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ABSTRACT

In Escherichia cal, we have found that reguiatory regions contin high densities of ovellappmg and probably competing promoter-like signals, in contrast to coding
regions and regions located between genes [Huerta & Coll 03]. It has been shown that the differential densities of promoter-like
signals between regulatory and nonregulatory regions are detectable in large eubacterial gename& in contrast to genomes that have experienced severe reductive
evolution, which do not show the differential pattern [Huerta et al. submitted]. Presence of this pattern mirrors that of genes and other genomic features that require weak
selection to be effective in order to persist. This implies that the differential distribution of promoter-like signals between regulatory and nonregulatory regions confers a
significant fitness advantage. Here we present a more detailed comparative analyses of promoter regions among enteric y-proteobacteria. This analysis detects significant
positional conservation of promoter-like signal clusters across enterics, some times in spite of strong primary sequence divergence. This suggests that the conservation of
the nature and exact position of specific nucleotides is not necessarily the priority of selection for maintaining the transcriptional function in these bacteria

Introduction.

The Escherichia coli RNAP is composed of a core complex of c 3, and B subunits and one of a variety of o factors, the principal one being a70, which is capable of
binding to the -10 (TATAAT) and -35 (TTGACA) promoter sequences and is essential for general transcription in exponentially growing cells. We have shown that
regulatory regions in E. coli contain high densities of 70 promoter-like signals, in contrast to coding regions and regions located between convergently transcribed genes.
Moreaver, functional promoter sites identified experimentally are often found within the subregions of highest density of overlapping signals, even when individual sites
with higher binding affinity for RNAP exist elsewhere within the region [Huerta and Collado-Vides, 2003]

Densities of Promoter-like Signals in Eubacteria.

The essential primary sigma factors, which are present in all known eubacteria, are closely related to 070 of E. coli. Recent data suggest that there is only one primary
sigma factor present in any given eubacterial species. We have found that regulatory regions contain an excess of promoter-like signals in at least 43 different
representative bacterial genomes. Only genomes with small size do not present this abundance of signals for housekeeping promoters, which is in agreement with
evidence that small genomes have impoverished regulatory mechanisms
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“This comparison is valid given that RNAP is evolutionarily conserved across all eubacteria; in addition to the sequence similarities between the subunits of the RNAP
protein complex, low-resolution structural studies have revealed that the overall shapes of all RNAP are strikingly similar [Bell and Jackson, 2000]. Moreover, there
seems to be only one housekeeping o70 factor present in any given species [Wosten, 1998, and all eubacterial 670 protein sequences can be clearly aligned and contain
highly similar motifs for the recognition and binding of ~10 and ~35 promoter sequences [Lonetto et al., 1992, Huerta et al., submitted]

Density maintained by natural selection.

“The high density of promoter-like signals in regulatory regions of large bacterial genomes is maintained by natural selection:

 First, the fact that this pattern is observed in phylogenetically-distant genomes argues against mutational biases s its main
source, since mutational biases are known to vary among genomes, particularly when there are large differences in GC content.

* Second, signal density is highly dependent on lrge genome size, and is compleely absent from most of the small genomes
of animal parasites and symbionts with an intracellular or d lifestyle Ureaplasma,
Treponema, Borrelia, C: Rickettsia, Buchnera,

We suggest that such density might be generated by some form of natural selection, and that the difference between regulatory and nonregulatory regions s du to the
joint effects of selection for promoter-like signals in regulatory regions and selection against them in the other areas of the genome. However, it is important to note that
such scenario does not imply that all promoter-like signals in regulatory regions are being maintained by selection because a specific function is required from each one of
them. Several different types of selective regimes could act on regulatory regions and influence the abundance and distribution of promoter-like signals.

Models implying turnover of functional promoter sequences.

Compensatory Selection Stabilizing selection
Compensatory evolution occurs when a pair of mutations at different sites that
would be singly deleterious produces normal fitness in combination and can
therefore easily becomes fixed in a population [Kimura 1985]

With basis on their chimaeric enhancer experiments, Ludwig et al. [2000] have
proposed an alternative model of regulatory evolution in eukaryotes,

Densities of Promoter-like Signals in Enteric Bacteria.

In order to investigate the factors that maintain a high density of promoter-like signals in bacterial regulatory regions, we are undertaking detailed structural analyses of
homologous regulatory regions across the Enterobacteria [Huerta et al. 2006]. The availability of numerous complete genomes for enteric species and strains with different
degrees of relatedness enables the use of comparative analyses to asses the conservation of the regulatory features defined in E. coli, and to reveal the mode of evolution of
regulatory sequences within this group. Most enteric species are inhabitants of the mammalian intestine, but the genomes analyzed here encompass a wide variety of
bacterial lifestyles. The species analyzed include commensals or pathogens of vertebrate animals, one pathogen of plants, intracellular symbionts of insects and
Photorhabdus luminiscens, which has a complex lifestyle involving pathogenic and symbiotic relationships with two different invertebrate hosts [Joyce, Watson and
Clarke 2005]. Overall, the enterics represent an organismal radiation that started at least 200 MYA [Clark, Moran and Baumann 1999].
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Conserved Anatomy of 70 promoters in enteric genomes: Overlapping promoter-like clusters.
Regarding the organization of promoter-like signals into clusters, above 80% of the signals identified by COVER as the most likely to be functional are found within
clusters in every enteric species. This indicates that the strong connection between promoter functionality and signal clustering first identified in E. coli [Huerta and
Collado-Vides, 2003] is maintained throughout the enteric family. Almost all genes have at least one signal cluster, comprising a minimal average of 4.61 signals.
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In comparisons against every target genome, we have determined the percentage of E. coli K12 clusters for which a cluster is also detected in the second genome at an
overlapping position in relation to the gene start. We call this relative positional conservation [Huerta et al. 2006], in contrst to
phylogenetic footprinting and shadowing in vertebrates which refer to nucleotide sequence conservation [Tagle et al. 1988; Gumucio et al. 1993; Aparicio et al. 1995;
Sumiyama et al. 2001]. For 90% of the shared genes between E. coli K12 and each target genome, there i at least one cluster with a positional overlap.

