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Abstract

The knowledge obtained from understanding individual elements involved in gene regulation is important for reconstructing gene
regulatory networks, a key for understanding cellular behavior. To study gene regulatory interactions in a model microorganism,
Geobacter sulfurreducens, which participates in metal reduction and energy harvesting, we investigated the presence of 59 known

Abbreviations: ABC, ATP-binding cassette; ATP, adenosine triphosphate; COG, clusters of orthologous groups; OmcB, outer membrane c-type
cytochrome B; OmcC, outer membrane c-type cytochrome C; ORF, open reading frame; PID, GenBank protein identifier; S.D., standard deviation;
Tu, transcription unit (singleton open reading frame not assigned to any operon); Ada, adaptive response to alkylating agents regulatory protein;
AraC, arabinose operon regulatory protein; ArcA, aerobic respiration control protein ArcA; ArgR, arginine regulatory operon; CarP, aminopeptidase
A/l, alternate name PepA; CpxR, transcriptional regulator CpxR; CRP, cyclic AMP receptor protein; CspA, cold shock protein 7.4; CynR, cyn operon
positive regulator; CysB, positive transcriptional regulator for cysteine regulon; CytR, transcriptional regulator CytR; DeoR, transcriptional repressor
for deo operon; DnaA, DNA-binding protein A; FadR, transcriptional regulator FadR; FarR, fatty acyl responsive regulator; Fecl, RNA polymerase
sigma factor (¢''?); FhlA, formate hydrogen-lyase transcriptional activator for fdhF, hyc and hyp operons; Fis, factor for inversion stimulation;
FIhC, FIhC subunit of the FIhCD regulator of flagellar biosynthesis; FIhD, FIhD subunit of the FIhCD regulator of flagellar biosynthesis; FliA,
RNA polymerase sigma factor (oF); Flp, FNR-like protein; FNR, FNR transcriptional dual regulator; FruR, FruR transcriptional dual regulator;
Fur, ferric uptake regulator; GalR, repressor of galETK operon; GevA, positive regulator of the gev (glycine cleavage system) operon; GInG, NtrC
transcriptional dual regulator; GIpR, Repressor of the glycerol-3-phosphate regulon; HimA, integration host factor (IHF), alpha subunit; HimD,
integration host factor (IHF), beta subunit; HipB, HipB transcriptional activator; H-NS, histoid-like nucleoid structuring protein; HU, heat-unstable
nucleotide protein; HupA, DNA-binding protein HU, alpha subunit; HupB, DNA-binding protein HU, beta subunit; IcIR, acetate operon repressor;
IHF, integration host factor; IIvY, IlvY transcriptional dual regulator; Lacl, transcriptional repressor of the lac operon; LexA, LexA transcriptional
repressor; Lrp, leucine-responsive regulatory protein; MalT, positive regulator of mal regulon; MarR, repressor of mar operon; MelR, melibiose
catabolism regulatory protein; MetJ, Met] transcriptional repressor; MetR, MetR transcriptional activator; ModE, molybdate uptake regulatory
protein; NagC, transcriptional repressor of N-acetylglucosamine operon; NarL, nitrate/nitrite response regulator NarL; NarP, nitrate/nitrite response
regulator NarP; NtrC, NtrC transcriptional dual regulator, alternate name GInG; OmpR, response regulator affecting transcription of ompC and
ompF: outer membrane protein synthesis; OxyR, OxyR bifunctional regulatory protein sensor for oxidative stress; PepA, aminopeptidase A/I,
alternate name CarP; PdhR, transcriptional regulator for pyruvate dehydrogenase complex; PhoB, unmodified phosphate regulon transcriptional
regulatory protein PhoB; PurR, PurR transcriptional repressor; RhaS, positive regulator for rhaBAD operon; RpoD, RNA polymerase sigma factor
(679); RpoE, sigma factor (¢>*); RpoH, sigma factor (632); RpoN, sigma factor (c°*); RpoS, RNA polymerase sigma factor (a°, or 038); SoxS$,
regulator of superoxide response regulon; TorR, transcriptional dual regulator TorR; TrpR, transcriptional repressor TrpR; Tus, terminus utilization
substance; TyrR, transcriptional regulator of aromatic amino acids metabolism
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Escherichia coli transcription factors and predicted transcription regulatory sites in its genome. The supplementary material, available
at http://www.geobacter.org/research/genomescan/, provides the results of similarity comparisons that identified regulatory proteins
of G. sulfurreducens and the genome locations of the predicted regulatory sites, including the list of putative regulatory elements
in the upstream regions of every predicted operon and singleton open reading frame. Regulatory sequence elements, predicted
using genome similarity searches to matrices of established transcription regulatory elements from E. coli, provide an initial insight
into regulation of genes and operons in G. sulfurreducens. The predicted regulatory elements were predominantly located in the
upstream regions of operons and singleton open reading frames. The validity of the predictions was examined using a permutation
approach. Sequence similarity searches indicate that E. coli transcription factors ArgR, CytR, DeoR, FIhCD (both FIhC and FIhD
subunits), FruR, GalR, GIpR, H-NS, Lacl, MetJ, PurR, TrpR, and Tus are likely missing from G. sulfurreducens. Phylogenetic
analysis suggests that one HU subunit is present in G. sulfurreducens as compared to two subunits in E. coli, while each of the
two E. coli IHF subunits, HimA and HimD, have two homologs in G. sulfurreducens. The closest homolog of E. coli RpoE in
G. sulfurreducens may be more similar to Fecl than to RpoE. These findings represent the first step in the understanding of the
regulatory relationships in G. sulfurreducens on the genome scale.

© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Recent successes of genome sequencing projects
have made it possible to compare the whole genome
sequence information from different organisms in order
to unveil their regulatory interactions. Multiple studies
have attempted to identify transcription factor binding
sites using genome-wide searches in either prokaryotic
or eukaryotic species using information from known
footprinted transcription regulatory elements within the
same species or from other species (Chen et al., 1995;
Thieffry et al., 1998; Tan et al., 2001; Studholme and
Pau, 2003; Zheng et al., 2003; Guia et al., 2005). The use
of known footprinted motifs from one species to search
the genome sequence of another species has provided
successful binding site predictions and new insights into
regulatory mechanisms. The success of this approach
has suggested some amount of conservation of certain
transcription factor recognition sites among divergent
species, including lineages of Proteobacteria (Tan et al.,
2001; Studholme and Pau, 2003; Rodionov et al., 2004;
Guia et al., 2005). A similarity search using matrices
of footprinted regulatory elements has an advantage of
allowing one to rapidly scan the entire genome to identify
potential promoters and regulatory elements.

When interpreting the results of a cross-species search
for transcription regulatory elements in bacteria, it is
important to consider the location of the predicted ele-
ments relative to the start of the operons and open reading
frames (ORFs). The noncoding regions upstream of
operons usually contain promoters and are enriched with
transcription factor binding sites (Thieffry et al., 1998;
Rhodius and LaRossa, 2003). However, internal promot-
ers and regulatory motifs also occur in intergenic regions
(Homuth et al., 1997; Thieffry et al., 1998; LeBlanc et

al., 1999; Vaillancourt et al., 2002) and, infrequently,
they are found inside open reading frames (Kormanec
and FarkaSovsky, 1993; Froehlich et al., 1994). Based
on this consideration, the proportion of regulatory sites
predicted in the upstream regions of the operons as
compared to the sequence elements predicted in other
genome locations may serve as an indicator of how likely
the predicted sequence sites are to be true transcriptional
regulatory elements.

Another step in eliminating false positive results
among transcription regulatory elements predicted using
interspecies comparisons is to verify whether transcrip-
tion factors for which the binding sites have been found
are indeed present in the organism of interest. While
many recent studies have focused on the conservation of
metabolic pathways across phylogenetic spectra, often
less attention is paid to the conservation of the tran-
scription regulators on the genome scale. We addressed
this question by employing a genome-wide search of a
dissimilatory metal-reducing and sulfur-reducing bacte-
rial species, Geobacter sulfurreducens (Caccavo et al.,
1994; Methé et al., 2003). We surveyed the G. sulfurre-
ducens genome sequence for the presence of homologs
of multiple transcription factors and of their binding sites
that have previously been reported in Escherichia coli
(Robison et al., 1998), a member of the y-subdivision of
Proteobacteria (Blattner et al., 1997).

G. sulfurreducens is a member of the 8 subdivision of
Proteobacteria (Lonergan et al., 1996). It was originally
isolated from surface sediments of a hydrocarbon-
contaminated drainage ditch (Caccavo et al., 1994).
Because species of Geobacter can use high molecular-
weight-organic compounds as electron donors and heavy
metals as electron acceptors, these organisms are impor-
tant for bioremediation of environments contaminated
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with metal, metalloid, and organic waste compounds
(Lovley, 1997; Holmes et al., 2002; Lovley, 2003). G.
sulfurreducens also has an important ability to generate
electricity by directly transferring electrons to elec-
trodes, suggesting it as a possible source of energy (Bond
and Lovley, 2003).

As part of the effort to understand the genetic poten-
tial and gene regulation of this important microorganism
(Lovley, 2002), we investigated the presence of 59 E.
coli transcription factors and their potential binding sites
in G. sulfurreducens. We also investigated the distribu-
tion of putative transcription regulatory elements relative
to predicted operon structure in the G. sulfurreducens
genome. Our study compared the presence of transcrip-
tion regulators, their predicted recognition sites, and
operon predictions in G. sulfurreducens, providing a
framework for a complex analysis of its transcription
regulatory interactions on a genome scale.

2. Materials and methods

2.1. Identification of transcription factors in the G.
sulfurreducens genome using similarity searches

The genome of G. sulfurreducens is 3814139 bp long (Gen-
Bank accession number AE017180), and it is located on a
single circular chromosome (Methé et al., 2003). We used
BLAST similarity searches to identify known transcription fac-
tors present in G. sulfurreducens. As a query, we used 59 E. coli
K-12 transcription factors listed in the DPInteract database?,
for which matrices of aligned footprinted binding sites have
previously been reported® (Robison et al., 1998) (Table 1).
Following the notation of Robison et al. (1998), in this report,
we use the term matrix to describe a set of aligned regula-
tory sequence elements recognized by a particular transcription
factor.

Protein sequences of 59 E. coli transcription factors
were obtained from the National Center for Biotechnology
Information*. The GenBank accession number for the E.
coli K-12 genome is NC_000913. Information about E. coli
transcription factors and their abbreviations was obtained
from DPInteract,” EcoCyc,” and BacTregulators® databases
(Robison et al., 1998; Karp et al., 2002; Martinez-Bueno et al.,
2004), and from the online supplement’ to a study by McCue
et al. (2002).

2 http://arep.med.harvard.edu/dpinteract/.

3 http://arep.med.harvard.edu/ecoli_matrices/.

