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 is unique among the bacterial sigma factors.
Besides not being related in sequence with the rest
of such factors, its mechanism of transcription initia-
tion is completely different and requires the participa-
tion of a transcription activator. In addition, whereas
the rest of the alternative sigma factors use to be
involved in transcription of somehow related biologi-
cal functions, this is not the case for 
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 and many
different and unrelated genes have been shown to be
transcribed from 

  

ssss
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-dependent promoters, ranging
from flagellation, to utilization of several different car-
bon and nitrogen sources, or alginate biosynthesis.
These genes have been characterized in many differ-
ent bacterial species and, only until recently with the
arrival of complete genome sequences, we have been
able to look at the 
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 functional role from a genomic
perspective. Aided by computational methods, the 

  

ssss
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regulon has been studied both in 

 

Escherichia coli

 

,

 

Salmonella typhimurium

 

 and several species of the
Rhizobiaceae. Here we present the analysis of the 

  

ssss
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regulon (sigmulon) in the complete genome of

 

Pseudomonas putida

 

 KT2440. We have developed an
improved method for the prediction of 

  

ssss

 

54

 

-dependent
promoters which combines the scores of 
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-RNAP
target sequences and those of activator binding sites.
In combination with other evidence obtained from the
chromosomal context and the similarity with closely
related bacteria, we have been able to predict more
than 80% of the 

  

ssss
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-dependent promoters of 

 

P. putida

 

with high confidence. Our analysis has revealed new
functions for 

  

ssss

 

54

 

 and, by means of comparative anal-
ysis with the previous studies, we have drawn a
potential mechanism for the evolution of this regula-
tory system.

Introduction

 

Bacterial RNA polymerase requires transient association
with a sigma factor for the initiation of transcription (Hel-
mann and Chamberlin, 1988). Often several sigma factors
are present in bacterial genomes, each of them providing
a different specificity to the RNA polymerase, and thus the
ability to initiate transcription in different sets of promoters.
For instance, 22 diferent sigma factors are present in the
genome of 

 

P. putida

 

 (Martínez-Bueno 

 

et al

 

., 2002).
Whereas most of the sigma factors belong to the same
broad family (

 

s

 

70

 

) based on sequence similarity, 

 

s

 

54

 

 does
not belong to the this group. Additionally, there are also
differences in the molecular mechanism involved in trans-
cription initiation among 

 

s

 

54

 

 and the rest of the sigma
factors. Functioning of 

 

s

 

54

 

 strictly requires the concourse
of an activator protein (Buck 

 

et al

 

., 2000), which binds
specific sequences located in a relatively remote position
from the transcription start site (upstream activating
sequences or UAS; Fig. 1). Because of the reminiscence
to factors which bind eukaryotic promoters, 

 

s

 

54

 

-dependent
activators are frequently referred to as prokaryotic EBPs
(enhancer-binding proteins). These EBPs are often
described as well as members of the NtrC class of tran-
scriptional regulators, after the name of one of the best
known examples of the family. Transcription activation by
these regulators involves a complex mechanism which
includes the hydrolysis of ATP as its key step (Zhang

 

et al

 

., 2002). In addition, the intervening DNA region
between the activator binding site and the 

 

s

 

54

 

 binding site
has to be bent in order to place the two protein com-
plexes in contact. In some cases, this bending can be
assisted by a nucleoid-associated protein, such as IHF or
HU (Hoover 

 

et al

 

., 1990; Pérez-Martín and de Lorenzo,
1995).

Although most of the alternative sigma factors partici-
pate in the transcription of related genes this is not the
case for 

 

s

 

54

 

. Despite being initially identified as a nitrogen
specific sigma factor (Beynon 

 

et al

 

., 1983; Merrick, 1983;
Hirschman 

 

et al

 

., 1985), now a number of different and
disparate genes are known to be transcribed from 

 

s

 

54

 

-
dependent promoters. Among these diverse functions
there are genes involved in the transport and metabolism
of different nitrogen and carbon sources, plant pathoge-
nicity, synthesis of several cofactors, alginate production
and flagellation (Studholme and Buck, 2000).

While more and more promoters are added to this list,
the arrival of complete genome sequences have allowed
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analysis of the complete regulon of a single species. With
the help of computational methods, very detailed analyses
have been carried out in 

 

E. coli

 

, 

 

Salmonella typhimurium

 

and several species of Rhizobiaceae (Reitzer and
Schneider, 2001; Dombrecht 

 

et al

 

., 2002; Studholme,
2002). This analysis has broadened the range of 

 

s

 

54

 

 roles
and in the case of 

 

E. coli

 

, has provided an unified expla-
nation for the apparent disparity of genes regulated by 

 

s

 

54

 

,
based on the physiological conditions derived from nitro-
gen deprivation. However this hypothesis is only applica-
ble to 

 

E. coli

 

 and fails to explain many other functions
present in other species such as, for example, its involve-
ment in the catabolism of aromatic compounds (Dixon,
1986). Here we have addressed the study of the comple-
ment of genes dependent on 

 

s

 

54

 

 in the genome of 

 

P.
putida

 

 (Nelson 

 

et al

 

., 2002). This species presents
impressive metabolic capabilities, regarding both the
range of carbon and nitrogen sources that this bacterium
is able to use, and some of this capabilities have been
shown to depend on the presence of a functional 

 

s

 

54

 

(Kohler 

 

et al

 

., 1989). In addition, 

 

P. putida

 

, as a soil inhab-
itant, can be anticipated to have a more complex regula-
tion network than the previously characterized enteric
bacteria (Cases 

 

et al

 

., 2003), and at the same time, less
biased in the 

 

s

 

54

 

 function than the nitrogen fixating rhizo-
bia, in which most of the 

 

s

 

54

 

-dependent promoters are
involved in nitrogen fixation and the establishment of the
symbiotic nodule (Dombrecht 

 

et al

 

., 2002). With these two
considerations in mind, we expected that our analysis
would reveal new aspects of the 

 

s

 

54

 

 biological role.

