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Abstract

This project was begun to implement, test, and experimentally validate the results of
a novel algorithm for genome-wide identification of candidate transcription-factor
binding sites in prokaryotes. Most techniques used to identify regulatory regions rely
on conservation between different genomes or have a predetermined sequence
motif(s) to perform a genome-wide search. Therefore, such techniques cannot be
used with new genome sequences, where information regarding such motifs has not
yet been discovered. This project aimed to apply a de novo search algorithm to
identify candidate binding-site motifs in intergenic regions of prokaryotic organisms,
initially testing the available genomes of the Yersinia genus. We retrofitted existing
nucleotide pattern-matching algorithms, analyzed the candidate sites identified by
these algorithms as well as their target genes to screen for meaningful patterns.

Using properly annotated prokaryotic genomes, this project aimed to develop a set
of procedures to identify candidate intergenic sites important for gene regulation.
We planned to demonstrate this in Yersinia pestis, a model biodefense, Category A
Select Agent pathogen, and then follow up with experimental evidence that these
regions are indeed involved in regulation. The ability to quickly characterize
transcription-factor binding sites will help lead to a better understanding of how
known virulence pathways are modulated in biodefense-related organisms, and will
help our understanding and exploration of regulons - gene regulatory networks - and
novel pathways for metabolic processes in environmental microbes.

Motivation: Current techniques for identifying transcription factor binding sites in
prokaryotic promoters are not suitable for whole genome discovery and are not
accessible for use on available genomes. The proposed effort focused on
implementing, testing and experimentally validating the results of integration and
execution of procedures and computational algorithms for the genome-wide
identification of candidate transcription factor binding sites in prokaryotic organisms.
This would provide an important tool for genome, transcriptome, and systems
biology. It would allow scientists to explore gene regulation to better understand
regulatory networks in prokaryotic organisms, and to apply this pathway information
to those microbes relevant to the Laboratory's environmental (microbe-based clean-
up of metal-contaminated sites) and biodefense (understanding pathogen virulence
mechanisms) missions.



Introduction/Background

The most prevalent technique used for identification of putative functional regulatory
motifs has been comparative genomics, where collinear regions of two or more
closely related genomes are aligned at the nucleotide level, and conserved regions
are identified (7, 8, 16). The underlying theory is that conserved sequences in
intergenic regions (usually proximal and upstream of genes) likely have a biological
functional basis and may be involved in gene regulation. This method has been
successfully applied to numerous eukaryotic systems, including fungi, plants,
primates and other animals (4, 11). Most other techniques rely on prior knowledge
(tested experimentally) of a given transcription factor’s binding site motif, to then
search for other copies of the motif in the entire genome (9, 10).

This project had as a goal to improve upon and combine a number of approaches
such that they can be robustly applied to identify candidate, biologically active,
transcription factor binding site motifs using a genome-wide approach. The main
search algorithms are based on local alignment approaches that allow the
preferential identification of sequences in promoter regions of genes that are under
functional selective pressure. By studying the statistical distribution of evolutionary-
conserved sequence motifs in the promoters of genes in comparison to the
background (in the non-coding sequence of the genome), one can detect short
motifs that are specific to a co-regulated set of genes (12, 13). Transcription factor
binding site recognition correlated with detected motifs are an extremely powerful
approach towards modeling gene regulatory networks.

We used as our target organism, Yersinia pestis, the causative agent of bubonic and
pneumonic plague, a most devastating disease. It has been suggested that Y. pestis
is a very recently evolved clone of Y. pseudotuberculosis, which causes a much less
severe gastroenteritis (1, 2). Like Escherichia coli, Yersinia are gram negative
Gammaproteobacteria, which has already facilitated the use of genetics to target
genes of interest for mutagenesis experiments (Lao et al., manuscript in
preparation).

Our original plan was to rigorously evaluate the success of the binding site motif
predictions in identifying functional regulatory elements by creating defined motif
mutants and looking at differences in expression of reporter gene constructs. Two
types of knockout mutants were to be designed, those harboring deletions of the
conserved motif, and those with nucleotide substitutions at the most conserved
nucleotides found within the motif. Understanding the determinants of gene
regulation would have a great impact in understanding how microbes develop,
survive, adapt and interact with their environments (and other organisms). For
example in Y. pestis and its relatively benign near-neighbor Y. pseudotuberculosis,
differences in gene regulation may provide clues into Y. pestis pathogenicity, its life
cycle and the evolution of plague. Our ultimate goal was to gain a better
understanding of microbial genome regulons and regulatory networks by applying
these methods to other prokaryotic systems, including those of interest to the DOE
GTL-Genomics program, and to NIH biodefense targets. Unfortunately, due to
funding constraints, the last half of this project was not undertaken. Here we report
our progress in developing methods to identify candidate, conserved transcription
factor binding sites, as applied to a Select Agent, Yersinia pestis. A de novo search
algorithm for such sites would provide an important tool for genome, transcriptome,
and systems biology studies.