4 E. coli K12, complete genome at the National Center for Biotech-
nology Information. http://www.ncbi.nlm.nih.gov/genomes/framik.
cgi?db=genome&gi=115.

5 http://ecocyc.org/.

6 http://www.bactregulators.org/.

7 http://bayesweb.wadsworth.org/binding_sites/study2.html.

Protein sequences of E. coli transcription factors were used
to query the entire set of protein data for G. sulfurreducens
present in GenBank by program blastp using default search
parameters. For heterodimer transcription factors FIhCD, THF,
and HU (Laine et al., 1980; Weglenska et al., 1996; Priif} et
al., 2003), sequences of both subunits were used in separate
BLAST searches (Table 1). To reduce the number of nonho-
mologous hits, sequences with blastp E-values of 10! or less,
as well as those with E-values of 1073 or less, were noted. To
identify the number of potential homologs for each E. coli pro-
tein, only one blastp hit with the lowest E-value was considered
for each G. sulfurreducens protein with a separate GI entry in
GenBank. If a blastp search of G. sulfurreducens protein data
returned no homologs of an E. coli transcription factor, we ver-
ified its absence by searching the entire nucleotide sequence
of the G. sulfurreducens genome using program tblastn with
default parameters.

In order to determine which of the identified blastp best
hits in G. sulfurreducens were potential orthologs of E. coli
proteins, we used the INPARANOID online tool for ortholog
identification® (Remm et al., 2001), to perform a reverse
BLAST?2 protein similarity search of E. coli proteins using
the G. sulfurreducens proteins as a query. Those transcrip-
tion factors that did not have a homolog in G. sulfurreducens
were excluded from the reverse searches. We noted as potential
orthologs those transcription regulators that were the best hits
of one another in bi-directional similarity searches of E. coli
and G. sulfurreducens proteins.

2.2. Phylogenetic analysis of HU, IHF, and RpoS protein
sequences

Protein sequences of E. coli and G. sulfurreducens
homologs of HU, IHF, and RpoE subunits were collected
using the National Center for Biotechnology Information
BLAST with Microbial Genomes server’. Sequences of E.
coli RpoE and subunits of HU and their best blastp hit
homologs in G. sulfurreducens (Table 1) were used as queries
in blastp similarity searches using default software parame-
ters to find other homologs in both species. Sequences were
aligned using the popular Clustal X v. 1.81 sequence align-
ment software (Thompson et al., 1997) using default alignment
parameters. Sequence alignments can be viewed at the online
supplement for this report (http://www.geobacter.org/research/
genomescan/). Positions in sequence alignments that contained
insertions or deletions were excluded from phylogenetic tree
inference. Phylogenetic trees were inferred with the commonly
used MEGA software v. 3.1 (Kumar et al., 2004) using the
neighbor-joining method, with Poisson correction of protein
distances for multiple substitutions. The significance of cluster-
ing was evaluated by bootstrap with 500 replications. The trees
were rooted at their midpoint (Graur and Li, 2000; Hall, 2004).

8 http://inparanoid.cgb.ki.se/.
9 http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?database
=83333.
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Table 1
Escherichia coli K-12 transcription factors and their homologs in the Geobacter sulfurreducens genome
Transcription ~ Location (bp) in E. coli Strand PID Lowest blastp ~ Accession No.of No.of Glhits  No. of GI
factor genome E-value in G. number of the GI hits  with £<0.1 hits with
sulfurreducens  best blastp hit E<0.1073
Ada 2307361-2308425 — 16130150 2 x 107! NP_952226 5 1 1
AraC 70387-71265 + 16128058 1x107° NP_954168 10 1
ArcA 4637159-4637875 — 16132218 2% 10731 NP_954159 112 99 92
ArgR* 3382338-3382808 — 16131127 6.0 NP_954340 3 0 0
CarP 4482008-4483519 — 16132082 2x107% NP_951392 8 1 1
CpxR 4102553-4103251 - 16131752 1x 1073 NP_954159 107 94 81
CRP 3483757-3484389 + 16131236 3x 10713 NP_954461 17 3 2
CspA 3717678-3717890 + 16131427 2x 1071 NP_952954 9 4 4
CynR 357015-357914 — 16128323 3x1074 NP_953831 23 10 8
CysB 1331879-1332853 + 16129236 3x107% NP_953831 17 8 7
CytR* 4121011-4122036 — 16131772 0.2 NP_951734 9 0 0
DeoR* 881199-881957 — 16128808 33 NP_952963 1 0 0
DnaA 3879954-3881357 — 16131570 6x10717 NP_952131 11 2 2
FadR 1234161-1234880 + 16129150 3x107° NP_954436 6 4 4
FarR 764376-765098 — 16128705 1x10~22 NP_951328 12 5 5
FhlA 2852361-2854439 + 16130638 1x 10776 NP_952182 63 38 34
Fis 3408908-3409204 + 16131149 5x 10712 NP_952057 28 15 4
FIhC* 1975290-1975868 16129843 0.2 NP_953563 10 0 0
FlhD* 1975871-1976230 — 49176166 3.5 NP_952912 5 0 0
FNR 1396798-1397550 — 16129295 4x10714 NP_954461 11 3 2
FruR* 88028-89032 + 16128073 0.33 NP_953970 9 0 0
Fur 709423-709869 — 16128659 10723 NP_952432 14 4 4
GalR* 2974621-2975652 + 16130741 0.58 NP_954440 9 0 0
GevA 2939672-2940589 — 16130715 9x 10714 NP_953831 11 8 8
GIpR* 3557480-3558238 — 16131297 0.23 NP_951328 9 0 0
HipB 1590200-1590466 — 16129467 0.004 NP_953586 11 4 0
H-NS* 1291732-1292145 — 16129198 0.95 NP_952447 3 0 0
HU (HupA) 4197859-4198131 + 16131830 2% 1072 NP_954173 14 5 5
HU (HupB) 460675-460947 + 16128425 4x1072 NP_954173 8 5 5
IcIR 4220383-4221246 — 16131844 7 x 10731 NP_951572 16 5 5
IHF (HimA) 1793277-1793576 — 16129668 2x1072 NP_952572 14 5 5
IHF (HimD) 963051-963335 + 16128879 2x 1071 NP_953647 14 5 5
vy 3954548-3955441 — 16131631 2x 10710 NP_953569 18 6 6
Lacl** 365652-366743 — 33347444 0.02 NP_953747 14 1 0
LexA 4254694-4255302 + 16131869 3x1073 NP_952668 22 2 2
Lrp 931818-932312 + 16128856 0.03 NP_954410 7 1 0
MalT 3550718-3553423 + 16131294 3% 1073 NP_954270 7 3 1
MarR 1617144-1617578 + 33347561 2% 1070 NP_952534 12 3 3
MelR 4338298-4339206 — 16131944 6x 1073 NP_954168 6 2 1
MetJ* 4125658-4125975 — 16131776 0.41 NP_953038 7 0 0
MetR 4009453-4010406 — 16131677 5x10713 NP_953569 13 7 5
ModE 793079-793867 - 16128729  2x 1073 NP_954006 7 1 1
NagC 699597-700817 — 16128652 3x10°2%8 NP_952753 6 1 1
NarL 1274402-1275052 — 16129184 4x1073 NP_952346 118 92 87
NarP 2288520-2289167 + 16130130 5% 1072 NP_954270 105 86 79
NtrC 4051449-4052858 — 16131708 9% 10799 NP_952057 123 110 102
OmpR 3533503-3534222 — 16131282 3x 1073 NP_953194 109 99 94
OxyR 4156069-4156986 + 16131799 2x 10731 NP_953831 14 7 7
PdhR 122092-122856 + 16128106 8 x 10~ NP_952677 23 6 5
PhoB 416366417055 + 16128384 3x 1074 NP_952155 106 98 93
PurR* 1735868-1736893 + 16129616 0.44 NP_952494 8 0 0
RhaS 4095317-4096153 + 16131745 4 %107 NP_954168 3 2 2
RpoD 3210688-3212529 + 16130963 1x 10717 NP_954130 15 4 4
RpoE 2707457-2708032 — 16130498 9x 107 NP_951778 6 3 2
RpoH 3597560-3598414 — 16131333 2% 1074 NP_951712 10 4 4
RpoN 3342358-3343791 + 16131092 6x10776 NP_952936 4 1 1
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Table 1 (Continued)

Transcription  Location (bp) in E. coli Strand PID Lowest blastp ~ Accession No.of  No.of Glhits  No. of GI

factor genome E-value in G. number of the ~ Gl hits with £E<0.1 hits with
sulfurreducens  best blastp hit E<0.1073

RpoS 2864582-2865574 — 16130648 8 x 10~ NP_952576 17 4 4

SoxS 4274639-4274962 — 16131888 2x1073 NP_954168 15 2 1

TorR 1056485-1057177 - 16128961 2x107% NP_954159 108 100 84

TrpR* 4630329-4630655 + 16132210 1.3 NP_953165 10 0 0

Tus* 1682283-1683212 + 16129568 4.3 NP_954153 4 0

TyrR 1384744-1386285 + 16129284 3x 107 NP_951431 39 32 31

Note. Information about E. coli transcription factors was obtained using the E. coli K-12 genome search engine at the National Center for Biotech-
nology Information. Abbreviations are the same as the same as those reported by Robison et al. (1998) in the supplementary information about
footprinted E. coli binding site matrices (Robison et al., 1998), except for the following factors that are presented by multiple subunits: FIhC and
FIhD are subunits of FIhCD; HimA and HimD are subunits of IHF; and HupA and HupB are subunits of HU. All GenBank entries have the same
abbreviations as those listed in the table, with the following exceptions: CarP is listed as PepA and NtrC is GInG. Only one blastp hit with the
lowest E-value was considered for each GI entry for G. sulfurreducens proteins in GenBank. An asterisk (¥) marks those proteins for which the
lowest E-value of the blastp hits exceeded 0.1. A double asterisk (**) indicates Lacl, for which the blastp E-value was below 0.1, but which had
no functional homolog identified in G. sulfurreducens. Accession, GenBank accession number. Shown in bold are those transcription factors for
which putative orthologs were identified, determined as the best hits in the bi-directional BLAST similarity comparisons of the E. coli and G.
sulfurreducens proteins. An expanded version of this table showing detailed information about the best hits in G. sulfurreducens and E. coli from
bi-directional BLAST searches is provided in the online supplementary material.

2.3. Prediction of transcription factor binding sites in the binding constants (Robison et al., 1998). Similarly to previ-
genome of G. sulfurreducens using cross-species ous analyses of the E. coli genome (Robison et al., 1998), we
comparisons to established regulatory elements of E. coli reported elements in G. sulfurreducens with scores exceeding

two different cutoff values. The stringent cutoff value was the

To compare the presence in G. sulfurreducens of homologs mean (u;) for the set of footprinted sites in E. coli binding site
of transcription factors discussed in Section 2.1 with the pres- matrix i used in a search. The less stringent cutoff value was
ence of their predicted regulatory sites, we searched the entire Wi — 20;, where o; is a standard deviation (S.D.) from the mean
genome of G. sulfurreducens (Methé et al., 2003) using the w; for the set of input sites in E. coli matrix i.

