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Abstract 

Understanding the regulation of gene expression, transcription regulation in particular, is 
one of the grand challenges of molecular biology. Transcription regulation is arguably the most 
important foundation of cellular function, since it exerts the most fundamental control of the 
abundance of virtually all of a cell’s functional macromolecules. Nevertheless, this process, 
perhaps because of its difficulty, has been the subject of only a limited number of genomic level 
analyses. We have undertaken bioinformatics projects to address this issue by developing (1) a 
cross-species comparison method (i.e. phylogenetic footprinting) for the identification of 
transcription factor binding sites, (2) a Bayesian clustering method to identify regulons, (3) an 
improved scanning algorithm that uses a position weight matrix and several related species 
sequence data to locate transcription factor binding sites, and (4) a method to predict cognate 
binding sites for transcription factors of unknown specificity. These bioinformatics methods 
were developed using the model proteobacterium Escherichia coli, with further applications to 
the genomes of environmentally significant microbes (Rhodopseudomonas palustris, Shewanella 
oneidensis) in later years of the grant. 
 
Summary 
 Accomplishments under this award fall into two general categories: bioinformatics 
technology development and bioinformatics applications to transcription regulation studies of 
bacterial species of environmental interest. 
 
   I. Bioinformatics technology development 
 We have continued work on the Gibbs Sampler for motif discovery, developing the Gibbs 
Recursive Sampler for locating multiple transcription factor binding sites for multiple 
transcription factors simultaneously (4), and improving the interface for the web server for this 
program. In an effort to make the Gibbs Sampler more accessible to the research community, we 
have contributed a chapter to Current Protocols in Bioinformatics (9) that provides detailed 
instructions on the operation of the web-based interface to the Gibbs Sampler and advanced 
examples of its use. We have also worked to incorporate phylogeny into our cross-species 
methods to study transcription regulation. Two goals were accomplished: the development of a 
statistical approach to calculate the effective sample size for sequence data from sets of related 
species, showing that phylogenetically correlated sequence data are significantly more effective 
for identification of conserved fragments than for pattern identification (7), and a comparison of 
sequence weights to a maximum-likelihood method based on species phylogeny for the 
estimation of a consensus distribution of nucleotides at any position in a sequence alignment (11). 
This research on phylogeny will continue under a GTL award (DE-FG02-04ER63942), with the 
development of a phylogenetically rigorous Gibbs sampling algorithm already underway. 

Using Escherichia coli as a model system with additional gamma-proteobacterial 
genomes, we made significant progress in the further development of comparative genomics 
methods for identification of transcription factor binding sites (i.e., cis regulatory elements) and 
regulons. We systematically analyzed which species are most useful and how many genomes are 
sufficient for comparison with respect to phylogenetic footprinting of transcription factor binding 
sites in the gamma proteobacteria, determining that just three species were sufficient for 
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approximately 74.0% of the motif predictions to correspond to the experimentally reported E. 
coli sites, and important characteristics to consider when choosing species were phylogenetic 
distance, genome size, and natural habitat (3).  An evaluation of the statistical significance of the 
motif predictions was also accomplished using simulations on randomized data (3).  Using these 
E. coli data, we have developed a Gibbs sampling-based Bayesian motif clustering (BMC) 
algorithm to predict regulons from phylogenetic footprinting motifs (5); this algorithm determines 
the number of clusters automatically, tolerates substantial variation in motif alignments and 
motif size, handles variable motif widths, misalignment among motifs, and non-informative 
motif positions, and provides a confidence measure on the clustering result. We have also 
developed an algorithm to predict new members of partially characterized regulons using a 
multiple species approach (15). PhyloScan is a scanning algorithm that uses a position weight 
matrix and combines evidence from matching sites found in orthologous data from several 
related species, statistically accounting for the phylogenetic dependence of the species 
contributing data to locate transcription factor binding sites; the statistical significance of the 
TFBS predictions is calculated directly, without employing training sets. When using sequence 
data from multiple gamma-proteobacteria, PhyloScan identified 19-fold more Crp and PurR 
binding sites than were found using E. coli data alone (15).  Our E. coli regulon predictions have 
also been used in collaboration with Gary Stormo to develop a computational method to connect 
transcription factors of unknown specificity with novel DNA motifs discovered by phylogenetic 
footprinting and clustering (10). 
 