To this end we have developed a new algorithm that
allowed us to increase the sensitivity of traditional meth-
ods. Our method takes advantage of the well-established
requirement of an activator protein in this kind of promot-
ers, and of the sequence features of the binding sites for
these factors. Thus, we have been able to predict 46 

 

s

 

54

 

promoters in the 

 

P. putida

 

 genome, and estimate the total
number of 

 

s

 

54

 

 promoters to be around 55. A comparison
of our results with the previous analysis of the comple-
ment of 

 

s

 

54

 

-dependent genes of 

 

E. coli

 

 and 

 

P. putida

 

 is
also presented. In addition, these comparisons shed
some light on the possible evolutionary mechanism oper-
ating on this kind of regulatory systems.

 

Results

 

Promoter detection and validation: estimating the number 
of 

 

s

 

54

 

 promoters

 

In order to predict 

 

s

 

54

 

 promoters, we developed Genome-
MatScan, a program to search instances of DNA patterns
according to a position-weight matrix. We built a matrix for

 

s

 

54

 

 promoters based on the compilation by Barrios 

 

et al

 

.
(1999). In order to test the program and the matrix, we
ran GenomeMatScan on the 

 

E. coli

 

 intergenic regions.
All of the 17 experimentally determined 

 

s

 

54

 

 promoters
(Reitzer and Schneider, 2001) were detected (not shown).
Then we set to run GenomeMatScan on the 

 

Pseudomo-
nas putida

 

 genome. First, the intergenic regions extracted
according to the ORFs included in the NCBI version of the

 

P. putida

 

 genome (Nelson 

 

et al

 

., 2002). Sequences (4365)
were obtained. These sequences were scanned with
GenomeMatScan. In order to select the most appropriate
cut-off value, we performed two different tests. First, we
compared the score distribution among those predicted
promoters which are correctly oriented, that is in the same
direction that the downstream gene, and those which are
not (Fig. 2). The reasoning of this analysis is that false
positives should be homogeneously distributed between
both types of promoters, whereas true positives must be
correctly oriented. Figure 2 shows that there are no incor-
rectly oriented promoters scoring over 16, and only four
scored over 15, suggesting that 15 is a reasonable thresh-
old, and 16 would avoid almost any false positive. Fifty-
one promoters scored over 15, four were in the incorrect
direction, and a similar number of false positives could be
expected to occur in the correct orientation. Thus we esti-
mate about 15% false positive rate (8/51). Finding out the
false negative ratio is more difficult, given the limited num-
ber of 

 

s

 

54

 

 promoters characterized in the 

 

Pseudomonas
putida

 

 genome. If we look at the results obtained in 

 

E. coli

 

,
four out of 17 known promoters scored less than 15,
suggesting a false negative ratio around 25%. Assuming
a similar ratio in 

 

P. putida,

 

 we can estimate that the total

 

Fig. 1.

 

 General organization of 

 

rpoN

 

-dependent promoters and cog-
nate activators. The distribution of relevant DNA sequences is shown 
on top. These include the upstream activating sequences (UAS) 
which are the target of the prokaryotic enhancer binding proteins 
(EBPs, activators working in concert with 

 

s

 

54

 

-RNAP) and the 

 

-

 

12/

 

-

 

24 region bound by 

 

s

 

54

 

-RNAP itself. Protein sizes are symbolic. 
The number of activator monomers at the UAS is uncertain, it may 
range 4–8 units (most probably three dimers). Bottom, domain orga-
nization of with 

 

s

 

54

 

-related EBPs. Relevant portions of the proteins 
include the signal reception, N-terminal A domain, the central (C) 
module involved in NTP binding, and the D domain at the C-terminus, 
with a helix–turn–helix (HTH) motif for DNA binding. The A and C 
modules are connected by a linker B domain.
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number of 

 

s

 

54

 

 promoters should be between 50 and 60.
The difficulty to ascertain low-score false negatives is
exposed in the case of the promoter driving expression of
the 

 

dnaA

 

 (PP1668) gene of 

 

P. putida

 

 (Ingmer and Atlung,
1992). Whereas this 

 

dnaA

 

 promoter has been experimen-
tally characterized as being dependent on 

 

s

 

54

 

, our crite-
rium assigned it a score of only 12.06. In order to better
determine an precise threshold which would minimize the
number of false positives, we performed an analysis
based on the sensitivity of our prediction methods. Sen-
sitivity is defined as the proportion of the real targets that
are detected at a given threshold. When the number of
predicted targets for different threshold values is plotted
against the sensitivity achieved at each value, typically a
curve with two regions of different slope is obtained
(Ussery 

 

et al

 

., 2001). The point where the slope changes
corresponds to the point where false positives start to
accumulate, and thus is an indication of an adequate
threshold. As only a few 

 

s

 

54

 

 (mostly extra-chromosomal)
promoters have been characterized in detail in 

 

P. putida,

 

matching the sensitivity of the prediction with experimental
data is not trivial. In order to estimate the sensitivity of our
method we thus resorted again to a numerical method. To
this end, we selected 24 promoters scoring more than 13
as our 

 

true positive

 

 set, based on what is known in close
relative species and from other indirect evidences in 

 

P.
putida

 

. It is important to note that the set of promoters to
estimate sensitivity has no influence whatsoever in the
search method, only on the threshold selected, so minor
errors in this step do not influence the promoters found
by our method. The plot obtained is shown in Fig. 3.
Based on this plot we estimated that a threshold of 15.95
practically guarantees the absence of false positives.
Twenty-one predicted promoters scored above this figure.
The highest scoring promoter in the incorrect orientation
was 15.89.

