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Abstract

The ability to control multiple genes at the
transcriptional level often relies on the existence of
short stretches of well-defined DNA sequences, to
which regulatory proteins and transcription factors
bind. In this article we present a freely accessible web-
based application (GRASP-DNA), that can be used to
screen prokaryotic genomes for putative DNA-binding
sites of a particular transcription factor or DNA-binding
molecule. This application utilizes existing theories,
such as information and statistical-mechanical
theories, for the calculation of positive weight matrices
generated from block aligned binding sites. Using
these position weight matrices entire prokaryotic
genomes are screened to identify sites that display a
high level of sequence similarity to existing binding
sites. This application can be used in combination with
high-throughput technologies for gene expression
analysis and binding site characterization to assist in
the elucidation of global regulatory networks.

Introduction

From genome sequencing and annotation efforts lists of
thousands of genes are constructed, potentially providing
a complete description of the structure and content of an
organism’s genome. With this information in hand the
challenge shifts to understanding how these genes are
collectively utilized to orchestrate multi-genetic cellular
functions. What are the rules and regulatory logic
implemented by the cell to selectively express subsets of
genes in a coordinated fashion?

In many cases the transcription of a gene is controlled
by short stretches (5-25 base pairs) of well-defined DNA
sequences to which regulatory proteins and transcription
factors bind. Sequence specific protein-DNA binding can
affect transcription of a gene in both a negative and a
positive fashion based on parameters including the location
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of factor binding relative to the promoter binding site and
the translational start site of a gene. Many regulatory
proteins are pleiotropic, individually providing for the global
regulation of a large number of genes, which are
consequently referred to as members of a single regulon.
Such regulators allow for coordinated cellular responses
to environmental stresses and challenges. Among such
pleiotrophic regulators in Escherichia coli are the cyclic
AMP receptor (CRP) and catabolite repressor/activator
(Cra) proteins that control carbon metabolism (Saier, 1989;
Saier and Ramseier, 1996), the NtrC regulator that controls
nitrogen metabolism (Magasanik, 1993), and the PhoB
regulator that influences phosphorus metabolism (Wanner,
1993).

With the availability of an increasing number of
complete genome sequences, itis now possible to perform
exhaustive computational screening of genomes for
putative regulatory binding sites based on the sequence
of presumed or biochemically-established binding sites.
Such computational analysis can be used as a starting
point for the elucidation of novel binding sites, and can be
complemented by experimental technologies including
high-throughput expression profiling. Numerous
computational programs are available to allow researchers
to use pre-constructed matrices generated from a list of
known binding sites to search a particular sequence string
and predict proteins that are likely to bind to the given
sequence (Frech et al., 1997a). Programs are also available
for the generation of consensus sequences and position
weight matrices that can be used to search sequences for
additional binding sites (Frech et al., 1997b). Other
programs perform sequence searches using pre-
constructed matrices from databases of transcription factor
binding sites (Heinemeyer et al., 1999; Salgado et al.,
1999).

We were interested in developing a web-based
application for the experimentally inclined user to assist in
the identification of potential binding sites for a particular
DNAbinding protein of choice in a complete genome. There
are many examples where known DNA binding sites for a
protein have been used to computationally screen for
additional sites and further elucidate the interaction of
various genetic regulatory networks (Lewis, 1994; Tronche
et al., 1997; Thieffry et al., 1998; Wasserman and Fickett,
1998). In a recent study, 55 of the 240 candidate E. coli
DNA-binding proteins were used to generate binding site
matrices for searching the entire E. coligenome to predict
novel binding sites (Robison et al., 1998); a database of
these matrices and search results was constructed.

Here we introduce a freely accessible web-based
application (GRASP-DNA — accessible at http://www-
bioeng.ucsd.edu/~grasp) developed to allow researchers
to utilize a list of known regulatory binding sites for a specific
protein to screen prokaryotic genomes. Clients simply
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provide a list of block-aligned binding sites for the regulatory
protein of their choice, and GRASP-DNA will calculate and
display a position weight matrix that is then used to screen
and rank potential binding sites in a genome of choice.

Detecting Potential Regulatory Sites

Computational approaches used to search for novel
regulatory sites involve the use of either crude consensus
sequences or more precise position weight matrices
generated from a series of aligned binding sites (Stormo,
1988; Stormo, 1990). In a position weight matrix a specific
value is assigned to each nucleotide for every position in
the sequence indicating the “contribution” of the particular
base to the specificity of the binding site. The overall score
of a DNA sequence window of equal length to the binding
sites is the sum of all the values for each position. The
score then reflects the binding affinity or specificity of the
sequence for the DNA-binding protein and allows different
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sequences to be quantitatively compared as potential
binding sites.