ScanACE software (Robison et al., 1998; Roth et al., 1998) Following an earlier study (Robison et al., 1998), we used
(Table 2). This approach compared the genome sequence to multiple searches for promoter elements separated by a spacer
59 footprinted matrices of transcription regulatory elements of variable length. A separate matrix was used for each length
from E. coli K-12 listed in the DPInteract database® (Robison of an internal spacer. These promoter matrices are denoted as
et al., 1998). These matrices were obtained from an online XL, where X is the name of the transcription factor and L is
source’. In addition, if a matrix of regulatory sites reported the length of the internal spacer (Tables 2 and 3). For example,
by Robison et al. (1998) contained only four sequences or RpoD16 stands for an RpoD(c"°)-regulated promoter matrix
less, we verified whether a larger number of binding sites for with 16 bp separating the —35 and the —10 elements.

this transcription factor was available from another database of The results of the ScanACE search for putative transcription
transcription regulatory relationships of E. coli K-12, Regulon regulatory elements in G. sulfurreducens were compared to
DB v. 4.0'° (Salgado et al., 2004). This criterion allowed us to the results of the blastp similarity search for the presence of
add eight additional matrices obtained from Regulon DB with a corresponding transcription factors. If no G. sulfurreducens
larger representation of sequence elements. These were matri- homologs were found for a transcription factor (blastp E-value
ces for CysB, IlvY, MelR, ModE, NagC, OxyR, RhaS, and >0.1), any predicted binding sites for it were considered false
TorR (Table 3). In addition, we conducted separate ScanACE positive hits. They were used to evaluate the limitations of the
searches using a footprinted matrix of 6 NagC sites provided cross-species motif similarity search method.

by Plumbridge (2001) and a matrix of 19 putative ArcA sites

obtained from gene expression microarray analysis of the arcA 2.4. Operon prediction

deletion mutant (Liu and De Wulf, 2004) (Table 3).

For each possible window in the genome sequence, the The location of putative regulatory sequence elements pre-
ScanACE software computed the score that reflected its pre- dicted by ScanACE was compared to the predicted boundaries
dicted affinity to the E. coli input matrix (Berg and von Hippel, of operons, ORFs, and intergenic regions in the G. sulfurre-
1988; Robison et al., 1998). These scores correlate with in vitro ducens genome. Operons and ORFs were predicted using

the commercial version of program FGENESB (V. Solovyev,
A. Salamov, unpublished; Softberry, Inc; 2003—-2004) using
10 http://regulondb.ccg.unam.mx/index.html. sequence parameters estimated from the G. sulfurreducens
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Table 2

Distribution of predicted regulatory elements in the G. sulfurreducens genome

Transcription ~ Number of sites with scores >u; Number of sites with scores >u; — 20;

factor Total  Protein-coding RNA Noncoding Total Protein-coding RNA Noncoding

N ORF COG GB RNA NC U N ORF COG GB RNA NC U

Putative binding sites for transcription factors with homologs in G. sulfurreducens
ArcA 0 0 0 0 0 0 0 139 60 32 11 1 78 67
CpxR 3 3 0 1 0 0 0 515 344 220 70 0 171 132
CRP 58 20 11 2 0 38 36 4014 2323 1373 406 4 1681 1405
CspA 0 0 0 0 0 0 0 13 9 4 3 0 4 4
CysB 0 0 0 0 0 0 0 1 1 0 0 0 0 0
DnaA 57 29 16 4 0 28 19 117905 94207 67180 17051 301 23397 17709
FadR 0 0 0 0 0 0 0 51 41 23 10 0 10 4
FarR 62 24 12 2 0 38 36 1018 496 301 80 2 520 416
Fis 123 31 10 13 0 92 79 5784 2642 1320 403 8 3134 2720
FNR 2 1 1 0 0 1 0 100 47 18 13 1 52 40
Fur 4 2 1 1 0 2 0 59 24 11 6 0 35 32
GcevA 0 0 0 0 0 0 0 3 1 0 1 0 2 2
HU 0 0 0 0 0 0 0 1 1 0 1 0 0 0
ffiF 240 36 10 8§ 0 204 192 75675 39429 19304 6578 150 36096 30819
LexA 0 0 0 0 0 0 0 12 3 2 1 0 9 9
Lrp 1117 314 102 38 0 803 684 42561 21478 11588 3702 41 21042 17513
MalT 514 471 362 8 1 42 30 2004 1870 1469 314 1 133 92
MetR 12 7 6 1 0 5 4 341 239 159 47 0 102 75
NagC 0 0 0 0 0 0 8 1 1 0 0 7 7
NarL 2 1 1 0 0 1 1 97 68 47 8 0 29 18
OmpR 39 12 6 2 0 27 25 2499 1090 579 191 2 1407 1143
PhoB 0 0 0 0 0 0 0 161 52 25 10 0 109 98
RpoD15 457 163 77 26 0 294 255 13764 7043 3926 1242 29 6692 5523
RpoD16 446 131 53 13 2 313 268 14782 7816 4395 1340 22 6944 5803
RpoD17 1590 57169 237 89 0 101 871 64375 39949 24571 6926 125 24301 20059
RpoD18 244 66 28 9 0 178 154 14756 8078 4525 1411 33 6645 5616
RpoD19 422 157 56 23 0 265 222 28164 16777 9934 2978 88 11299 9417
RpoH14 0 0 0 0 0 0 0 2 1 1 0 0 1 1
RpoN 0 0 0 0 0 0 0 10 5 2 1 0 5 3
RpoS17 229 93 45 18 0 136 117 11995 74987 4987 1472 31 4057 3308
RpoS18 3 2 1 1 0 1 1 596 368 223 69 0 228 191
SoxS 41 12 4 30 29 24 6143 3675 2194 650 15 2453 2081
TorR 1 0 0 0 0 1 1 568 496 355 94 0 72 52
TyrR 9 2 2 0 0 7 7 7056 4315 2664 846 11 2730 2206
Total 5675 2156 1041 339 3 3516 3026 415172 26565 161433 45935 865 153451 126565

False positive hits for matrices of transcription factors without a homolog in G. sulfurreducens
ArgR18 2 2 0 0 0 0 0 123 56 29 9 0 67 48
CytR 12 5 3 0 0 7 6 874 573 361 118 1 300 241
FruR 2 0 0 0 0 2 2 41 37 26 5 0 4 4
GalR 0 0 0 0 0 0 0 4 3 2 1 0 1 1
GlpR 33 19 11 1 0 14 11 17089 12913 8909 2296 41 4135 3247
H-NS 1396 809 496 162 0 587 470 22613 16684 11485 3079 74 5855 4553
Met] 4 1 1 0 0 3 3 635 461 313 96 0 174 135
PurR 0 0 0 0 0 0 0 35 30 18 5 0 5 5
Total 1449 836 511 163 0 613 492 418234 30757 21143 5609 116 10541 8234

Note. Shown are sites predicted using 59 transcription factor binding site matrices described by Robison et al. (1998) with scores >u; — 20;.
Transcription factor, E. coli transcription factor. Abbreviations for transcription factor names are described in legend to Table 1. N, total number of
predicted sites with ScanACE scores >u; or >i; — 20;; OREF, total number of hits located in the coding regions predicted by FGENESB; COG, a
subset of sites located in those ORFs that have homologs in the COG database; GB, a subset of predicted sites located in those ORFs that do not
have COG database homologs but have been predicted by FGENESB to have a homologous protein in GenBank; RNA, sites within RNA genes;
NG, sites predicted to be in the noncoding regions; U, a subset of predicted sites in the noncoding regions that correspond to the upstream regions
of operons and singleton ORFs.
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Table 3

Matrices of E. coli transcription regulatory sites used as input in searches of the G. sulfurreducens genome

Transcription factor Number of Length of matrix (bp) Reference
sequences

Predicted sites with
scores >i; — 20;

Matrices for transcription factors with homologs in G. sulfurreducens

Ada 3 31 Robison et al. (1998)
AraC 6 48 Robison et al. (1998)
ArcA 14 15 Robison et al. (1998)
ArcA 38 61 Regulon DB

ArcA 19 15 Liu and De Wulf (2004)
CarP 2 25 Robison et al. (1998)
CpxR 11 15 Robison et al. (1998)
CRP 49 22 Robison et al. (1998)
CspA 4 20 Robison et al. (1998)
CynR 2 21 Robison et al. (1998)
CysB 3 40 Robison et al. (1998)
CysB 7 42 RegulonDB

DnaA 8 15 Robison et al. (1998)
FadR 7 17 Robison et al. (1998)
FarR 4 10 Robison et al. (1998)
FhlA 3 27 Robison et al. (1998)
Fis 21 35 Robison et al. (1998)
FNR 14 22 Robison et al. (1998)
Fur 9 18 Robison et al. (1998)
GcevA 4 20 Robison et al. (1998)
HipB 4 30 Robison et al. (1998)
HU 3 16 Robison et al. (1998)
IcIR 2 15 Robison et al. (1998)
IHF 27 48 Robison et al. (1998)
vy 2 27 Robison et al. (1998)
vy 4 26 Regulon DB

LexA 19 20 Robison et al. (1998)
Lrp 18 25 Robison et al. (1998)
MalT 10 10 Robison et al. (1998)
MarR 2 24 Robison et al. (1998)
MelR 2 18 Robison et al. (1998)
MelR 6 18 Regulon DB

MetR 8 15 Robison et al. (1998)
ModE 3 24 Robison et al. (1998)
ModE 6 27 Regulon DB

NagC 6 23 Robison et al. (1998)
NagC 6 23 Plumbridge (2001)
NagC 7 26 Regulon DB

NarLL 11 16 Robison et al. (1998)
NarP 6 16 Robison et al. (1998)
NtrC 5 17 Robison et al. (1998)
OmpR 9 20 Robison et al. (1998)
OxyR 4 39 Robison et al. (1998)
OxyR 7 45 Regulon DB

PdhR 2 17 Robison et al. (1998)
PhoB 15 22 Robison et al. (1998)
PhoB3 4 33 Robison et al. (1998)
RhaS 2 50 Robison et al. (1998)
RhaS 3 17 Regulon DB
RpoD15 27 27 Robison et al. (1998)
RpoD16 48 28 Robison et al. (1998)
RpoD17 116 29 Robison et al. (1998)
RpoD18 34 30 Robison et al. (1998)
RpoD19 25 31 Robison et al. (1998)
RpoE 3 36 Robison et al. (1998)