 

UAS detection and validation: improvements on promoter-
only prediction

 

According to our previous estimation of the number of 

 

P.
putida

 

 

 

s

 

54

 

 promoters, the 21 sequences that we predicted
represent between 35 and 40% of total number of pro-
moters. We investigated improving our promoter predic-
tion method. One approach that has been successfully
employed in the prediction of eukaryotic promoters is the
combined detection of the promoter together with tran-
scription factor binding sites. This approach cannot be
applied directly to our case given the variety of different reg-
ulators able to activate 

 

s

 

54

 

-dependent promoters, for most
of which the binding DNA sequence is unknown. However,
when the known binding sequences are studied in detail,
a number of common features can be observed (Reitzer
and Schneider, 2001). First, as it is well known, they all bind
the DNA at a relatively distant position from the transcrip-
tion start site. Frequently two or more binding-sites are
present in the promoter, each one consisting in an imper-
fect palindromic sequence. Although different lengths have
been reported, most of known sites can be represented as
a palindrome of two hemi-boxes eight nucleotide long, sep-
arated by at most one nucleotide (Fig. 4).

Fig. 2. Distribution of scores in correctly oriented and incorrectly 
oriented promoters predicted in the P. putida intergenic regions. Note 
that the frequencies are almost identical at scores below 15. Only 
four incorrectly oriented promoters score over 15, and none over 16.
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We developed a program to scan the sequence
upstream of the predicted binding site for structures with
the properties described above. In order to score, we
measured the information content of the site considering
the four hemi-boxes (Schneider et al., 1986). It should be
noted that no sequence similarity is used here, so the
program was designed to find unknown binding sites. In
order to evaluate the performance of our program, we tried
to detect the UAS of those 10 genes in E. coli for which
binding sites has been characterized. By adjusting the
search to combinations of -12/- 24 motifs and UAS within
genomic DNA segments of 200 bp, we were able to detect
eight of them. The other two (those of the astC and hypA
promoters) happened to have their UAS more than 200
nucleotides upstream of the transcription start site, and
thus lied outside of the searched region (Reitzer and
Schneider, 2001). We then set out to detect UAS for the
predicted s54 promoters that score 13 or higher. Such an
analysis of the predicted UAS produced an encouraging
result. The values for the distance between the two repe-
titions are not homogeneously distributed, but are maxi-
mal at values that are multiple of 10.5 (Fig. 5). In other
words they are placed in the same face of the DNA. This
is a known property of experimentally determined UAS
(Pérez-Martín and de Lorenzo, 1996), but was not
included in the algorithm used. We then combined both
promoter score and UAS score in a unified score, calcu-
lated as Sp/12 + Su where Sp is the score of the promoter
(in which 12 bases are considered) and Su is the score of
the UAS. In order to set the appropriate threshold and to
test the predictive power of this new score, we used the
sensitivity analysis, and the results are shown in Fig. 3. If
compared with the scores obtained based only on the
promoter sequence, it can be noted that prediction quality
improved significantly, increasing the sensitivity from 52%
to 64% (measured over our artificial positive set). A
threshold of 2.65 was selected, which allowed us now to

predict up to 31 promoters with minimal ratio of false
positives. Again the highest scoring promoter in the incor-
rect orientation scored 2.60. The final list of our predicted
promoters is summarized in Table 1. These promoters will
be discussed in the following sections in the broader con-
text of their biological functions.

Flagella and motility

A P. putida KT2440 mutant strain lacking s54 is known to
be unable to produce flagella (Kohler et al., 1989). Here,
three high scoring promoters were found in front of three
flagellar related genes: PP4391 (the flgBCDE operon),
PP4370 (the fliEFGHIJ operon) and PP4372 (the fleSR
operon). In addition to these three, sequence strongly
resembling s54 promoters (score >13) were found also in

8

0-1

8 8

0-1

8

NtrC XylR

UASdistal proximal s54-RNAP

16-60 70-350

Fig. 4. Model of the upstream activating 
sequences for s54-dependent promoters. Top 
panels, LOGO representation (Schneider and 
Stephens, 1990) of the NtrC and XylR binding 
sites. Note the symmetry and the spacing: while 
in the case of NtrC the 8-base inverted repeats 
are separated by one nucleotide, the half-sites 
lie next to each other in the UAS for XylR. 
Bottom panel, representation of the model used 
for finding UAS. The algorithm searches two 
repetitions of 8 base long palindromes, in which 
the hemi-boxes are separated 1 or 0 bases, 
with the two repetitions located between 16 and 
60 bases apart, the search being made in a 
window spanning 70–350 bases from the tran-
scription start site.

Fig. 5. Phasing of UAS in canonical s54-dependent promoters. The 
activator-binding sites tend to be separated by a exact number of helix 
turns. We calculated the offset from an exact number of helix turns 
(assuming 10.5 bases per turn) for the distance between the two 
repetitions of the predicted UAS. Note that whereas 65% of the UAS 
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bases with an almost normal distribution centred at 0, this is not the 
case in the incorrectly oriented promoters.
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front of PP4394 (flgA), PP4344 (flhA) and PP4386 (the
flgFGHIJKL operon), and weak matches (score >10 and
<13) in front of PP4352 (flhB), PP4361 (the fliKLMNOPQR
operon) and PP4376 (fliD). In Pseudomonas aeruginosa
all these genes are known to be regulated by FleQ, a s54-
dependent regulator, either directly (Totten et al., 1990;
Arora et al., 1997, 1998; Jyot et al., 2002) or through the
action of FleR, also a s54-dependent regulator. The activity
of FleQ is controlled by the FleN (Dasgupta and Ramphal,
2001) whereas FleR is believed to be controlled by FleS.
Orthologues to FleQ and FleR are present in the P. putida
genome, and also of the regulatory proteins FleN and
FleS.