A position weight matrix can be generated from an
occurrence or frequency table using a choice of different
mathematical approaches. Each approach attempts to
provide a score, sy, for each nucleotide base (b) in position
(p) of the aligned binding sites. For any target sequence of
the same length as the binding sites, an overall score (S)
can be calculated as a strict linear combination of the scores
assigned to each base in the target sequence as shown
below:

L
S= z Stp Equation 1
L

where L is the length of the binding site. In GRASP-DNA
we offer the user a selection of two alternative approaches
to calculate s, and a complete position weight matrix based
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Figure 1. Screen capture of the GRASP-DNA search request form and the accompanying position weight matrix generated from the input parameters. In this
particular case eleven 14-bp DNA sequences are entered which correspond to FruR binding sites from E. coli, and information theory is selected as the
matrix calculation method.



on either information theory or statistical-mechanical theory.
Both of these approaches have been successfully
implemented in screening for putative regulatory binding
sites, and we do not advocate one approach versus another
as both will generate comparable results to be further
processed and complemented by experimental findings.

; http:ibe-research.ucsd.eduicgi-bin/graspiresults.pl?iD=942693166.cschilliiibioeng.ucsd.edu - Microsoft Int... [ | |
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In the next few paragraph the details of these two
approaches are discussed for the interested reader.
Information theory attempts to determine how
constrained the choice of a base is at each position within
a binding site, and then estimates the amount of information
that is encoded in a local sequence window as the linear
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Figure 2. Sample results page for a screen of the E. coligenome for additional FruR binding sites using the position weight matrix calculated in Figure 1. Sites
that match the exact sequence of one of the input sequences are highlighted in yellow in the online application. The table of search results can be sorted

online by any of the corresponding fields in the table.
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summation of the scores at each position (Stormo, 1988;
Schneider, 1997). The standard log transformation equation
used to calculate the individual position scores is shown
below:

fop Equation 2

Spp = logy

where fy, is equal to the observed frequency of nucleotide
b at position p in the series of aligned sequences, and g
is the frequency of finding nucleotide b within the source
genome of the binding sites (determined from genomic
nucleotide composition). Since only a limited number of
sites are typically used to generate the matrix, the frequency
at which some nucleotides are observed in a particular
position may equal zero. This creates an undefined score
in equation 2. A simple solution to this problem is to
introduce what is called a ‘pseudo-count’ parameter (¢) to
ensure that the fraction in equation 2 will never equal zero
in the case of an unobserved nucleotide (Claverie and
Audic, 1996). Rather than traditionally equaling the number
of occurrences (0pp) divided by the number of sites (N),
the frequency variable f,, can be calculated using the
following equation:

Opp +C+ Qb

Equation 3
N+c

fbp =

For detailed information on the statistical relevance of
search results based on this form of position weight matrix
generation see (Claverie, 1994).

It can be seen that the total information content of a
sequence will generally be positive if there is more
information in the sequence than would be expected at
random. Furthermore, the higher the total score, (S),
becomes then the greater the similarity between the
particular sequence and the list of sites used to perform
the search.

An entirely alternative approach to calculating the
position scores is provided by statistical-mechanical theory,
which generates scores that have been formally correlated

to experimentally characterized binding constants (Berg
and von Hippel, 1987). Rather than calculating the position
score as a function of the occurrence frequency of each
base and the random base probability (gp), the score is
based on the ratio of occurrence frequency of each base
to the occurrence frequency of the most commonly
occurring base at the same position (04p). The position
scores are then calculated as shown below:

Oppt C

P Equation 4
OHp + c

Spp =1In

Once again a psuedo-count value is introduced to avoid
an undefined log transformation. The maximum score for
a target sequence will be zero and will only occur when
each of the nucleotides is equal to the nucleotide that
occurs most frequently at that specific position. The less
similar a site is to the initial set of known sites used to
generate the position weight matrix, the more negative the
total score will become. For both information theory and
statistical-mechanical theory, a decrease in the pseudo-
count will increase the contribution of the more frequent
nucleotides with respect to those that appear less
frequently, effectively increasing the overall stringency.

Performing a Genome Screen for Putative Binding
Sites

Once logged onto the GRASP-DNA system the researcher
can enter in a list of nucleotide sequences for a given
regulatory binding site. A position weight matrix will then
be calculated based on the specification of the calculation
method, pseudo-count, and source genome (only used for
information theory). For both calculation methods,
suggested default values of the pseudo-count are provided
to assist users who may be unfamiliar with the underlying
mathematics. Thus, in its simplest form, the GRASP-DNA
system can be used as an educational tool to gain a better
understanding of the composition and calculation of weight
matrices. These matrices are important mathematical
constructs in the representation of promoter elements,

Table 1. The first six genes listed below (derived from Ramseier et al., 1993) were used to construct a
position weight matrix to search the E. coli genome for putative FruR binding sites. Both information
theory and statistical-mechanical theory were used to perform the search with the pseudo-count set to
equal a standard default value of 0.1 in both cases. The rankings of these 6 sites among all the possible
positions scored in the genome (9,278,442 fourteen base pair sequence windows) are shown along
with the ranking of 5 other binding sites for FruR that were subsequently shown to control transcription

of the genes listed (see Ramseier et al., 1995).

