal TFBS is to start with high con®dence co-occurring
paired TFBS.

Thus, using the annotation of the known TFBS on the
genome sequence it is interesting to compare how many
transcripts possess a single TFBS, a TFBS pair as predicted by
an elevated CI score and ®nally a TFBS triplet due to the
combination of two pairs. This will provide a measure of
speci®city in looking for TF interactions and the genes so

regulated. For example, we were able to search for the
occurrence of the PWMs for the AhR, E2F and ER TFBS by
explicitly ®nding the locations of the PWMs M00139,
M00180 and M00191, respectively, and the transcripts that
contain them in the 5 kb upstream of the start codon. There are
5041 transcripts that have an AhR TFBS in the 5 kb upstream
of the start codon, 440 transcripts that contain AhR and E2F
within 200 bp of each other and only 21 transcripts that
contain the combination of AhR, E2F and ER TFBS within
200 bp. When searching for genes potentially regulated by
certain TFs, a search based on higher order combination will
be clearly of great help due to the speci®city of the search
results. In the future, we will extend the notion of CI to include
multiple PWMs and the information this provides on regula-
tory modules and the coordinately regulated genes they
control.
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