Research Activities and Results

As part of our project outline, we designed and tested a genomics/bioinformatics
approach for genome-wide prediction of putative transcription factor binding sites in
prokaryotic systems. We utilized Yersinia pestis as a model organism to study the
application of transcription factor binding site-detecting alignment algorithms.
Available to us at the time, due to our sequencing initiative, were seven complete
genomes, four of which were published [the published Y. pseudotuberculosis strain
IP32953 and Y. pestis strains CO92, KIM and 91001 (5, 6, 15, 17) as well as three
other unpublished genomes at the time, Y. pestis strains Antiqua, Nepal516 and
PestoidesF], their gene sets and expression microarray data (14). Combined, this
allowed us to carefully map specific regulons that function in Yersinia spp., which
could then be applied to a wide range of bacteria.

First, we collated all known genomic data for the Yersinia. We added the complete
sequences of the recently sequenced Yersinia pestis strains Pestoides F, Antiqua and
Nepal516 to perform annotation and alignments. We generated comparison profiles
of the previously sequenced complete genomes of Yersinia using a version of the
Basic Local Alignment Search Tool (3, 16), then integrated these into local data
structures to create a web browser displaying both coding and non-coding sequence
conservation (see Figure 1) using the reference genome of Y. pseudotuberculosis
IP32953.

Multiple alignments of all available genomes for Yersinia confirmed that intergenic
regions were conserved only among members of a species, with divergence seen
between orthologous genes in different species of Yersinia (here, Y.
pseudotuberculosis is treated as the same species as Y. pestis despite their different
clinical etiologies; in fact, the two share greater than 95% sequence identity and
genome-genome hybridization experiments both suggest that the two should be
reclassified as the same species). The genomes of E. coli and Salmonella are very
divergent from Y. pestis/Y. pseudotuberculosis and Y. enterocolitica varies
specifically in the intergenic regions, suggesting changes in regulation of these genes
or divergence of transcription factors as well as their binding sites.

Next, we analyzed Y. pestis microarray gene expression patterns as a function of
temperature (26° vs 37°C) to establish sets of strongly up- and down-regulated
genes and identified members of co-regulated gene sets in Yersinia. It is of utmost
importance to be able to test and train the search algorithm on a set of genes known
to be co-regulated upon exposure to certain conditions. A Yersinia DNA chip was
constructed by LLNL and differential gene expression was measured from cells grown
at 26 and 37 degree Celsius (14). Of the predicted ~4,500 genes in the Yersinia
genome, 235 genes were upregulated and 274 were downregulated upon shift from
26 to 37°C (see Figure 2).
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Figure 1. Screenshot of similarity across a multiple genome alignment. The
reference genome of Y. pseudotuberculosis IP32953 (genes are below the blue
horizontal bar, colored either yellow or light blue - representing top and bottom
coding strand) was used for aligning the genomes of several bacterial genomes
and all the Yersinia genomes. Displayed are Salmonella typhi, Escherichia coli, Y.
enterocolitica, and Y. pestis strains 91001, C0O92, and KIM10+ (from top to
bottom). The red horizontal bars above each graph represent those sequences
that are conserved with the reference genome. The X axis represents a 15 kb
stretch of the reference genome; the Y axis represents the level of similarity
(from 50-100%), broken down into the six genomes being compared. Red
represents conserved intergenic regions, blue represents conserved coding
regions and white represents less- or non-conserved sequences.
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Figure 2. Y. pestis primary metabolic pathways affected by shift of growth
temperature. The colors show the expression changes upon shift in growth
temperature from 26 to 37°C. The red arrows and the green arrows represent
the genes induced and repressed at 37°C, respectively. The gene names are
colored in the same way as the arrows with the late-regulated gene names
underlined. The dashed lines indicate enzymes known to be inactive in Y. pestis
(i.e. genes zwf and aspA). The gene names are designated according to the
annotated Y. pestis CO92 genome.