RpoH13 8 49 Robison et al. (1998)
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Table 3 (Continued )

Transcription factor Number of Length of matrix (bp) Reference Predicted sites with
sequences scores >iu; — 20;
RpoH14 7 50 Robison et al. (1998) Yes
RpoN 6 16 Robison et al. (1998) Yes
RpoS17 15 29 Robison et al. (1998) Yes
RpoS18 7 30 Robison et al. (1998) Yes
SoxS 14 35 Robison et al. (1998) Yes
TorR 4 10 Robison et al. (1998) Yes
TorR 6 10 Regulon DB Yes
TyrR 17 22 Robison et al. (1998) Yes
Matrices for transcription factors without homologs in G. sulfurreducens
ArgR18* 16 18 Robison et al. (1998) Yes
ArgR3b 7 39 Robison et al. (1998) No
CytR 5 18 Robison et al. (1998) Yes
DeoR 3 16 Robison et al. (1998) No
FIhCD 3 31 Robison et al. (1998) No
FruR 12 16 Robison et al. (1998) Yes
GalR 7 16 Robison et al. (1998) Yes
GIpR 13 20 Robison et al. (1998) Yes
H-NS 15 11 Robison et al. (1998) Yes
Lac 3 21 Robison et al. (1998) No
Met] 15 16 Robison et al. (1998) Yes
MetJ3 10 24 Robison et al. (1998) No
PurR 22 26 Robison et al. (1998) Yes
TrpR 4 24 Robison et al. (1998) No
Tus 6 23 Robison et al. (1998) No

Yes or No, indicates whether any G. sulfurreducens sites with scores >u; — 20; were predicted using each matrix as ScanACE input.
2 ArgR18 represents a single binding motif, while ArgR3 corresponds to a pair of sites separated by 3 bp (according to

http://arep.med.harvard.edu/ecoli_matrices/).

genome. A minimum length of 100 amino acids was used in
OREF predictions. Singleton open reading frames not assigned
to the operons were denoted as transcription units (Tu) by
the FGENESB software. The location (predicted start and end
sites) and the direction of protein-coding genes predicted by
FGENESB were compared to those of the genes available from
the G. sulfurreducens GenBank annotation'' predicted by the
Glimmer software (Delcher et al., 1999; Methé et al., 2003).

2.5. Distribution of predicted transcription factor binding
sites among coding and noncoding regions of the G.
sulfurreducens genome

For each predicted site with a ScanACE score above the
threshold (>u; or >u,; — 20;), its location relative to the pre-
dicted operons and open reading frames was identified. Any
site that overlapped by at least 3 bp with an ORF predicted
by FGENESB was considered to be located within a protein-
coding region. Among those sites, we noted those predictions
that overlapped with ORFs that had homologs in other species,
as identified by the FGENESB software. These included ORFs
with homologs in the clusters of orthologous groups (COG)

! http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve
&db=genome&dopt=Protein+Table&list_uids=379.

database (Tatusov et al., 2001), and also ORFs for which
homologs in the COG database could not be found, but for
which homologs in other species were found in GenBank.

Of the predicted sites that were not located within a protein-
coding region, we identified those elements that overlapped
by at least 3 bp with the RNA-coding regions predicted by
the FGENESB software. Such sites were considered to be
located in the RNA-coding regions. All remaining elements
that were not classified as located in a protein-coding region
or an RNA-coding region were considered to be located in the
noncoding regions. We further identified those elements in the
noncoding regions that were located in the upstream regions of
operons or singleton open reading frames. We classified as an
upstream any noncoding region located between two expressed
units (operons, singleton ORFs, or RNA-coding genes), if the
direction of transcription of one or both operons or singleton
ORFs flanking that region was oriented away from that non-
coding region. In order to evaluate the difference in nucleotide
composition among different regions of the G. sulfurreducens
genome, we computed the GC content values of the protein-
coding and RNA-coding regions, and of the noncoding regions
using the program geecee from the EMBOSS package (Rice et
al., 2000).

We used two measures of representation of the proportion
of predicted regulatory sequences in the upstream and noncod-
ing regions described above. Each measure was computed for
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results of searches with matrices of E. coli transcription fac-
tors that had homologs in G. sulfurreducens. For comparison
purposes, these measures were also computed separately for
false positive predictions found using matrices of transcrip-
tion factors that had no homologs in G. sulfurreducens. The
first measure, P, was a proportion (%) of sites predicted in the
noncoding or upstream regions, e.g.:

59
k=1 N/J.k,upstream

Pp.,-,upstream = = . x 100% (1)

5=1 Vg, genome

Here, Py, upstream 1S the proportion of sites with ScanACE scores
above u; found in the upstream regions of operons and tran-
scription units; Ny, upsiream 18 the number of predicted elements
for binding site matrix k£ with scores above p; found in the
upstream regions; and N, senome 15 the number of all predicted
sites for binding site matrix k with scores above w,; found in the
entire genome. Because transcription factor binding site matri-
ces resulting in many hits affect the values of P to a greater
extent than those matrices that had few hits in the genome, we
also calculated the proportion of predicted elements separately
for each transcription factor binding site matrix and found the
average, W:

59 R
W#i,upslream = k;illm x 100% (2)

k=1"Hk

where W, ipsream 18 the value of W for elements with scores
above u; found in the upstream regions of operons and tran-
scription units; R, = Ny, upsiream/ Ny genome if Ny genome 7 0,
and R, = O otherwise; I, = 1if N, genome # 0,and I, =0
if Ny, genome = 0. Values of P and W in all noncoding regions
and/or for sites with scores >u; —20; were computed in a
similar manner.

We developed Perl software, gscan.pl (by B. Yan) that lists
all predicted regulatory elements in a user-specified region of
the G. sulfurreducens genome (available from the authors upon
request).

2.6. Permutation analysis

The effect of the nucleotide composition of the input E. coli
matrices on the number of predicted regulatory sites was inves-
tigated using a permutation approach similar to that of Robison
et al. (1998). Matrix sites were permuted using program SEQ-
BOQOT of the PHYLIP phylogenetic software package v. 3.64
(Felsenstein, 1989). We investigated DnaA, CRP, Fur, H-NS,
and RpoD16 matrices, which had different GC content values
(Robison et al., 1998) and for which different number of hits
were predicted in the G. sulfurreducens genome (Table 2). For
each matrix, the columns corresponding to sequence sites were
randomly permuted using 20 replications and the “Rewrite”
option of the SEQBOQT software. Each permuted replicate
matrix had the overall length and nucleotide composition iden-
tical to that of the original matrix, while the sequence logo of
each replicate was unique. Each replicate matrix was used as
input for ScanACE to search the genome of G. sulfurreducens.

3. Results

3.1. G. sulfurreducens homologs of E. coli
transcription factors

Table 1 provides information about the number of G.
sulfurreducens ORFs in GenBank that show similarity to
the 59 E. coli transcription factors from the DPInteract
database. Table 1a in the online supplement!? provides
detailed information about E. coli and G. sulfurreducens
ORFs identified as best BLAST hits in bi-directional
protein similarity searches, their genome location, and
predicted function of putative G. sulfurreducens tran-
scription factors obtained from the GenBank annotation.

In searches of the G. sulfurreducens protein data, the
use of E. coli regulatory proteins ArgR, CytR, DeoR,
FIhC, FIhD, FruR, GalR, GIpR, H-NS, MetJ, PurR,
TrpR, and Tus resulted in blastp E-values larger than
0.1, suggesting that these proteins likely do not have
homologsin G. sulfurreducens. We verified their absence
by comparing the results of the blastp search of protein
data to the tblastn search results for the G. sulfurreducens
genome. For the transcription regulators listed above,
Tus had atblastn E-value = 0.1, and all other transcription
factors had £>0.1 (data not shown), confirming their
absence. While the remaining E. coli regulatory proteins
used in the search had blastp hits with E-values <0.01
(Table 1), at least one of them, Lacl, likely does not have
a homolog in G. sulfurreducens. The best blastp hit for
Lacl in G. sulfurreducens was annotated as an “ABC
transporter, ATP binding protein”, with an E-value of
0.02. In addition, no transcription factor binding sites
were predicted for Lacl in the G. sulfurreducens genome
(see below).

Reverse similarity searches of E. coli proteins
using INPARANOID software identified 19 regulatory
proteins as potential orthologs in E. coli and G. sul-
furreducens (Table 1). These proteins were CarP, CynR,
DnaA, FarR, FNR, Fur, HupB subunit of HU, both HimA
and HimD subunits of IHF, LexA, ModE, NagC, NarL,
PdhR, PhoB, RpoD, RpoH, RpoN, and RpoS.

Many other E. coli proteins listed in Table 1 likely
have orthologs in G. sulfurreducens, even though they
do not correspond to best hits in bi-directional similar-
ity searches of G. sulfurreducens and E. coli proteins.
However, due to gene duplications and deletions in both
lineages, the exact identification of orthology relation-
ships may be difficult to resolve based on reciprocal
similarity searches alone. For example, the two sepa-

12 http://www.geobacter.org/research/genomescan/.
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Fig. 1. Phylogenetic tree showing evolutionary relationships among protein sequences of E. coli and G. sulfurreducens subunits of HU and IHF. The
tree was inferred by MEGA software v. 3.1 (Kumar et al., 2004) using the neighbor-joining method, with Poisson correction of protein distances for
multiple substitutions. Numbers indicate bootstrap support (%) for each node out of 500 bootstrap replications. The scale on the bottom shows the
number of amino acid substitutions per site. An asterisk (*) indicates G. sulfurreducens sequence (GenBank accession number NP_953647), which
is likely an ortholog of E. coli HimD. Black circles, squares, and triangles indicate E. coli and G. sulfurreducens sequence pairs that were identified
as the best blastp hits of each other in sequence similarity searches in both directions (E. coli proteins against all G. sulfurreducens proteins and

vice versa; see Table 1a in the online supplement).

rate blastp searches that used both HupA and HupB
subunits of E. coli HU as queries identified a single
HU protein in G. sulfurreducens (GenBank accession
number NP_954173) as the best blastp hit (E-values of
2 x 1072 and 4 x 1072!, respectively). A phylogenetic
tree inferred from E. coli and G. sulfurreducens subunits
of HU and their paralogs, subunits of IHF (Fig. 1), con-
firmed the presence of only one HU subunit (accession
number NP_954173) in G. sulfurreducens as compared
to two subunits, HupA and HupB, in E. coli. Each of
the two E. coli IHF subunits, HimA and HimD, which
are homologous to HU subunits, appeared to have two
homologs in G. sulfurreducens, as a result of gene dupli-
cations. All HU and IHF protein sequences presented in
Fig. 1 had a considerable degree of sequence similarity,
and the E-values of the entire data set collected in blastp
similarity searches using either E. coli or Geobacter pro-
teins as queries did not exceed E=7 x 10~19 (data not
shown). Further studies may show how different combi-
nations of the four IHF-like subunits in G. sulfurreducens
participate in gene regulation.