   II.  Bioinformatics applications 

Our interest in Shewanella oneidensis and collaborations within the Shewanella 
Federation have grown during the award period. We have published on two collaborations. (a) 
By analyzing transcriptomic data from Jizhong Zhou’s lab, we defined the ferric uptake regulator 
(Fur) regulon (8). (b) Through inclusion of regulatory predictions, we contributed to improved 
functional annotations of several S. oneidensis genes (12). We are now continuing to work with 
the Federation to improve annotation of the S. oneidensis MR-1 genome. We have made the 
following data are available to Federation members on Margie Romine’s web site 
(https://www.emsl.pnl.gov/shewanella/Genome/Annotation.Working.Group.html), to aid the 
annotation efforts: (a) predictions of operons to aid in identifying functionally related genes and 
thus aid in the functional annotation of those genes; (b) delineation of a previously unrecognized 
repeat sequence of ~280 base pairs (66 copies in the genome) that does not appear to code for a 
protein; and (c) multiple sequence alignments (ClustalW) of orthologous protein sequences from 
the additional Shewanella genomes available from JGI. Additionally, an improved phylogenetic 
footprinting methodology has been developed to take advantage of the multiple Shewanella 
genomes; this method uses the ORNL pipeline annotation of the genomes to identify sets of 
unambiguous orthologs by reciprocal best-hit methodology between all pairs of species. By 
generating orthologous data sets that are not reliant on a single “reference” genome to define the 
genes of interest and the orthologous relationships, we will be able to make regulatory 
predictions for genes that are present in any subset of the Shewanella species that exhibit novel 
and interesting phenotypes (e.g., arsenic respiration). With this new ortholog identification 
procedure already in place, phylogenetic footprinting and clustering among the Shewanella 
genomes will commence as soon as reannotation of S. oneidensis MR-1 is complete, and will be 
supported by a GTL award (DE-FG02-04ER63942). 
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While not originally proposed in the grant as a target species, Rhodopseudomonas 
palustris is of interest to DOE because of its diverse metabolic capabilities. Using comparative 
data from seven other alpha-proteobacterial species, we have completed a genome-scale 
phylogenetic footprinting and clustering study of R. palustris (13). A total of 4,963 motifs were 
predicted for 2,044 R. palustris genes and operons, and a subset of motifs (1730 unique motifs, 
p<0.2) were clustered using the Bayesian Motif Clusterer. Analysis of the resulting 101 clusters 
produced a number of significant findings, including: (a) RPA0828 was identified as the likely 
regulator of organic hydroperoxide resistance by the presence of an auto-regulatory site; (b) the 
PpsR regulon, controlling the expression of photosynthetic pigment synthesis genes and two of 
the four light harvesting II complexes, was described; (c) the flagellar regulon, controlled by 
FlbD, was identified, and a member of this regulon, RPA1026, was predicted to be important in 
cell-cycle control; (d) four nitrogen regulatory clusters were described (FixK2, NnrR, NtrC, 
Sigma54) and represent an important first step in understanding nitrogen fixation in this species; 
and (e) conserved regions of a predicted cobalamine riboswitch, upstream of the metF gene were 
identified and similar signals upstream of metE indicate that an additional, potentially novel, 
riboswitch may exist. 

To study gene regulation in Deinococcus radiodurans, we have collaborated with John 
Battista to analyze microarray data produced by his lab. By analyzing the promoter regions of 
co-expressed genes, we have been able to predict a putative regulatory motif upstream of genes 
that are up-regulated by ionizing radiation or desiccation. As additional Deinococcus genomes 
become available from JGI, we will explore the feasibility of phylogenetic footprinting for this 
species. 