Nitrogen metabolism

We have found potential s54-dependent promoters
upstream of several genes related to nitrogen metabolism.
The highest scoring promoter in our screen was PP5046
(glnA) coding for the glutamine synthetase. This gene is
one of the paradigms in s54-dependent transcription. This
gene is in the same operon with the ntrB (PP4057) and
ntrC (PP5048) genes and in E. coli its transcription is
regulated by the NtrC protein. The genes regulated by

NtrC have been recently determined in E. coli, by the
comparison of the transcription profiles of two strains, one
lacking the ntrC gene, and other carrying an constitutive
allele of the regulator (Zimmer et al., 2000). In order to
establish the extent of the NtrC regulon in P. putida, we
tried to identify orthologues to those of the NtrC regulon
in E. coli. We could not identify clear orthologues for
several of them. For those that we could, we found s54-
dependent promoters in front of the yhdWXYYZ ortho-
logues (PP1297-PP1300), and the glnK-amtB operon
(PP5234-PP5233), although in this later case with a score
below our selected threshold. Additional weak promoters
(score >10 and <13) where found also in front of argT
(PP4486, score 12.33), the dppABCDBE operon
(PP0885, score 10.33) and the yeaGH operon, although
in this case only the yeaH orthologue (PP0396, score
12.76) seem to be transcribed from a s54-dependent pro-
moter. An interesting case is the gltIJKL operon, which
codes for a glutamate transporter. The P. putida ortho-
logues (PP1071-PP1068) are very close to, and possibly
co-transcribed with, a sensor-histidine kinase and a s54-
dependent regulator (PP1067, PP1068), suggesting that
in P. putida this operon might be regulated by a mecha-
nism not involving NtrC. The case of the orthologues for
the potFGHI operon (PP5181-PP5177) is also noteworthy.

Table 1. Genes downstream of the predicted promoters scoring over the selected threshold.

Gene Score Description

PP5046 3.086 glutamine synthetase, type I
PP4867 3.007 branched-chain amino acid ABC transporter, periplasmic binding protein
PP0556 3.001 acetoin catabolism protein
PP4391 2.972 flagellar basal-body rod protein FlgB
PP2094 2.931 nitrate-binding protein NasS, putative
PP1833 2.916 conserved hypothetical protein
PP1703 2.856 assimilatory nitrate reductase/sulfite reductase, putative
PP3931 2.853 transporter, sodium/sulphate symporter family
PP4370 2.829 flagellar hook-basal body complex protein FliE
PP3184 2.825 hypothetical protein
PP2106 2.822 ammonium transporter, putative
PP3463 2.816 aldehyde dehydrogenase family protein
PP4309 2.811 transporter, NCS1 nucleoside transporter family
PP1188 2.799 C4-dicarboxylate transport protein
PP3655 2.794 cytosine/purine/uracil/thiamine/allantoin permease family protein
PP1297 2.788 general amino acid ABC transporter, periplasmic binding protein
PP3420 2.777 sensor histidine kinase
PP0545 2.754 aldehyde dehydrogenase family protein
PP0052 2.725 metallo-beta-lactamase family protein
PP3009 2.723 hypothetical protein
PP3950 2.728 methyl-accepting chemotaxis transducer
PP2092 2.715 nitrate transporter
PP3120 2.709 oxidoreductase, aldo/keto reductase family
PP4372 2.696 sensory box histidine kinase FleS
PP3947 2.689 isoquinoline 1-oxidoreductase, putative
PP1071 2.686 amino acid ABC transporter, periplasmic amino acid-binding protein
PP2810 2.684 conserved hypothetical protein
PP1726 2.672 ABC transporter, periplasmic binding protein
PP2764 2.669 NADH-dependent FMN reductase MsuE
PP2774 2.663 glycine betaine/L-proline ABC transporter, ATPase/permease fusion protein
PP3196 2.659 nodulation protein d1
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These genes, which code for a putative putrescine trans-
porter, could be co-transcribed with the PP5182 and
PP5183 genes, which code for a putative aminotrasferase
and putative glutamine synthetase. Interestingly a weak
s54 promoter could be found in front of the first gene of
the cluster PP5183 (score 10.83). Finally we could not
detect any s54-dependent promoter in the upstream
regions of the orthologues for the astCADBE operon
(PP4481-PP4475).

Three genes involved in nitrate metabolism were also
identified as s54-dependent: the PP2092-PP2090 operon,
coding for a nitrate transporter, a serine/threonine kinase
and a uroporphyrin III-methyl-transferase, the PP2094-
PP2093 coding for a nitrate binding protein and a trans-
cription antiterminator, and PP1703-PP1706 encoding a
nitrate reductase and the two subunits of the nitrite reduc-
tase. Significantly, s54 lacking mutants of P. putida are
unable to grow on nitrate as the only nitrogen source
(Kohler et al., 1989). Nitrate assimilation is known to be
s54-dependent in several Pseudomonas (Totten et al.,
1990; Hartig and Zumft, 1998) and Ralstonia (Zumft,
2002) species.