Conservation and Flexibility in upstream regulatory regions: Two modes of evolution?

The CRP protein is a transcription factor

signals on transcriptional regulation. The

‘The dnaQ gene encodes the epsilon subunit
of DNA polymerase Il which performs 3"
10 5" exonucleolytic proofreading activity.
“This proofreading function is essential and

best-characterized promoter of crp, crp, is GnaQ s present across eubacteria. dnaQ has — —
located 167 bp away from the gene been experimentally shown to be regulated — .
start Experimental evidence indicates that by two promoters, with +1 sites positioned —— ——
an additional promoter, crp2, is located at-50 (P1) and 133 (P2) base pairs from —
downstream of crpl and can promote —_— —— the gene st At low —
transcription initiation_at _three  closely — —— concentrati wnstream promoter — —
spaced sites, located 73, 79 and 80 bp —_— —— (P1) is utilized preferentially, but the s
‘downstream from the crplinitiation sit. —_— upstream promoter (P2) is utilized as well ——

_—— ‘when RNAP concentration increases. ——

J—— ——— — —

The experimentally mapped locations of
10 and -35 boxes for crpl in E. coli K12
o not correspond exactly with the motif
positions of the predicted promoters but the
general position of crpL overlaps that of
two promoter-like signals. This positional
overlap occurs in spie of strong sequence
divergence between the E.coli clade and the
other”species, including numerous  indels
which  obstruct  nucleotide  sequence
alignment. In terms of rate and mode of
evolution, the crp region appears to be
more variable among enteric species, both
in s of th ol s farccape
in the consenvation of
experimentally mapped promoters.

—— this region indicates that the bases

Inspection of the sequence alignments for

overlapping  Ecoli K12 PL in the
endosymbionts  are  poorly

implying that promoter-signal _positional
overlap has been maintained in face of high
sequence divergence. This suggests that the
identification

of phylogenetic positional overlap can be
employed to detect probable functional
conservation among  regions  undergoing
high rates of evolution.

Conclusions.

- Promoter turnover should be facilitated by the fact that the level of sequence
and structural degeneracy tolerated by functional promoter sites.

- Compensatory evolution is especially likely when the population size is large
[Carter and Wagner 2002]. Given that bacteria have large populations, short
generation times and high mutation rates, the neutral turnover of redundant
sites should be even faster than in animal genomes.

+ Because promoter seem to contain multiple binding sites, and can
accommodate sequence and structural variability, many independent mutations
could actually contribute to variation in gene expression [Ludwig et al. 2000;
Ludwig 2002].

“Stabilizing selection would then have to act regulatory regions to maintain
stable levels of gene expression within boundaries not affecting fitness.

Our preliminary analyses of structural and organizational evolution in bacterial regulatory regions suggest that the conservation of the nature and exact position of
specific nucleotides is not necessarily the priority of selection for maintaining regulatory function. Although our analyses so far are strictly computational and therefore
can't establish functional , the positional of similar pr like signal clusters with regulatory potential, in the face of nucleotide sequence
divergence, suggests that function could be selectively maintained without requiring the presence of specific nucleatide sequences. This implies that phylogenetic
positional overlap should be a good technique for detecting probable functional conservation among regions undergoing high rates of evolution, and even to identify
homoplastic functional similarity among regulatory regions having independent evolutionary origins.

Bibiography.

“When the number of sites affecting a quantitative trait is large, the average
selection coefficient per mutant site under stabilizing selection is small, and the
rate of substitution can be high [Kimura 1981]

 Potentially, the target of purifying selection for promoter function could shift
often enough to preserve a large number of promoter-like sites at a given point
i time. The preservation of multiple redundant promoter-like sites could be
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promoted by selection for genetic robustness, the existence of multiple
potential promoter sites capable of initiating transcription at relatively similar
rates would minimize the deleterious effect of genetic mutations on gene
expression
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“Therefore, stabilizing selection on promoters could maintain phenotypic
constancy while allowing mutational tumover of functionally important sites.
The stabilizing selection could preserve a substantial level of hidden genetic
variation capable of affecting gene expression in bacterial populations. Such
variation would permit rapid evolution of subtle changes in gene expression
and could contribute substantially to the impressive ability of bacteria to adapt
swiftly and precisely to environmental change.
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