Research for cyanobacteria focused on the nitrogen assimilation (NtcA) regulon in 
Synechocystis PCC6803. We have developed a method to expand this regulon using the Gibbs 
Motif Sampler to analyze the set of all intergenic sequences of the Synechocystis PCC6803 
genome and using the previously identified NtcA binding motif as prior information (14). We 
have identified 37 intergenic regions upstream of 56 genes (several divergently transcribed genes 
share intergenic regions) that contain sites similar to the NtcA motif. NtcA is a member of the 
Crp/Fnr family of paralogous transcription factors, of which there are four total in the 
Synechocystis PCC6803 genome. Further analysis of the 37 intergenic sequences using the Gibbs 
sampler identified two distinct motifs from the set of 37 intergenic sequences: one motif is made 
up of 24 sites and includes a verified NtcA binding site (upstream of amiC), and the second motif 
is made up of 13 sites that likely represent binding sites for one or more of the NtcA paralogs 
(sll0594, sll1924, or sll1371). 
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Web site development supported by DE-FG02-01ER63204 
 
Extensive modification and updates were made to the following web sites:  
http://bayesweb.wadsworth.org/prokreg.html 

We revised the presentation format of our genome-wide motif predictions for E. coli and R. 
palustris, it is more user-friendly and this format will be used for future presentation of 
predictions made for other species. 

http://bayesweb.wadsworth.org/gibbs/gibbs.html 
We redesigned the Gibbs Motif Sampler homepage and web server pages to simplify 
sequence entry and selection of program options, as well as providing detailed examples.   

 
 
Publications supported wholly or in part by DE-FG02-01ER63204 
 
1. Bayesian methodology in genomics research. (2001) Jun S. Liu, Xiaole Liu, Mayetri 

Gupta, and  Charles E. Lawrence. Case Studies in Bayesian Statistics, Carnegie Mellon 
University,  http://lib.stat.cmu.edu/bayesworkshop/2001/invited.html#liu 
Review of selected probabilistic models for motif discovery and Bayesian segmentation. 

 
2. An application of nonlinear optimization in molecular biology.  (2002) J.G. Ecker, M. 

Kupferschmid, Charles E. Lawrence, Andrew A. Reilly, and A.C.H. Scott.  European 
Journal of Operations Research, 138(2): 452-458.  
http://sciserver.lanl.gov/cgi-
bin/sciserv.pl?collection=journals&journal=03772217&issue=v138i0002&article=452_aaon
oimb&form=fulltext 
Describes a nonlinear optimization model for transcription factor binding site identification. 

 
3. Factors influencing the identification of transcription factor binding sites by cross-

species comparison. (2002) Lee Ann McCue, William Thompson, C. Steven Carmack, and 
Charles E. Lawrence. Genome Research, 12(10):1523-1532. 
http://www.genome.org/cgi/content/full/12/10/1523 
Describes a systematic analysis of which species are most useful and how many genomes 
are sufficient for comparison with respect to phylogenetic footprinting of transcription factor 
binding sites in the gamma proteobacteria, as well as an evaluation of the statistical 
significance of the motif predictions. 

 
4. Gibbs Recursive Sampler: finding transcription factor binding sites. (2003) William 

Thompson, Eric C. Rouchka, and Charles E. Lawrence. Nucleic Acids Research, 31(13): 
3580-3585.  
http://nar.oxfordjournals.org/cgi/content/full/31/13/3580 
Describes the Gibbs Recursive Sampler for locating multiple transcription factor binding 
sites for multiple transcription factors simultaneously, as well as operation of the web server 
for this program. 

 
5. Identification of co-regulated genes through Bayesian clustering of predicted 

regulatory binding sites. (2003) Zhaohui S. Qin, Lee Ann McCue, William Thompson, 
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Linda Mayerhofer, Charles E. Lawrence, and Jun S. Liu. Nature Biotechnology, 21(4):435-
439.  
http://www.nature.com/nbt/journal/v21/n4/full/nbt802.html 
Describes the development of a Gibbs sampling-based Bayesian motif clustering (BMC) 
algorithm to predict regulons from phylogenetic footprinting motifs; the algorithm addresses 
problems associated with the lack of knowledge on the number of clusters and sizes of 
regulons, the limited data available to characterize individual binding patterns, and the 
variations in motif alignment, motif width, and base conservation. 