In another example, we searched for homologs of
E. coli RpoE, the o* subunit of RNA polymerase
involved in regulation of heat shock response genes
and genes with extracytoplasmic functions (Maeda et
al., 2000). The best blastp hit for it in G. sulfurre-
ducens was a sequence annotated in GenBank as “RNA
polymerase sigma-E factor, putative” (accession num-
ber NP_951778), with E=9 x 107>. However, the best
BLAST hit for NP_951778 in the reverse search of E.
coli proteins was Fecl, the ¢! subunit of RNA poly-
merase involved in the regulation of expression of genes
with extracytoplasmic functions (Maeda et al., 2000),

with E=1 x 10710, The E. coli RpoE protein was the
second best hit with E=1 x 10~ (data not shown). G.
sulfurreducens protein NP_951778 was also the best hit
when E. coli Fecl was used as a query, with E=2 x 1074
(data not shown). A phylogenetic tree inferred from
these sequences and their close homologs (Fig. 2A) sug-
gested that G. sulfurreducens NP_951778 may indeed
be more closely related to E. coli Fecl than to RpoE.
These close homologs included in the tree in Fig. 2A
were identified from blastp searches of E. coli and G.
sulfurreducens, with their E-values <0.002. Consistent
with the tree inferred, the distance between a pair of
sequences corrected for multiple substitutions was the
smallest between NP_951778 and E. coli Fecl (1.48 per
amino acid site) as compared to the distances between
NP_951778 and E. coli RpoE (1.54) or between E.
coli RpoE and Fecl (1.63). Similar results were also
observed when two additional divergent G. sulfurre-
ducens protein sequences, with their blastp E-values
>0.1, were added to the alignment and the tree (Fig. 2B).
These sequences correspond to G. sulfurreducens RpoS
(GenBank accession number NP_952576) (Nunez et al.,
2004) and a protein annotated as “transcriptional regula-
tor, LuxR family” (NP_953715). The similarity between
NP_951778 and E. coli Fecl may suggest that the RpoE
ortholog may be absent from G. sulfurreducens, in agree-
ment with the absence of predicted RpoE sites in its
genome (see below). The trees presented in Fig. 2 are
in full agreement with the classification of the complex
evolutionary relationships within the ¢’ family of sub-
units of bacterial RNA polymerase that was investigated
earlier by Gruber and Gross using data from species other
than Geobacter (Gruber and Gross, 2003).
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Fig. 2. Neighbor-joining trees indicating relationships of the E. coli RpoE protein sequence and its homologs in E. coli and G. sulfurreducens. The
tree was inferred by the MEGA software with Poisson correction of protein distances for multiple substitutions. Numbers indicate bootstrap support
(%) for each node. The scale on the bottom shows the number of amino acid substitutions per site. An asterisk (*) indicates G. sulfurreducens
sequence NP_951778, which is likely more closely related to E. coli Fecl than to RpoE. White squares indicate the E. coli RpoE protein (GenBank
accession number 16030498), its best blastp hit in G. sulfurreducens (NP_981778), and the E. coli Fecl protein (16132114). (A) Phylogenetic tree
inferred from close homologs with blastp E-values not exceeding 0.002. (B) Phylogenetic tree inferred after adding more distant homologs with

blastp E-values exceeding 0.1.

3.2. Operon and gene predictions

The predicted operon locations and gene predictions
in the G. sulfurreducens genome by the FGENESB pro-
gram are provided in the online supplement for this
report. All analyses presented here are based on the
reference G. sulfurreducens operon annotation of Febru-
ary 25, 2004. Later annotation updates confirmed the
predicted operon organization of the G. sulfurreducens
genome as compared to the reference annotation of
February 25, 2004 discussed in this report (unpublished
data). This version of annotation was recently employed
in the microarray analysis of the G. sulfurreducens RpoS
deletion mutant (Yan et al., 2006). The structure of
a number of the operons presented in this annotation
has been confirmed experimentally (Nuiiez et al., 2004;
Leang and Lovley, 2005).

The FGENESB program predicted 766 operons and
731 singleton ORFs not assigned to any operon (the lat-
ter referred to by the software as transcription units).
The total number of protein-coding genes predicted by
the program was 3501. The online supplementary mate-
rial provides the detailed information about 2587 of these
genes that were completely identical (the same start, end,
and the genome strand orientation) to the 3466 genes

available from the G. sulfurreducens GenBank anno-
tation as predicted by the Glimmer software (Delcher
et al., 1999) as part of the sequencing and annotation
the G. sulfurreducens genome (Methé et al., 2003). In
addition, for 348 more genes the FGENESB software
predicted their start and direction to be identical to those
provided by the GenBank annotation, but the end posi-
tions of these genes were predicted differently by the
two annotations. The total number of genes for which
their start position and strand direction were predicted to
be identical to that available from GenBank was 2935,
which represents 83.8% of the 3501 protein-coding
genes predicted by FGENESB and 84.7% of the 3466
genes predicted by Glimmer (Methé et al., 2003). In the
present study, we consider the classification of genome
regions as protein-coding, RNA-coding, and noncoding
according to the predictions made by the FGENESB
software.

The total combined length of the protein-coding
regions in G. sulfurreducens predicted by the FGENESB
software was 3430729 bp, or 89.9% of the entire genome.
This is comparable to 87.8% of the E. coli genome that
corresponds to the protein-coding genes (Blattner et al.,
1997). The predicted ORFs for which homologs were
found in the COG database had a combined length of
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2564787 bp. The length of ORFs for which no homologs
were found in the COG database, but for which homologs
were found in GenBank, was 631074 bp. Additional
ORFs were predicted by the FGENESB software that had
no known homologs. The combined length of predicted
RNA-coding genes was 8078 bp, or 0.2% of the genome.
The combined length of the regions outside predicted
protein-coding or RNA-coding genes was 375332 bp,
or 9.8% of the entire genome. Of these regions, 263149
bp, or 6.9% of the entire genome, were located upstream
of predicted operons and transcription units. The total
of 1095 upstream regions in the genome included 108
regions with length <100 bp; 500 regions of length >100
bp, but <200 bp; 242 regions >200 bp in length, but <300
bp; and 245 additional upstream regions with length
>300 bp.

3.3. Putative binding sites predicted for
transcription factors with homologs in G.
sulfurreducens

All elements predicted in the genome of G. sulfurre-
ducens with scores above mean (u;) and u; — 20; are
provided in the online supplement. Table 2 shows the
results of the search of the G. sulfurreducens genome
using matrices of aligned footprinted E. coli binding
sequences of Robison et al. (1998). In the present
Section, we discuss putative binding sites for E. coli tran-
scription factors with predicted orthologs or homologs
in G. sulfurreducens. Some of these hits may be true
transcription regulatory sites, while others may include
false positive predictions.

For 19 transcription factors that likely had orthologs
or homologs in G. sulfurreducens, no respective sites
were found for searches with matrices of Robison et
al. (1998) with scores exceeding the lowest cutoff level,
wi — 20;. These regulators were Ada, AraC, CarP, CynR,
CysB, FhlA, HipB, IcIR, IlvY, MarR, MelR, ModE,
NarP, NtrC, OxyR, PdhR, PhoB3, RhaS, RpoE, and
RpoH13. When additional matrices from Regulon DB
with a larger number of footprinted sites were used
(Table 3), no elements were found with scores >u; — 20;
for IlvY and RhaS, consistent with the search using
matrices of Robison et al. (1998). The use of Regulon
DB ModE and OxyR matrices did not identify any sites
with scores >pu;, but it predicted 80 sites for ModE and
8 sites for OxyR with scores >u; — 20; (see the online
supplement and the description of ModE sites in Section
4, below). The use of Regulon DB MelR matrix provided
1 site with a score >u; and 32 sites with scores >u; — 20.

Results of searches with matrices of binding site
sequences reported by Robison et al. (1998) with scores

>u; — 20; are listed in Table 2. Eleven matrices resulted
in hits with scores above u; — 20, but below ;. These
were predicted binding sites for ArcA, CspA, CysB,
FadR, GevA, HU, LexA, NagC, PhoB, RpoH14, and
RpoN (Table 2). For CysB, however, only one putative
site in a coding region was found with a score between
i —20; and w; (Table 2). No elements with scores
>u; — 20; were predicted when the CysB matrix from
Regulon DB was used.

For NagC, the number (34) of elements with scores
>u; — 20; predicted using the Regulon DB matrix or that
(32) for the matrix of Plumbridge (2001) was comparable
to the number (8) of sites predicted using the matrix
of Robison et al. (1998). Neither search identified any
elements with a score >u;.

For ArcA, the search using an E. coli matrix com-
piled from microarray data (Liu and De Wulf, 2004)
(Table 3) returned 4 putative sites with scores >u; and
196 hits with scores >u; — 20;, compared to 139 sites
with scores >u; — 20; identified when using the matrix
of Robison et al. (1998). When the predicted ArcA sites
with scores >u; — 20; were compared, 131 nonoverlap-
ping sites predicted using the microarray-based matrix
overlapped by at least 6 bp with elements predicted
using matrices of Robison et al. (1998). This suggests
that both searches identified mostly the same ArcA
sites.

Twenty-three binding site matrices resulted in hits
with scores >p;, the most restrictive cutoff. These were
matrices for CpxR, CRP, DnaA, FarR, Fis, FNR, Fur,
IHF, Lrp, MalT, MetR, NarL, OmpR, RpoD15, RpoD16,
RpoD17, RpoD18, RpoD19, RpoS17, RpoS18, SoxS,
TorR, and TyrR (Table 2). When the Regulon DB
TorR matrix with a larger number of input sites was
used, a larger number of hits were predicted (51 sites
with scores >u; and 4736 with scores >u; — 20; when
using the Regulon DB matrix, compared to 1 and
568 sites, respectively, for matrices of Robison et al.,
1998).