Gene (Species) Operator Sequence

Information Theory

Location Ranking
Statistical-Mech. Theory

fruB O1 (Eco/Sty)  CTTGAAACGTTTCA
fruB 02 (Eco/Sty) ~ GCTGAATCGTTTCA
ptsH (Eco) GCTGAATCGATTTT

ppsA (Eco) GGTGAATCGTTCAA
icd (Eco) GCTGAATCGCTTAA
aceB (Eco) GCTGAATCGCTTAA
edd-eda (Eco) ACTGAAACGTTTTT

gapB (Eco) ACTGAAACGCTTCA
mtlA (Eco) ACTGAATCGGTTAA
DpykF (Eco) GCTGAAACCATTCA
pCkA (Eco) GGTGAATCGATACT

14 19
3 2
9 9
6 6
2 1
1 3
228 255
65 62
294 171
137 140
257 268




splice sites, and other DNA sequence and protein motifs.

Once a satisfactory position weight matrix is
constructed, the researcher can screen for putative binding
sites in any one of seven prokaryotic genomes currently
available for screening in the GRASP-DNA system. The
genomes include Bacillus subtilis, Escherichia coli,
Haemophilus influenzae, Mycoplasma genitalium,
Helicobacter pylori, Mycobacterium tuberculosis, and
Rickettsia prowazekii. While most screens will be
performed within the same genome from which the known
sites are generated, it is possible to search other genomes
using the same matrix. However, the benefits of searches
of this nature still remain unexplored. Following the
submission of a search query, GRASP-DNA will notify the
researcher of the search completion via email referencing
a temporary URL that will house the results and persist for
approximately two weeks. The results can be viewed and
sorted according to ranking or location within the genome.
For every site the location and orientation of the two closest
open reading frames and their translational start sites are
also provided. The open reading frames can be listed by
their locus identification numbers or by their genetic
annotations for most genomes. (As an aside note the
program can also be used to identify the location of all
restriction sites for a given restriction endonuclease by
entering in the cleavage site sequence and searching the
genome of choice. All of the exact matches to the cleavage
site and their precise locations will appear at the top of the
results list.)

Example Screen for the FruR DNA-Binding Protein

To illustrate an application of GRASP-DNA we present a
screen of the E. coli genome for potential binding sites of
FruR, the fructose repressor. FruR is a global transcriptional
regulatory protein involved in the control of carbon and
energy metabolism (Saier and Ramseier, 1996). Eleven
experimentally confirmed binding sites are known for FruR
(Ramseier et al., 1995), which specifically modulate the
activation of genes involved in oxidative and gluconeogenic
carbon flow and the repression of genes involved in
fermentative carbon metabolism. The 14 base pair
sequence of all eleven binding sites was entered into the
GRASP-DNA interface along with identifiers for each of
the sites, and was used to construct a position weight matrix
(Figure 1). GRASP-DNA then uses this matrix to score
every possible 14 base pair sequence window of the E.
coli genome on both the leading and lagging strand. A
sample of the top scoring sites generated from the screen
is provided in Figure 2.

All eleven sites scored in the top 50 of the 9,278,442
possible sequence windows in the genome. Any sequence
site that matches an input sequence used to generate the
position weight matrix is highlighted in yellow to rapidly
identify the known binding sites. While it is expected that
these sites used to generate the matrix should appear at
the top of the list, there are a number of additional sites
that may have functional importance based on the location
of the binding site relative to the transcriptional and
translational start sites of nearby genes. An example of
this would be the site ranked #4 which may indicate the
presence of a third regulatory binding site for the fruB
operon in E. coli.

In a retrospective analysis the six binding sites for
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FruR, which were published 2 years before the discovery
of 5 additional sites(Ramseier et al., 1993), were used to
screen the E. coligenome. Using either information theory
or statistical mechanical methods with the default
parameter setting, GRASP-DNA screened the E. coli
genome and identified the other 5 binding sites within the
top 300 sites (see Table 1). Thus the previously known
sites could have been used to assist in identifying the other
sites more readily with the assistance of a weight matrix
based computational analysis and access to the whole
genome.

Conclusion

In general the results from GRASP-DNA can be used to
help pointin the direction of putative binding sites that may
affect genetic regulation and assist in further identifying
genetic regulatory networks. These predictions can then
be further explored using genome-scale techniques such
as cDNA microarrays or oligonucleotide arrays to assess
transcriptional activity of genes under the appropriate
experimental and control conditions (Roth et al., 1998).
The complementary application of computational
algorithms to find regulatory binding sites and experimental
transcriptome analysis has been recently highlighted
(Bucher, 1999). Ultimately, predictions made from
computational analyses of transcriptional binding sites must
be validated with biochemical assays to determine the
precise nature of the protein-DNA binding. With the
assistance of web-accessible computational tools such as
GRASP-DNA and recent experimental technologies, it is
now possible to make educated decisions on the likelihood
of a binding site existing before the time and effort is spent
to characterize the precise binding interactions in vitro. We
look forward to the use of GRASP-DNA for various
purposes, and welcome further comments and suggestions
to assist in the development of this application in the future.
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