Several other promoters scoring above the selected
threshold were found in front of nitrogen related genes.
These include: the operon PP4867-PP4863 which
encodes the five subunits of a high affinity transporter for
branched amino acids; the PP3655 gene, encoding a
protein of the cytosine/purine/uracil/thiamine/allantoin per-
mease family; the PP4309 gene, a member of the NCS1
nucleoside transporter family, which is probably co-
transcribed with PP4310, an hydantoin racemase; PP2106
determining a putative ammonia transporter; and finally,
the PP2774-PP2276 cluster, encoding two subunits of a
glycine betaine/L-proline ABC transporter (perhaps
involved in osmotic adaptation) and one protein belonging
to the family of homocysteine S-methyltransferases. In
addition, we found a strong match in front of PP3196. This
gene determines a transcriptional regulator of the LysR
family with strong similarity with the Nodulation protein 1.
This protein is involved in the regulation of genes related
with the symbiotic nitrogen fixation of rhizobia, and can
bind flavonoids as inducers (Honma et al., 1990). Its func-
tion in P. putida, a non-nodulating bacteria, is unknown,
but it could have a role in the interaction of this organisms
with the plant rhizosphere (Espinosa-Urgel et al., 2002).

Carbon metabolism

We found s54-dependent promoters in front of several
dehydrogenases and oxidoreductases, like PP3463 or
PP0545, both belonging to the aldehyde dehydrogenase
family; the PP3120, which belongs to the oxidoreductase,
aldo/keto reductase family; or the PP2764-PP2770
operon that contains the genes for one NADH-dependent

FMN reductase, one sulphonate monooxygenase, one
protein related to the long-chain-fatty-acid-CoA ligases
and the three subunits of a putative branched-chain amino
acid ABC transporter. The first two proteins of this operon
are very similar to the sfnE and snfC genes of P. putida
strain DS1, which are responsible for the catabolism of
dimethyl sulphide in this strain. In P. putida strain DS1, the
sfnE and sfnC genes are co-transcribed along with sfnR,
the gene encoding the cognate s54-dependent activator of
the whole operon (Endoh et al., 2003). This is not identical
to the situation in P. putida KT2440: our prediction identi-
fies the presence of a s54 promoter in front of the operon
that contains the sfnE and snfC, but these genes lack an
adjacent sfnR-like regulator.

Another gene cluster driven by a predicted s54 promoter
is the PP3947-PP3948 operon. This includes a putative
isoquinoline 1-oxidoreductase alpha subunit and a puta-
tive fusion protein containing an isoquinoline 1-oxi-
doreductase beta module and an alcohol dehydrogenase
protein. In addition an orthologue of the dicarboxylate
transporter DctA (PP1188) was also found downstream of
a predicted s54 promoter. The expression of this gene is
known to be s54-dependent in several other bacteria such
as Rhizobium meliloti or Rhizobium leguminosarum
(Ledebur et al., 1990). Finally an operon for acetoin
metabolism was also found (PP0556–PP0550), almost
identical to the one defined in P. putida PpG2 (Huang
et al., 1994). This operon is transcribed from a s54-
dependent promoter in Ralstonia eutropha (Kruger and
Steinbuchel, 1992) and B. subtilis (Ali et al., 2001).

Other functions

We also found s54 promoters in front of genes of which
the function is very difficult to assess. These include the
operon formed by PP1726-PP1721 including four subunits
of an ABC transporter of unknown substrate, one
hypothetical protein and a member of the haloacid
dehalogenase-like family which includes L-2-haloacid
dehalogenases, epoxide hydrolases and phosphatases.
Also in this group is the PP3931 gene which codes for a
member of the sodium/sulphate symporter family and the
PP0052, a member of the metallo-beta-lactamase family
which apart from the beta-lactamases also includes thio-
lesterases and members of the glyoxalase II family. Two
genes with regulatory potential, a sensor histidine kinase
(PP3420), and methyl-accepting chemotaxis transducer
(PP3950), were also found to be transcribed from s54-
dependent promoters. Four additional promoters were
found upstream of genes without similarity to any func-
tionally characterized protein. The PP2810-PP2813
includes three hypothetical proteins and a putative trans-
porter. The PP1833, PP3009 and PP3184 genes seem to
be transcribed independently.
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s54 promoters of the TOL plasmid pWW0

Despite its extrachromosomal location, the TOL plasmid
pWW0, encoding among others a suite of genes (the xyl
genes) determining enzymes for biodegradation of tolu-
ene, m-xylene and p-xylene (Assinder and Williams, 1990)
can be considered as related to the P. putida KT2440
genome. This is because the KT2440 strain is in fact a
derivative of the natural isolate P. putida mt-2 cured of the
pWW0 plasmid (Greated et al., 2002). Furthermore,
pWW0 plasmid bears two well characterized s54-
dependent promoters: Pu, driving expression of the
operon led by xylU, and Ps, transcribing xylS (Marques
and Ramos, 1993). The recent completion of the plasmid
sequence (Greated et al., 2002) thus offers an opportunity
to match our predictive method with experimental data.
By applying a permissive score of 12 to the search for
potential s54-RNAP binding sites, we found seven genes
with suitable upstream regions: rep (12.03), ORF35
(13.66), ORF44 (12.62), xylR (12.53), xylS (12.76), xylU
(18.93) and ORF145 (12.42). Yet, only two of them
(ORF35 and xylU) passed the score ≥13 threshold that
we employed in the genome-wide search above, whereas
xylS was close but below the limit. Search of UAS through
the upstream regions of ORF35, xylS and xylU somewhat
refined the global scores for each promoter. ORF35 had
a score of 1.38 for the best UAS and the same (1.38) for
the second best, whereas xylS and xylU had 1.51/1.28
and 1.41/1.36 for the same figures. The best composed
promoter/UAS scores were then 2.52 for ORF35, 2.57 for
xylS (Ps) and 2.99 for xylU (Pu). It is interesting to note
that the best score for the UAS of Ps matched those
sequences determined experimentally, whereas those of
Pu corresponded to the second best score in the predic-
tion. As the threshold for the genome search was 2.65, a
naïve analysis of the sequence would have qualified Pu
as a clear s54-promoter but would not have picked Ps as
a leading choice. This suggest that our search criteria is
quite stringent and, if anything, may be inclined to
disregard false negatives.