As discussed in Section 3.1, four subunits of IHF and
one subunit of HU (Laine et al., 1980; Weglenska et al.,
1996) are present in G. sulfurreducens (Table 1; Fig. 1).
While 240 elements with scores >u; and 75675 elements
with scores >u; — 20; were found for IHF, no sites with
scores >u; and only one hit with a score >u; — 20y,
located in a protein-coding region, was found for HU
(Table 2). The absence of predicted HU binding sites is
consistent with the observation by other authors that HU
binds to DNA in a sequence nonspecific manner, recog-
nizing curved DNA (Azam and Ishihama, 1999). Such
HU binding sites would not be detected by sequence
similarity searches.
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3.4. Distribution among the noncoding and the
coding regions of putative binding sites for
transcription factors with homologs present in G.
sulfurreducens

When searching with binding site matrices that corre-
spond to transcription factors that had putative homologs
in G. sulfurreducens, we identified the total of 5675
putative elements in the G. sulfurreducens genome with
scores >; (Table 2). They included 2156 sites, or 38.0%
of the total number of hits with scores >u; in protein-
coding regions and three hits in RNA-coding regions.
Even though noncoding regions represented 9.8% of the
genome length, 3516 sites with scores >u; were found
in noncoding regions. They correspond to the proportion
Py; noncoding = 62.0% of the total number of predicted
elements with scores >u;. Of the sites in the noncod-
ing regions, 3026 were located in the upstream regions
of operons and transcription units. This corresponds to
a proportion of Py, upstream = 33.3%, while the length
of the upstream regions of the operons and singleton
ORFs is only 6.9% of the total length of the genome.
We also computed the weighted average proportion, W,
of the number of predicted sites with scores >u; that
involved separate comparisons for each of the bind-
ing site matrices for different transcription factors. This
measure was also very high in the noncoding regions:
Wi noncoding = 58.8% and Wy, upstream = 48.7%.

The high prevalence of predicted hits in the upstream
regions of operons and transcription units suggests that
a number of these sites may be true regulatory ele-
ments, because transcription regulatory elements are
more likely to occur in the upstream regions than within
ORFs. However, some functional transcriptional reg-
ulatory elements in G. sulfurreducens occur in the
coding and intergenic regions within operons. For exam-
ple, elements within protein-coding regions regulate the
expression of the omcB and the omcC operons (Leang
and Lovley, 2005). Therefore, the location of a predicted
element in an upstream region cannot serve as the sole
criterion of its possible functional role.

Similar to results obtained by other authors for E.
coli (Robison et al., 1998), the predicted sites satisfy-
ing less stringent criteria of scores >u; — 20; were much
more abundant than those satisfying the scores >u;. The
total number of elements with scores >u; —20; that
corresponded to search matrices of transcription factors
with likely homologs in G. sulfurreducens was 415172
(Table 2). The use of the less stringent cutoff value
identified many hits that could not be detected with the
stringent cutoff value, w;, in G. sulfurreducens. However,
many of these sites may be false positive predictions.

Only 153451 of these sites were located in the noncoding
regions (Pui—2ai,noncoding = 37.0%; Wui—Za,-,noncoding =
41.7%), and 126565 motifs (Py;—20; upstream = 30.5%;
Wi —20:,upstream = 35.4%) were found in the upstream
regions, similar to proportions obtained by other authors
for E. coli data (Robison et al., 1998).

The distributions of the binding sites predicted using
additional matrices from Regulon DB and from the ArcA
microarray data were similar to the predictions obtained
using matrices of Robison et al. (1998) (data not shown).

The online supplementary material provides the
list and location of the predicted elements within the
upstream regions of each operon and transcription unit
in the G. sulfurreducens genome.

Some elements in the upstream regions may have
been predicted due to a difference in nucleotide com-
position between the noncoding and coding regions.
The GC content is unevenly distributed in the E. coli
genome and depends on the biological properties of the
region (Blattner et al., 1997). Similar to E. coli, the GC
content is lower in the noncoding regions of the G. sul-
furreducens genome: its average value is 62% for the
combined protein-coding regions, 58 % for the combined
RNA-coding regions, and 53% for the combined non-
coding regions. The latter includes the upstream regions
of operons and transcription units, for which the aver-
age value is 52%. However, an earlier study (Robison et
al., 1998) that used permutation of binding site matrix
columns to search the E. coli genome suggested that sites
identified by ScanACE in the upstream regions are pre-
dicted based on true specificity of search matrices rather
than due to the difference in the nucleotide composi-
tion between the upstream and the noncoding regions.
Below we discuss the results of permutation analyses
that investigated the effect of the nucleotide composi-
tion bias on the genome location of predicted binding
sites in G. sulfurreducens.

3.5. False positive predictions of binding sites for
transcription factors with no homologs in G.
sulfurreducens

Any binding sites predicted for transcription factors
missing from G. sulfurreducens likely represent false
positive predictions, as no DNA binding by their tran-
scription factors can occur, and therefore there is no
selection pressure to preserve these sites in the genome.
For several missing transcriptional regulators, the results
of the ScanACE motif search were consistent with their
absence. No hits with scores >u; — 20; were predicted
for DeoR, FIhCD, TrpR, and Tus, confirming the absence
of these regulators (Table 2). Notably, both subunits,
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FIhC and FIhD, of FIhCD (Priif3 et al., 2003), were absent
from G. sulfurreducens, consistent with the absence of
FIhCD binding sites. Additionally, no hits were found
for Lacl, confirming its absence from G. sulfurreducens,
as described above.

For a number of transcription factors missing from
G. sulfurreducens, multiple false positive elements were
predicted with scores >u;. These included ArgR (pre-
dicted sites for the ArgR18 matrix had scores >u;,
whereas for the ArgR3 matrix no hits with scores
>u; — 20; were found), CytR, FruR, GIpR, H-NS, and
MetJ (predicted sites for the MetJ matrix had scores >u;,
while no sites with scores >u; — 20; were found for the
MetJ3 matrix). Interestingly, while the best blastp hit for
E. coli Met] in protein sequence similarity searches had
an E-value of 0.41 in G. sulfurreducens (GenBank acces-
sion NP_953038), this protein was annotated in GenBank
as a “‘sigma-54 dependent DNA-binding response regu-
lator”. The high E-value indicates a significant sequence
divergence between E. coli Met] and G. sulfurreducens
NP_953038, suggesting that a true ortholog of Met] may
be absent from G. sulfurreducens, and therefore elements
identified by ScanACE for the Met] matrix are likely
false positive hits.

Of particular interest is H-NS, for which 1396 puta-
tive recognition sites were predicted with scores >u;, and
22613 elements had scores >u; — 20;. Of the elements
with scores >u;, 587 were in the noncoding regions,
including 470 elements in the upstream regions. BLAST
similarity searches clearly show the absence of the H-NS
homolog from G. sulfurreducens (Table 1). An earlier
study predicted over 5700 H-NS elements with scores
>u; and over 63,500 elements with scores >u; — 20; in
E. coli, noting the loose sequence specificity of H-NS for
its binding sites (Robison et al., 1998). H-NS recognizes
curved DNA rather than specific sequence sites (Azam
and Ishihama, 1999). Our results suggest that predicted
H-NS elements in the genome of G. sulfurreducens may
not be true H-NS sites. While it is possible that they are
recognized by a transcription factor other than H-NS, it
is most likely that the footprinted E. coli H-NS binding
site matrix contains very divergent sequences, resulting
in a large number of false positive hits.

The total number of false positive hits with scores
> ; found for transcription factors absent from G. sul-
furreducens was 1449 (Table 2). This included 836 sites
in the protein-coding regions and 613 sites in the non-
coding regions (Py; noncoding = 42.3%; Wy, noncoding =
53.0%), including 492 predicted sites in the upstream
regions (Py; upstream = 34.0%; W, upstream = 48.7%).
No elements were predicted in the RNA-coding genes.
As expected, the proportion of hits in the noncoding

and the upstream regions predicted for transcription
factors absent from G. sulfurreducens was lower than
the corresponding proportion of predicted sites for
transcription factors with homologs in G. sulfurre-
ducens (P j,noncoding = 62.0%; Wm,noncoding = 58.8%;
Py, upstream = 33.3%; W, upstream = 48.7%). The simi-
larity between the values of W for the false positive hits
and the likely true binding sites was influenced by a small
number of false positive hits for FruR and MetJ, which
affected the values of W (two and four sites, respectively,
with nearly all sites predicted in the upstream regions,
as presented in Table 2).

The total number of predicted false positive hits sat-
isfying less stringent criteria of ScanACE scores being
>u; — 20; was 41414 (Table 2). In addition to ArgR18,
CytR, FruR, GIpR, H-NS, and MetJ, which also had
hits with scores >u;, described above, two other pro-
teins absent from G. sulfurreducens, GalR and PurR, had
predicted sites with scores >u; — 20, but not exceeding
wui. The 41414 false positive hits with scores >u; — 20;
included 30757 sites in protein-coding regions, 116
in RNA-coding regions, and 10541 in the noncoding
regions, including 8234 sites in the upstream regions
(Pp,,‘chf,-,noncoding = 25.5%; Wm72a,-,noncoding = 26.9%;
Py —20; upstream = 19.9%; Wi, 26, upstream = 22.0%).

Itis apparent that a larger number of false positive hits
are predicted in the upstream regions than expected by
chance. The difference in nucleotide composition of the
upstream regions and the coding regions of the genome
likely has some effect on the distribution of predicted
sites. However, the values of P and W for false posi-
tive hits are considerably lower than the corresponding
values for the putative binding sites of transcription fac-
tors with homologs in G. sulfurreducens, which were
P//,i—Zai,noncoding = 37.0%; W,LL,’—ZU,‘,I’IOHCOdiIlg = 41.7%;
Pu;—Za,-,upstream = 305%; Wu,'—ZG;,upstream = 35.4%.

The GC content is within the same range for the
input E. coli binding site matrices of transcription fac-
tors with homologs in G. sulfurreducens and for matrices
corresponding to transcription regulators without such
homologs (Robison et al., 1998). Therefore, the differ-
ences in the distribution of the predicted hits cannot be
explained by nucleotide composition alone, suggesting
that some of the predicted hits for transcription factors
with likely homologs in Geobacter may be functional
regulatory sites.