 
6. Discussions on “A Bayesian approach to DNA sequence segmentation”. (2004) Charles 

Lawrence and Ivan Auger. Biometrics, 60(3): 581.  
http://www.blackwell-synergy.com/doi/abs/10.1111/j.0006-341X.2004.206_2.x 

 
7. Mammalian genomes ease location of human DNA functional segments but not their 

description. (2004) Lee A. Newberg and Charles E. Lawrence. Statistical Applications in 
Genetics & Molecular Biology, vol. 3: no.1, article 23. 
http://www.bepress.com/sagmb/vol3/iss1/art23/ 
Describes the development of a statistical approach to calculate the effective sample size for 
sequence data from sets of related species; results show that phylogenetically correlated 
sequence data are significantly more effective for identification of conserved fragments than 
for pattern identification. This technology was developed and applied to both prokaryotes 
and eukaryotes but the application in this paper was on mammals. 

 
8. Transcriptomic and proteomic characterization of the Fur modulon in the metal-

reducing bacterium Shewanella oneidensis. (2004) Xiu-Feng Wan, Nathan C. 
VerBerkmoes, Lee Ann McCue, Dawn Stanek, Heather Connelly, Loren J. Hauser, Liyou 
Wu, Xueduan Liu, Tingfen Yan, Adam Leaphart, Robert L. Hettich, Jizhong Zhou, and 
Dorothea K. Thompson. Journal of Bacteriology, 186(24):8385-8400. 
http://jb.asm.org/cgi/content/full/186/24/8385?view=long&pmid=15576789 
In collaboration with several Shewanella Federation researchers, we analyzed transcriptomic 
and proteomic data to define the ferric uptake regulator (Fur) regulon in Shewanella 
oneidensis MR-1. 

 
9. Using the Gibbs Motif Sampler to find conserved domains in DNA and protein 

sequences. (2005) William Thompson, Lee Ann McCue, and Charles E. Lawrence. In 
Current Protocols in Bioinformatics (eds. A.D. Baxevanis, D.B. Davison, R.D.M. Page, 
G.A. Petsko, L.D. Stein, and G.D. Stormo), pp.2.8.1-2.8.38. John Wiley & Sons, Inc., New 
York, NY. 
http://www.mrw.interscience.wiley.com/cp/cpbi/articles/bi0208/frame.html 
Provides detailed instructions on the operation of the web-based interface to the Gibbs 
Sampler, with advanced examples of its use. 

 
10. Making connections between novel transcription factors and their DNA motifs.  (2005) 

Kai Tan, Lee Ann McCue, and Gary D. Stormo. Genome Research, 15(2):312-320. 
http://www.genome.org/cgi/content/full/15/2/312 
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Describes a computational method to connect transcription factors of unknown specificity 
with novel DNA motifs discovered by phylogenetic footprinting; the method provides a 
probability measure for the predicted pairs. 

 
11. The relative inefficiency of sequence weights approaches in determining a nucleotide 

position weight matrix. (2005) Lee A. Newberg, Lee Ann McCue, and Charles E. 
Lawrence. Statistical Applications in Genetics & Molecular Biology, vol. 4: no. 1, article 13. 
http://www.bepress.com/sagmb/vol4/iss1/art13 
Describes comparison of sequence weights to a maximum-likelihood method based on 
species phylogeny for the estimation of a consensus distribution of nucleotides at any 
position in a sequence alignment. 