Utilizing curated gene annotations, as well as gene ontology (GO) and molecular
interaction (KEGG) databases, we clustered these thermally-regulated gene datasets
into categories of similar function and began to define conserved elements that
corresponded to transcription factor binding sites. Through multiple iterations of
clustering co-regulated genes and identifying putative conserved motifs, we refined
our model to allow identification of average bacterial promoter architecture. We also
created position weight matrices for putative transcription factor binding sites and
used these to search for additional, previously missed motifs elsewhere in the
genome to identify other members of the regulon, corroborating this with expression
data. Modifications and multiple iterations of its implementation are expected to be
necessary. We identified a number of statistically overrepresented sequence motifs
in the regions upstream of thermally co-regulated Y. pestis chromosomal genes and
have shown a strong correlation between known transcription factor binding sites
and observed up- and down-regulated metabolic pathways in Y. pestis.

To complement these results, we began to explore whether binding site motifs and
gene networks predicted in E. coli, another member of the Gammaproteobacteria
Class, can be extrapolated to Yersinia. These putative and known functional
regulatory sequence elements were used to search the Yersinia genomes for similar
conserved motifs. We then evaluated the gene products of possibly co-regulated
genes and their involvement in known metabolic pathways as well as correlation with
the microarray data (see Figure 3). We identified a number of motifs in the
promoters of Yersinia genomes that corresponded to the transcription factor binding
sites of several global regulators in E. coli, such as Crp and ArcA. The genes
downstream of these binding sites responded as one would expect if they were
regulated by Crp and ArcA Yersinia homologs in the microarray experiments
involving exposing Y. pestis strains to different temperatures (26 vs 37 degrees
Celcius), which essentially mimicks a lifestyle change from a relatively aerobic
environment for one that is microaerophilic or anoxic. Other regulators identified
include RpoN (NtrA), Fnr, IcIR and several others (see Figure 3). Encouragingly,
both methods, the de novo identification and using known motifs from a relatively
close relative genome, resulted in a largely overlapping set of putative transcription
factor binding sites (data not shown) that correlate well with known expression
profiles.

For future experimental validation of both the putative transcription factor binding
sites as well as the regulators that are predicted to bind these sites and affect
change, a set of vectors suitable for use in Yersinia were constructed, tested. We
developed a specific set of vectors that were already used for generating targeted
mutations in both Y. pestis and Y. pseudotuberculosis (Lao et al., manuscript in
preparation). These constructs now have restricted applications due to regulations
on the use of antibiotic resistance genes and cassettes in Select Agent pathogens,
thus the development of a novel system would be required to carry out experimental
analyses.
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Figure 3. Computationally identified binding sites for global regulators in Y. pestis
correlated with gene expression patterns over time in response to temperature
shift.



Future Directions

There now exist involved methods to determine statistically overrepresented
sequences given a set of global expression data, and there are procedures in place to
identify sequences that are similar to known transcription factor binding sites.

Future directions within this field should focus on expanding the set or database of
known transcription factor binding sites to include putative binding sites derived from
studying global expression, including those under the control of unknown regulators.
This will be particularly problematic for pathogens with only distant relatives that
have been sequenced and studied, such as Francisella tularensis. One of the future
goals for work on transcription factor binding sites in pathogens is to identify possible
virulence targets based on shared binding site motifs with known virulence factors.
The confirmation of the regulatory function of a small number of predicted
transcription factors and their identified binding sites in in vivo studies will be crucial
to better understand the transcriptional landscape. The implementation of
algorithms for de novo identification of putative transcription factor binding sites can,
in principle, be applied to any sequenced microbial genome, thus opening up a very
large sphere of research in both applied environmental and biodefense applications.

Summary

This project examined a de novo whole genome search technique to identify
candidate binding site motifs in microbial systems, specifically Yersinia pestis. The
ability to identify these binding sites is an important tool for genome, transcriptome,
and systems biology. We have developed a number of computational programs to
parse data generated by DNA microarrays, and to cluster genes into groups that
have similar expression patterns. We have also combined alignment and motif
searching tools to identify DNA regions that are statistically overrepresented among
thermoregulated genes and thus may be involved in adapting to a new environment.
We identified that motifs corresponding to the E. coli Crp and ArcA regulator binding
sites, were present in promoters of many genes strongly upregulated 1 hour after Y.
pestis is grown at human body temperature, while Fnr and RpoN appear to be
involved in downregulating genes during this environmental switch, providing new
insights and targets for future studies. This fits particularly well with the Crp, Fnr,
and ArcA pathways, involving catabolite repression and aerobic respiration, since
Yersinia is required to switch to a different carbon source and must adapt quickly to
a microaerobic environment. Overall, the identification of regulons under
transcription factor control allows scientists to explore gene regulation and better
understand regulatory networks in microbial organism(s). This impacts the field of
genomics, particularly in exploring and understanding global regulation and response
to environmental cues, and the difficult translation from genome sequence to
genome function.
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