3.6. Permutation analysis
The role of the difference in nucleotide composi-

tion between the coding and the noncoding regions was
investigated using ScanACE searches of the G. sulfurre-
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Table 4

Comparison of predicted regulatory elements using original E. coli binding site matrices and their permuted replicates

Matrix Predicted sites with scores >u; Predicted sites with scores >u; — 20;
Total Proportion in the noncoding Total Proportion in the noncoding
regions regions
N PNC (%) PU (%) N PNC (%) PU (%)

Transcription factors with homologs in G. sulfurreducens

CRP 56.9 + 10.5 (58) 56.7 £ 9.5(65.5)  48.0 & 9.4 (62.1)
DnaA 32.9 £ 9.9 (57) 34.8 + 10.8 (49.1)  28.6 & 9.9 (33.3)
Fur 20+ 124 58.8 + 41.2(50.0) 46.1 & 43.9 (0.0)

RpoD16  444.3 + 38.5 (446) 66.4 + 2.5 (70.2)

Transcription factor without a homolog in G. sulfurreducens
H-NS 1426.4 + 348.5 (1396) 36.5 + 6.4 (42.0)

58.3 £ 2.7 (60.1)

29.3 +5.3(33.7)

4078.2 £+ 441.4 (4014) 40.7 £ 3.941.9)
115683.8 & 7216.9 (117905) 17.8 + 1.1(19.8)
48.3 £ 10.0 (59) 65.1 £ 6.8(59.3)
14411.8 £ 922.8 (14782) 48.4 £ 1.9(47.0)

33.4 + 3.3(35.0)
13.6 + 0.8(15.0)
55.1 £ 7.4 (54.2)
40.7 £ 1.7(39.3)

21787.8 + 3933.4 (22613)  24.8 £ 3.6(25.9)  19.3 £ 2.9 (20.0)

Note. Values are presented as mean = standard deviation, computed using predictions from ScanACE searches with 20 permuted replicates of each
matrix. Numbers in parenthesis are presented for comparison purposes, and they show the values computed using the original non-permuted E. coli
matrices (Table 2). N, the total number of predicted sites with scores >u; or >iu; — 20;; PNC, proportion (%) of sites (out of the total number N) that
were predicted to be in the noncoding regions; PU, proportion (%) of the sites (out of the total number N) predicted to be in the upstream regions.

ducens genome with 20 permuted replicates of E. coli
binding site matrices for CRP, DnaA, Fur, RpoD16.
All these transcription factors had homologs in G.
sulfurreducens (Table 1). In each replicate, columns cor-
responding to sequence sites were randomly permuted,
while the overall nucleotide composition and the length
of the permuted matrix did not change. As shown in
Table 4, when the permutation procedure was applied,
the average number of predicted elements with scores
>u; slightly decreased for the permuted CRP, DnaA, Fur,
and RpoD16 matrices compared to the original matri-
ces. The average number of sites with scores >u; — 20,
also decreased for the permuted DnaA, Fur, and RpoD16
matrices compared to the original matrices, but this num-
ber increased for the permuted CRP matrix. The changes
in the number of predicted G. sulfurreducens elements
for the permuted CRP matrix were in agreement with the
trends observed in E. coli (Robison et al., 1998). Similar
to the results for E. coli, we found that the proportion of
the sites with scores >u; in the upstream and noncoding
regions sharply decreased when the columns of the CRP
matrices were permuted (56.7% versus 65.5%, respec-
tively, on average, for the sites predicted in the noncoding
regions using the permuted CRP matrix as compared to
the original matrix; and 48.0% versus 62.1% for the hits
in the upstream regions). Such proportions were also
decreased, although to a lesser extent, for the elements
scoring >u; — 20;: 40.7% versus 41.9% for the hits in
the noncoding regions, and 33.4% versus 35.0% for the
upstream regions. Similarly, the proportions of hits with
scores >u; in the noncoding and the upstream regions
were sharply decreased for the permuted DnaA and
RpoD16 matrices. For example, the proportion of such

sites in the noncoding regions was on average 34.8% for
the permuted replicates of the DnaA matrix compared to
49.1% for the original matrix. These proportions were
also lower for the permuted replicates of the DnaA matrix
when considering scores >u; — 20; (Table 4). In contrast,
the proportion of elements with scores >u; — 20; in the
upstream and the noncoding regions slightly increased
for the permuted replicates of the RpoD16 matrix, sug-
gesting that the use of such a low threshold for this matrix
may yield many nonspecific hits.

The GC content of CRP, DnaA, and RpoD16 matrices
isin a similar range of 37.0%, 36.7%, and 34.9%, respec-
tively (Robison et al., 1998). These examples suggest
that shuffling of the columns of these matrices decreased
the specificity of binding site predictions, in particu-
lar when selecting sites with scores >u;. However, two
additional examples, Fur and H-NS, suggested that the
permutation procedure may have some limitations. Fur,
ferric uptake repressor, has an ortholog in G. sulfurre-
ducens (Rodionov et al., 2004). In E. coli, the consensus
of its binding sites is a palindromic sequence, and the
18 bp long Fur matrix used in the searches has a very
low GC content of 23.4% (Robison et al., 1998; Panina
etal., 2001). As a result, permutations of the columns of
the Fur matrix frequently lead to a replacement of A or
T with the same nucleotide, resulting in many permuted
replicates that contain poly-A and poly-T stretches and
are very similar in sequence to the original matrix (data
not shown). After the permutation of the Fur matrix, the
proportion of sites predicted in the noncoding and the
upstream regions increased both for sites with scores
>u;, and for sites with scores >u; — 20;. As discussed
below, a number of elements predicted using the origi-
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nal Fur matrix may be functional Fur sites. The increase
in the proportion of the predicted hits in the noncoding
and the upstream regions after permuting the columns
of the Fur matrix is likely due to the limitations of the
permutation procedure, which replaces nucleotides in a
short matrix in a nonrandom manner.

To further investigate the effects of the permutation
procedure, it was applied to the H-NS matrix, which cor-
responds to a transcription factor without a homolog in
G. sulfurreducens, and therefore predicted H-NS sites
are likely false positive hits. Therefore, permutation of
the columns of that matrix should not influence the
overall number of predicted sites or their distribution
between the coding and the noncoding regions. Indeed,
the use of permuted H-NS replicates resulted in a num-
ber of sites similar to those predicted for the original
H-NS matrix (Table 4). The mean number of predicted
elements with scores >u; among the 20 replicates was
1426.4, which is slightly higher than 1396 predicted sites
for the original H-NS matrix. The mean number of sites
with scores >u; — 20; was 21787.8, compared to 22613
sites for the original matrix. Interestingly, the average
values (computed from 20 permuted replicates of the
H-NS matrix) of proportions of predicted hits in the non-
coding and the upstream regions were lower than similar
proportions for the original H-NS matrix (Table 4). For
example, the average of 36.5% of hits with scores >u;
were in the noncoding regions when 20 permuted repli-
cates of the H-NS matrix were used, compared to 42.0%
for the original matrix. For the sites in the upstream
regions with scores >pu;, these values were 29.3% and
33.7%, respectively. On average 24.8% of sites with
scores >u; — 20; were in the noncoding regions when
using 20 permuted replicates, as compared to 25.9%
for the original H-NS matrix. In the upstream regions,
these proportions were 19.3% and 20.0%, respectively.
Similar to the Fur matrix discussed above, the H-NS
matrix is short (11 bp) and has low GC content of 31.5%
(Robison et al., 1998). Therefore, the shuffling of its
columns may have been nonrandom and resulted in a
frequent replacement of a nucleotide from the original
matrix with the same nucleotide in the permuted matrix.
The Fur and H-NS examples show the limitations of the
permutation procedure when applied to short sequences
with a bias in their nucleotide composition. Evidence
for functional significance of predicted sites for tran-
scription factors present in G. sulfurreducens may come
from additional considerations, e.g., their cross-species
conservation in the upstream regions of functionally
important genes, or upstream of co-regulated oper-
ons under the control of a transcription factor of
interest.

4. Discussion

Regulatory sites predicted in the upstream regions
provide an insight into the pathways of operon regu-
lation in G. sulfurreducens. Our results indicate that
the use of known footprinted binding site matrices
from a divergent bacterial species is a useful approach
to identify candidate genome regions affecting gene
expression in an organism of interest. The knowledge
obtained from understanding the individual elements
involved in gene regulation can be used for future
analyses that would reconstruct gene regulatory net-
works, a key for understanding cellular behavior, and
for developing cellular models. However, it is neces-
sary to verify that a transcription factor of interest is
not absent from the organism under study. Addition-
ally, the predictions of regulatory elements may be
affected by their cross-species divergence and by the
genetic polymorphisms of their sequences within each
species.

Similarity of sequence matrices from one species to
sequence elements in a genome of a divergent species
may be influenced by the phylogenetic divergence of
both transcription factors and their binding sites, espe-
cially if multiple homologs of a particular transcription
factor exist. For example, the results of our search did not
discriminate between the predicted —35/—10 promoter
elements that correspond to different sigma factors, e.g.,
RpoS and RpoD promoter elements recognize similar
sequences (Lee and Gralla, 2001; Hengge-Aronis, 2002;
Lacour et al., 2003; Lacour and Landini, 2004; Weber et
al., 2005; Eggers et al., 2006; Yan et al., 2006). In a
number of cases, ScanACE searches using E. coli RpoS
and RpoD matrices recognized essentially the same ele-
ments in the G. sulfurreducens genome. Housekeeping
RpoD promoters may determine expression of many
operons, while other sigma factors from the ¢’° fam-
ily are competitively involved in binding to the core
RNA polymerase, initiating transcription of specialized
sets of genes under specific conditions (Maeda et al.,
2000). Additional transcription modulators and repres-
sors other than sigma factors may affect expression of
certain genes and operons under specific conditions, and
therefore additional regulatory sites may be differen-
tially present in certain operons (Hengge-Aronis, 2000;
Maeda et al., 2000). The challenges in distinguishing
among promoters regulated by different sigma factors
using computational methods have been documented
previously (Huerta and Collado-Vides, 2003). Our recent
use of microarray data and primer extension analyses
in G. sulfurreducens suggested initial confirmation of
a number of RpoS-regulated promoters as compared to
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promoters regulated by other sigma factors (Yan et al.,
2006).

For many binding site matrices that returned positive
hits, the number of predicted elements was in a similar
range (<10, <100, <1000, or >1000) for the G. sulfurre-
ducens genome search presented here and for a similar
searchin E. coli (Robison et al., 1998) at comparable cut-
off level for ScanACE scores. However, in general fewer
elements were predicted for G. sulfurreducens than for
E. coli. This may be related to a smaller size of the G. sul-
furreducens genome (3814139 bp) (Methé et al., 2003)
as compared to that of E. coli (4639221 bp) (Blattner et
al., 1997), and to the differences in regulatory circuitry
and in the number of protein copies in the cells between
these species. Another very plausible explanation is the
sequence divergence of G. sulfurreducens regulatory ele-
ments from those in E. coli. For example, 220 hits with
scores >u; were found in E. coli for the CRP matrix
(Robison et al., 1998), whereas our search using the same
matrix found 58 such hits in G. sulfurreducens (Table 2).
Previous studies have shown that many E. coli CRP sites
may not be detected by similarity searches (Djordjevic
et al.,, 2003; Brown and Callan, 2004). Two CRP-
FNR family members, referred to as Flp, or FNR-like
proteins, have been found in G. sulfurreducens (Esteve-
Nunez et al., 2004) (see also Table 1). Their GenBank
accession numbers are NP_954461 and NP_953041.
NP_954461, also denoted HcpR, or GSU3421, has been
suggested to recognize a G. sulfurreducens motif with a
third position of its consensus sequence different from
that for CRP (Rodionov et al., 2004; Rodionov et al.,
2005). Future investigation will determine which of the
sequence elements in G. sulfurreducens predicted using
CRP and FNR matrices (Table 2 and the online supple-
ment) may be recognized by regulators NP_954461 and
NP_953041.