 
12. Global profiling of Shewanella oneidensis MR-1: expression of hypothetical genes and 

improved functional annotations.  (2005) Eugene Kolker, Alex F. Picone, Michael Y. 
Galperin, Margaret F. Romine, Roger Higdon, Kira S. Makarova, Natali Kolker, Gordon  A. 
Anderson, Xiaoyun Qiu, Kenneth J. Auberry, Gyorgy Babnigg, Alex S. Beliaev, Paul 
Edlefsen, Dwayne A. Elias,  Yuri A. Gorby, Ted Holzman, Joel A. Klappenbach, 
Konstantinos T. Konstantinidis, Miriam L. Land, Mary S. Lipton, Lee Ann McCue, 
Matthew Monroe, Ljiljana Pasa-Tolic, Grigoriy Pinchuk, Samuel Purvine, Margrethe H. 
Serres, Sasha Tsapin, Brian A. Zakrajsek, Wenhong Zhu, Jizhong Zhou, Frank W. Larimer, 
Charles E. Lawrence, Monica Riley, Frank R. Collart, John R. Yates, 3rd, Richard D. Smith, 
Carol S. Giometti, Kenneth H. Nealson, James K. Fredrickson, and James M. Tiedje. 
Proceedings of the National Academy of Sciences, U S A. 102(6):2099-2104. 
http://www.pnas.org/cgi/content/full/102/6/2099 
A collaboration of several Shewanella Federation researchers, this paper describes using a 
combination of experimental and computational analyses to provide more detailed 
functional annotations of many genes, including many previously identified hypothetical 
genes. 

 
13. Rhodopseudomonas palustris regulons detected by cross-species analysis of alpha-

proteobacterial genomes.  (2005) Sean Conlan, Charles E. Lawrence, and Lee Ann McCue. 
Applied and Environmental Microbiology, 71(11):7442-7452. 
http://aem.asm.org/cgi/content/full/71/11/7442 
Describes phylogenetic footprinting and clustering with alpha-proteobacterial genomes to 
predict regulatory signals in R. palustris; known regulons were detected and expanded, and 
new regulons were predicted. 

 
14. Characterization of Mycobacterium tuberculosis Rv3676 (CRPMt), a cyclic AMP 

receptor protein-like DNA binding protein. (2005) Guangchun Bai, Lee Ann McCue, and 
Kathleen A. McDonough. Journal of Bacteriology, 187(22):7795-7804. 
http://jb.asm.org/cgi/content/full/187/22/7795?view=long&pmid=16267303 
This paper describes an application of the methodology developed to expand a regulon using 
the Gibbs Motif Sampler on a set of all intergenic sequences from a genome and a known 
binding motif as prior information. This paper is a collaboration on the M. tuberculosis 
genome, but describes the same Gibbs Sampler method that was applied to Synechocystis 
PCC6803. 
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15. PhyloScan: identification of transcription factor binding sites using cross-species 
evidence.  C. Steven Carmack, Lee Ann McCue, Lee A. Newberg, and Charles E. 
Lawrence, submitted to BMC Bioinformatics. 
Describes PhyloScan, a scanning algorithm that uses a position weight matix and combines 
evidence from matching sites found in orthologous data from several related species, 
statistically accounting for the phylogenetic dependence of the species contributing data to 
locate transcription factor binding sites; the statistical significance of the TFBS predictions 
is calculated directly, without employing training sets. 

 
16. Microbial species comparison using pairwise percent identities. Sean Conlan and Lee 

Ann McCue, submitted to Biotechniques. 
Presents a program to automate the task of performing pairwise sequence alignments 
between sets of homologous sequences at a genome-scale; the mean, median and standard 
deviation of the percent identities for the genes common between a species pair are then 
calculated. 

 
 
Contributions to sequencing proposals  
(funding of which supports research encompassed by DE-FG02-01ER63204) 
 
1. Sequencing of multiple strains of Shewanella, facultative metal-reducing gamma 

proteobacteria. James Fredrickson, Eugene Kolker, Charles Lawrence, Lee Ann McCue, 
Thomas DiChristina, and Kenneth Nealson.  
DOE funded sequencing of seven Shewanella genomes for FY2004 in the DOE Microbial 
Genome Program.  http://www.jgi.doe.gov/sequencing/DOEmicrobes.html 
 

2. Sequence multiple strains of Shewanella to advance understanding of their metal-
reducing physiology and ecological potential. James Fredrickson, Eugene Kolker, Lee 
Ann McCue, Thomas DiChristina, Kenneth Nealson, Dianne Newman, James M. Tiedje, 
and Jizhong Zhou.  
DOE funded sequencing of five Shewanella genomes for FY2005 in the DOE Microbial 
Genome Program.  http://www.jgi.doe.gov/sequencing/DOEmicrobes2005.html 
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