Prokaryotic enhancer binding proteins (EBPs) encoded in 
the P. putida genome

One of the characteristics of the s54-dependent promoters
is the strict requirement of an activating transcription fac-
tor. Thus, identifying these proteins is also important for
the proper description of the s54 regulon in the context of
a genome. Using Hidden Markov Models, we were able
to identify 22 proteins with s54 activator domains in the
chromosome of P. putida (Fig. 6). This is a high number
compared with the 13 found in E. coli and identical to the
22 found in P. aeruginosa (Studholme and Dixon, 2003).
Most members of the s54-dependent activators family

share a common domain structure (Fig. 1), that includes
three domains (Morett and Segovia, 1993): a C-terminal
domain or DNA binding, a central domain, very conserved
along the whole family, and responsible for the interaction
with the s54 sigma factor, and an N-terminal domain, or A
module, that normally regulates the activity of the central
domain (Shingler, 1996). The A domain is the most vari-
able part, and the different s54-dependent regulators can
be classified according to their A domain (Studholme and
Dixon, 2003). We found mainly four different domain
arrangements in the P. putida genome: those with a PAS
domain, either alone or in combination with a ACT
domain; a GAF domain; those that also have a two-
component-response-regulator (RR) domain; and those
without known domains in the N-terminal of the protein.

PAS domains are present in many signalling proteins
where they are used as signal sensor domains. They
appear in archeabacteria, bacteria and eukaryotes, and
some are known to detect their signal by way of an asso-
ciated cofactor such as haeme or flavin chromophores
(Taylor and Zhulin, 1999). Six s54-dependent activators
presented PAS domains in P. putida: PP3467, PP0051,
PP2790, PP3075, PP0997 and PP4489. The last two also
contains an ACT domain, a module linked to a wide range
of metabolic enzymes that are regulated by amino acid
concentration (Aravind and Koonin, 1999). Interestingly,
PP0997 and PP4489 are very similar to the TyrR protein
of E. coli. This is an unusual member of the EBP family,
as it activates several s70 promoters involved in the deg-
radation of aromatic amino acids, but in a fashion which
does not depend on ATP hydrolysis (Pittard and Davidson,

Fig. 6. Domain structure of the s54-dependent activators in the P. 
putida genome. The type of domains is indicated. All proteins are 
drawn at the scale indicated.
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1991). But the same TyrR also represses transcription in
an ATP-dependent manner. The TyrR protein of E. coli is
unresponsive to s54 because it lacks the GAFTGA motif
required for the interaction with this sigma (Pittard and
Davidson, 1991). Despite its close similarity to TyrR,
PP0997 has an intact GAFTGA motif, which suggest it is
competent for s54 activation. PP4489 presents a partially
conserved GAFEGA motif, the function of which is difficult
to assess. Its closest homologue is the PhhR protein from
P. aeruginosa, which activates the divergently transcribed
gene for the phenylalanine hydroxylase (Song and
Jensen, 1996). In P. putida, a similar chromosomal context
is found, and indeed a gene encoding a phenylalanine
hydroxylase is located divergently from the PP4489 gene.
However we could not detect any sequence resembling a
s54-dependent promoter in this intergenic region.

GAF domains are present in several s54-dependent acti-
vator, such as NifA in Azotobacter vinelandii or FlhA in E.
coli (Studholme and Dixon, 2003). We found only one s54-
dependent activator in P. putida harbouring a GAF
domain, PP0807. This protein is very similar to the E. coli
YgaA protein, responsible for the activation of a nitric
oxide detoxification system (Hutchings et al., 2002). Inter-
estingly, there is a gene (PP0808) coding for a flavohae-
moprotein very similar to some nitric oxide dioxygenases,
which is divergently transcribed from PP0807. A weak s54

promoter (score 10.79) can be detected just upstream of
this gene. A similar system for the reduction of NO has
been found in Ralstonia eutropha, and the genes involved
are expressed from s54-dependent promoters (Pohlmann
et al., 2000).

We found that nine s54-dependent activators in P. putida
also contain a two-component-response-regulator
domain. These proteins are activated by phosphorylation
of a conserved aspartate residue by a histidine kinase
protein in response to a signal (Hoch, 2000). This is prob-
ably the most common A domain in s54-dependent activa-
tors, and it is present in the paradigmatic NtrC activator
(Keener and Kustu, 1988). Seven out of nine of these
proteins were found to be co-transcribed with a sensor
histidine kinase, suggesting that there is a strong selective
pressure to maintain these pairs of proteins under the
same regulation. Among this kind of activators we can find
PP4373, the P. putida orthologue of the FleQ regulator.
Although a response regulator domain can be detected in
this protein, it cannot be phosphorylated, as it lacks the
conserved aspartate residue, but instead its activity is
regulated by the FleN protein (Dasgupta and Ramphal,
2001). PP4373 is indeed one of the two response-regu-
lator s54 activating proteins that are not co-transcribed with
a sensor histidine kinase.