Another transcription factor with a smaller number of
predicted binding sites in G. sulfurreducens than in E.
coli 1s Fur, for which 36 elements with ScanACE scores
>u; were found in E. coli (Robison et al., 1998), while 4
such elements were found in G. sulfurreducens (Table 2).
Fur is a functional transcriptional regulator in G. sul-
furreducens (O’Neil et al., 2004). When using the cutoff
value of u; — 20, we identified 59 putative Fur sites in
G. sulfurreducens (see the online supplement for their
genome locations). They included three of the four Fur
boxes identified in an earlier study of sequence conser-
vation among d-Proteobacteria in the upstream regions
of the fur, X-feoA-feoA-feoB2, and genX-genY operons
(Rodionov et al., 2004), with genome positions starting
at 1507886, 3589565, and 3591220, respectively. These
results suggest that the score cutoff needs to be low-

ered below p; in a cross-species comparison in order to
identify a broad range of potential Fur binding sites.

The ability of a binding site matrix to recognize simi-
lar sites in a genome is affected not only by its sequence
divergence from the genome under study, but also by
its length, the number of sequences in the matrix, and
the degree of their conservation (Robison et al., 1998).
In the searches reported here, no hits were frequently
found when using transcription factor binding site matri-
ces that had a small number of sequences (six or less)
(Table 3). The effect of sequence length was less obvi-
ous, as search results either returned no hits or returned
positive results both for input matrices as short as 10 bp
and as long as 50 bp. A recent study (Fogel et al., 2005)
of eukaryotic transcription factor binding site matrices
from the TRANSFAC database suggested the impor-
tant role of the sequence length in matrix specificity,
suggesting that 21-43% of the entire matrix length rep-
resented a matrix core affecting its specificity. It is very
likely that, similar to eukaryotic TFBS matrices, the
sequence length plays an important role in finding tran-
scription factor-specific hits rather than false positive
results.

The role of input sequences is illustrated by the
molybdate-responsive transcription factor, ModE, which
is present in G. sulfurreducens (GenBank accession
number NP_954006) (Rodionov et al., 2004) (Table 1).
A site similar to the E. coli ModE binding site consensus
has been found earlier upstream of the G. sulfurreducens
modABC operon (Rodionov et al., 2004), and it is also
present in other species of Proteobacteria, green sulfur
bacteria, and Archaea (Studholme and Pau, 2003). When
we searched the G. sulfurreducens genome with the E.
coli ModE matrix (three input sequences; 24 bp long;
wi=33.72, 0;=1.18) of Robison et al. (1998), without
using a score cutoff, this site had the highest score of
18.4939 of all putative ModE hits, but it did not exceed
the u; — 20; threshold (data not shown), suggesting that
the w; —20; cutoff was too stringent for this search.
When the ModE matrix from Regulon DB was used as
ScanACE input (six sequences; 27 bp long; w;=26.95,
0;=17.03), 80 hits were found with scores >u; — 20;.
Among them, the site upstream of the modABC operon
(operon 1300) (Studholme and Pau, 2003; Rodionov
et al., 2004) had the fifth rank among scores, with a
score of 18.2764, as presented in the online supplement.
That site (with a 3 bp window shift) was also predicted
with the rank of 47 and the score of 13.8505. Other
elements with scores >u; — 20; found using the ModE
matrix from Regulon DB were, for example, a site with a
score of 18.0738 (genome positions 3757162-3757188),
upstream of operon 1481 that contains a gene encod-
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ing a putative Fe-S oxidoreductase, family 2 (COG1032)
(accession number NP_954455). Its product, annotated
as “radical SAM domain protein/B12 binding domain
protein”, was determined by the blastp searches to share
a distant homology with the products of the moaA
gene in Archaeoglobus fulgidus and Sulfolobus tokodaii,
which encodes the molybdenum cofactor biosynthesis
protein A (data not shown). The operon containing the
moaA gene has a ModE-regulated promoter in E. coli
(McNicholas et al., 1997). While NP_954455 appears
to be divergent from the moaA gene product, several
ModE sites have been found upstream of E. coli Fe-S
oxidoreductases genes (Studholme and Pau, 2003), and
therefore the predicted ModE element in G. sulfurre-
ducens is likely a functional site. An element with a score
of 16.9099 (positions 3748873-3748899) was identi-
fied upstream of operon 1476 that encodes a putative
membrane protein (NP_954447) with homology to per-
meases of the drug/metabolite transporter (DMT) family
(COGO697). A ModE site was previously detected
upstream of a homolog of this gene in Yersinia pestis
(Studholme and Pau, 2003). A likely ModE element
with a score of 18.811 in positions 2393719-2393745 is
located upstream of glycine (CCC) tRNA, while an ear-
lier study (Studholme and Pau, 2003) predicted a ModE
site upstream of the E. coli glyQ gene that encodes the
alpha subunit of glycine tRNA synthethase. These exam-
ples suggest likely functional roles of many predicted
ModE elements with scores >u; — 20;.

In addition to their sequence divergence, the genomes
of E. coli and G. sulfurreducens differ in their aver-
age GC content, which may affect the specificity of the
binding site matrices. The GC content of the E. coli
genome is close to 50% (Robison et al., 1998), while
that for G. sulfurreducens is 61% (Yan et al., 2004).
Due to the difference between E. coli and G. sulfurre-
ducens, investigating candidate sites at a lower cutoff
level for ScanACE scores, e.g., >u; — 20, may be essen-
tial for some searches in order not to miss true positive
binding sites. However, a considerable number of false
positive hits are found due to both the difference in
nucleotide composition of the upstream and the coding
regions of the genome, and the sequence divergence of
the E. coli and G. sulfurreducens genomes. Tan et al.
(2001) employed the distribution of random sites and
the proportion of sites located in the upstream regions
in order to select the optimal cutoff values in search for
transcription regulatory sites in Haemophilus influenzae
genome using E. coli CRP and FNR binding site matri-
ces. Our results suggest that the required cutoff values in
G. sulfurreducens may vary substantially among bind-
ing sites for different transcription factors, depending

on divergence of regulatory mechanisms and transcrip-
tion factor specificity between G. sulfurreducens and
E. coli. Experimental verification of predicted elements
may help select the optimum cutoff level for individ-
ual binding site matrices that would identify a sufficient
number of true positive sites while eliminating the false
positive ones. Additional criteria such as binding site
mutation rate (Brown and Callan, 2004), which has
been successfully employed by other authors to pro-
vide statistical significance of predicted binding sites in
v-Proteobacteria (Guia et al., 2005), may aid in estab-
lishing the cutoff values for binding site predictions in
G. sulfurreducens.

Due to evolutionary divergence among species lin-
eages, some transcription factors recognize elements
that are so distinct among species that they cannot
be detected by direct similarity searches. For exam-
ple, LexA recognizes a palindromic sequence specific to
Geobacter (Jara et al., 2003). Experimental and compu-
tational methods other than direct similarity searches are
necessary to identify such unique regulatory elements.
Sequence comparison of G. sulfurreducens transcrip-
tion factors to those in E. coli and other bacteria may
suggest which of their DNA recognition sites are sub-
stantially different. For example, sequence comparisons
of G. sulfurreducens and E. coli RpoS and RpoD have
shown conservation of domains responsible for promoter
recognition and DNA binding and also indicated sev-
eral functionally important sites that are different (Yan
et al., 2006). Comparisons have also been performed for
several regulators of response to nitric oxide, includ-
ing the comparison of the G. sulfurreducens HcpR to
E. coli CRP and FNR (Rodionov et al., 2005). Future
studies may identify those transcription factors in which
their DNA recognition domains mutated so much that
they have lost their ability to recognize DNA sequence
elements similar to those of E. coli.

The present analysis of transcription factor homol-
ogy between E. coli and Geobacter identified those
transcription factors that are likely absent from the G.
sulfurreducens genome. Additional phylogenetic anal-
ysis of the subunits of HU and IHF, and of homologs
of RpoE in G. sulfurreducens and E. coli showed the
complexity of relationships among transcription factors
compared between these species. Future phylogenetic
analysis of other gene families of Geobacter transcrip-
tion factors, coupled with functional studies, will provide
further detailed insights into their orthology relation-
ships to known transcription factors from other bacteria.

Our search results provided in the online supple-
ment show multiple elements located in proximity to
one another. Some of these sites may co-occur due to
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cooperative binding of transcription regulators (Barnard
et al., 2004), while others may reflect alternative mech-
anisms of regulation of gene expression under different
conditions (Rhodius and LaRossa, 2003). Additionally,
some of the predicted elements partially overlap, and
they may represent fragments of the same transcription
factor binding site.

Ongoing and future experimental studies will verify
the accuracy of computational predictions of transcrip-
tion regulatory elements using similarity searches. Some
predictions may be further filtered by incorporating addi-
tional sequence information from adjacent regions, for
example, about the proximity of the transcription ini-
tiation sites, which has been applied by other authors
to E. coli genome analysis (Thieffry et al., 1998). In
addition to 59 transcription factors investigated in this
study, many other regulatory proteins exist in E. coli
(Robison et al., 1998; Thieffry et al., 1998) and in other
bacterial species. While the use of footprinted bind-
ing site matrices makes it possible to scan a genome
for similar binding sites of known transcription fac-
tors, other methods are needed to identify binding sites
for species-specific transcription factors or for species-
specific recognition sites. Such methods include, for
example, analyses of co-regulated operons identified
from microarray expression data, phylogenetic foot-
printing, use of energy constraints, and genome-wide
searches for overrepresented elements (Vanet et al.,
2000; McCue et al., 2001; Li et al., 2002; Djordjevic
et al., 2003; Rhodius and LaRossa, 2003; Brown and
Callan, 2004).

Our recent analyses of G. sulfurreducens gene
expression microarray data confirmed a number of reg-
ulatory elements reported in the online supplement.
Two of the many confirmed sites include Fur sites
at positions 1013986-1013999 upstream of operon
432 encoding cystathionine beta-lyases and at posi-
tions 2735603-2735623 upstream of transcription unit
1099 encoding a putative oxalate/formate antiporter
(J. Krushkal, B. Yan, M. Coppi, L. DiDonato, R.
Mahadevan, R. O’Neil, B. Methé, D. Lovley, unpub-
lished data). A number of—35/—10 promoters predicted
using sequence similarity searches were validated using
microarray analysis of the rpoS deletion mutant (Yan
et al., 2006). Furthermore, two likely RpoS-regulated
promoters upstream of transcription unit 161 encod-
ing an OmpA domain protein and 702 encoding a
methylamine utilization protein have been experimen-
tally verified using primer extension analysis (Yan et al.,
2006).

Because different regulatory mechanisms may affect
gene expression under different biological conditions,

each approach to prediction of regulatory elements (e.g.,
similarity searches, microarray analyses, and searches
for binding sites conserved among species) may iden-
tify only a subset of all regulatory elements present in
a genome. A combination of theoretical and experimen-
tal approaches is necessary in order to investigate the
complex interplay of regulatory elements affecting gene
expression and to identify those regulatory elements that
play a role in particular biological conditions.
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