Finally six s54-dependent activators do not show any
recognizable A domain. Two cases, PP5166 and PP2771,
actually only have around 20 residues upstream the cen-

tral domain, in a similar way to the E. coli PspF (Jovanovic
et al., 1997) or the P. syringae HrpR/S proteins (Grimm
and Panopoulos, 1989). These two regulators are nega-
tively controlled by the PspA (Elderkin et al., 2002) and
HrpV (Preston et al., 1998) proteins, respectively, but they
do not share any sequence similarity (Studholme and
Dixon, 2003). PP5116 is also unique in that it lacks a DNA
binding domain.

There are several other alternative A domains in s54-
dependent activators, such as the V4R domain, present
in DmpR and XylR proteins (Shingler, 1996), or CBS
domains present in the PrdR protein of Clostridium stick-
landii (Kabisch et al., 1999). In addition, PTS (phosphoe-
nolpyruvate-dependent phosphotransferase system)
regulation domains are also found associated with s54

interaction domains (Studholme, 2002), like in B. subtilis
LevR protein (Martin-Verstraete et al., 1998). None of
these variants were found in the P. putida genome.

Another interesting property of the s54-dependent acti-
vators is their tendency to map close to their target pro-
moters (Studholme, 2002). That is indeed the case for a
majority of the P. putida regulators. Fourteen of the 22 are
associated with a s54-dependent promoter (Fig. 7),
although not all of these promoters passed our very
restrictive threshold. Among these, we have found three
typical organizations. The most frequent one is to find a
s54-dependent promoter just upstream of the activator and
pointing in the opposite direction, like in the case of
PP0807, PP0051, PP0133, PP2259, PP0557 and
PP0546. This type of arrangement is also present in sev-
eral other s54-dependent activators, like the case of the
XylR protein of the pWW0 plasmid of P. putida (Pérez-
Martín and de Lorenzo, 1996). In this case the same
activator binding sites are responsible of activate one of
the target promoter, Ps, and repress its own transcription
(Marques and Ramos, 1993; Bertoni et al., 1998). A vari-
ant of this structure is the case of PP2771, in which the
activator is included in an operon that contains two other
genes, and the target s54-dependent promoter is placed
divergently to this one.

A second distinctive organization that of the cases in
which the activator is included in the same operon that it
activates, namely PP1066, PP4319 and PP5048. Finally,
a third possibility is that the target promoter is located
immediately downstream of the activator, like in the case
of PP4373, PP4371, PP1401 and PP4696. Thanks to the
chromosomal association of activators and promoters we
can confidently add four additional promoters to our pre-
diction, despite of their low score. These are located in
front of the PP0808 gene (score 10.79) coding for a fla-
vohaemoprotein and discussed above, the PP1400 gene
(score 15.73), coding for a dicarboxylate transporter, the
PP4697 gene (score 15.89), which codes for a putative
poly A polymerase very similar to the pcnB gene in E. coli,
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and the PP2260 (score 14.58) which is in fact part of an
operon coding for the five subunits of a putative sugar
ABC transporter.

Discussion

A updated compilation of experimentally determined and
putative s54 promoters of various bacterial species (based
mostly on matches to the -12/-24 region) can be
accessed in the URL http://www.promscan.uklinux.net. In
this work we have characterized the s54 regulon (sigmu-
lon) of P. putida. Using a computational prediction that
combines -12/- 24 sequence motifs and activator binding
sites we have been able to detect with high confidence 31
s54-dependent promoters. We advocate that combining
searches for various DNA motifs which bear functional
significance does increase significantly the quality of pro-
moter predictions. In fact, there is still room for the
improvement of our algorithm. Although we have only
scored UAS-like sequences in the upstream region of s54

promoters, there are known cases in which they are
located in the 5¢-non-translated regions of the s54 tran-
scribed genes (Jyot et al., 2002). Moreover, given the
molecular mechanism underlying s54-dependent tran-
scription, which implies the looping of the intervening DNA
between the RNA polymerase and the activator binding
sites, many s54 promoters require the participation of the
IHF factor. As not all the s54 promoters require IHF, we
anticipate that searching for IHF consensus sequences
around s54 predicted promoter could increase the sensi-
tivity of the searches, but at the same time would discard
some true positives. However, it could be used as a reas-
suring indication for low scoring true positives. Even in the
cases in which IHF is not required, specific properties in

the intervening DNA related to its bendability, and even in
some cases static DNA bends can be observed (Pérez-
Martín and de Lorenzo, 1997). Computer algorithms to
recognize these properties are available (Shpigelman
et al., 1993; Brukner et al., 1995) and could also be used
for improving predictions of s54-dependent systems. One
uncertainty of this class of promoters is that, in some
cases, s54-RNAP binding sites are not intended to pro-
mote transcription, but on the contrary, to repress overlap-
ping s70 or sE promoters. Typical examples include the
promoter of the rpoN gene (that encodes the s54 protein
itself), or the algD gene in P. aeruginosa (Kohler et al.,
1989; Boucher et al., 2000). We found the known s54

binding site in front of the rpoN gene, although it scored
under our selected threshold. It is possible that some of
our predicted promoters are in fact binding sites for s54 in
its repressor facet.

Chromosomal context and the similarity with other spe-
cies allowed us to include another 15 promoters as highly
confident predictions (Table 2), reaching a grand total of
46, or approximately 83% of the around 55 estimated
total. The predicted promoters cover a variety of biological
functions. Nine of them are related with flagella synthesis
in agreement with the observation that an s54 mutant was
unable to form flagella, and resembling the situation in the
close relative P. aeruginosa, where the regulation of fla-
gella synthesis has been studied to a much greater
extend. We also found many s54-dependent promoters
leading to the expression of nitrogen metabolism, 18 in
total. Significantly, many of those were involved in trans-
port of amino acids, ammonia and polyamines, a situation
similar to E. coli (Reitzer and Schneider, 2001). Nitrogen
related functions also include the assimilatory nitrate
reductase, nitrite reductase and a transport system for
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Fig. 7. Chromosomal context of s54-dependent 
activators in the P. putida genome. The chromo-
somal context of those s54 activators which 
have an associated s54 promoter is shown here. 
Genes encoding activators are coloured in red, 
whereas sensor histidine kinases are repre-
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somal segments).
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nitrate. Again, this is consistent with the inability of s54

mutants to grow on nitrate as the only nitrogen sources
(Kohler et al., 1989) and similar to that observed in other
species as Ralstonia sp. (Zumft, 2002). Nine predicted
promoters also drive the transcription of carbon metabo-
lism related functions, and can be divided into those
related with transport, particularly the transport of dicar-
boxylates, and a number of aldehyde dehydrogenases
and oxidoreductases. The 10 remaining promoters are in
front of genes either not included in the previous catego-
ries or for which the sequence do not offer enough infor-
mation for a reliable functional assignment. Included here,
there are four hypothetical proteins that have no function-
ally characterized homologue. This range of biological
processes regulated by s54 seems to be very similar to
those reported in other global analyses performed in E.
coli and Salmonella typhimurium with the exception of the
flagellar machinery, and the abundance of carbon metab-
olism related genes (Reitzer and Schneider, 2001; Stud-
holme, 2002), possibly reflecting the metabolic versatility
of pseudomonas species.

We also performed an analysis on the s54-dependent
regulators. Twenty-two s54-dependent regulators were
found, a number identical to those found in P. aeruginosa
and much larger than those found in E. coli or S. typhimu-
rium (Studholme, 2002). Despite this difference, the ratio
between regulators and promoters seems to be very sim-
ilar. We have estimated around 55 promoters and found
22 regulators, that is 2.5 promoters per regulator, whereas
in E. coli around 30 promoters have been estimated and
13 regulators found (Studholme and Dixon, 2003), i.e. 2.3
promoters per regulator. In the case of E. coli, the influence
of s54-dependent activator is amplified by the cascade
establish between NtrC and the transcription activator
Nac, resulting in effects on as many as 75 genes distrib-
uted in 25 operons (Zimmer et al., 2000). Although we
could not find an nac orthologue in the P. putida genome,

we have found at least one transcriptional regulator that
is transcribed from a s54-dependent promoter, NodD1,
suggesting that the role of s54 in P. putida could be ampli-
fied in a similar manner. But given that the target promoters
of NodD1 are unknown this is difficult to assess.

Interestingly 17 of the 22 activators were associated in
the chromosome to a s54-dependent promoter, something
similar to that previously observed in S. typhimurium
(Studholme, 2002). As we discussed before, some of
these regulators activates more promoters than the one
they are associated with, meaning that close proximity is
not needed for the activation to take place, so an alterna-
tive explanation is needed. One possibility can be found
in the chromosomal arrangements present in the P. putida
genome. These arrangements will allow the coordinated
expression of the regulators and the regulated genes.
However two different modes of activation can be distin-
guished. Whereas in the case of divergent promoters, the
binding of the regulator to its activating sites also
represses its transcription, and thus keeps its level to a
minimum enough for activation to take place, in the case
of regulators that are in the same operon they activate, a
positive loop is established leading to a amplified
response. The maintenance of these modes could be the
selective force that keeps this association.

Once the promoter/regulator association is guaranteed,
regulators can be engaged in the activation of other pro-
moters in the genome. How has this process occurred?
One possibility is that originally every s54 promoter had an
associated activator, but as a result of spurious unspecific
activation by other regulators some genes coding similar
biological functions fell under the control of a single reg-
ulator. That could explain the differences in regulation
between the E. coli gltIJKL operon and its P. putida equiv-
alent. Whereas in E. coli this operon seems to be regu-
lated by NtrC, in P. putida a regulator and its
corresponding sensor histidine kinase are included in the

Table 2. Genes scoring less than the selected threshold but with another supporting evidences.

Gene Description Evidencea

PP4394 flagella basal body P-ring formation protein FlgA H
PP4344 flagellar biosynthetic protein FlhA H
PP4386 flagellar basal-body rod protein FlgF H
PP4352 flagellar biosynthetic protein FlhB H
PP4361 flagellar hook-length control protein FliK H
PP4376 flagellar cap protein FliD H
PP5234 nitrogen regulatory protein P-II H
PP4486 basic amino acid ABC transporter, periplasmic basic amino acid-binding protein H
PP0885 dipeptide ABC transporter, periplasmic peptide-binding protein H
PP0396 conserved hypothetical protein (YeaH orthologue) H
PP5183 glutamine synthetase, putative H
PP0808 flavohaemoprotein R
PP1400 dicarboxylate MFS transporter R
PP4697 poly(A) polymerase R
PP2260 sugar ABC transporter, ATP-binding protein R

a. H: based on homology to known s54-dependent genes in closely related species. R: promoter located close to a s54-dependent activator.
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operon, suggesting that NtrC could have no role. That
would imply that in the E. coli lineage, NtrC took control
of the operon and the local regulator was lost whereas in
the P. putida that did not happen. Apart from the disparities
in physiology, this mechanism of transcription regulation
evolution could explain some of the differences between
the s54 regulon in P. putida and E. coli and S. typhimurium.

Experimental procedures

Source sequence and general methods

The complete genome sequence of Pseudomonas putida
KT2440 (Nelson et al., 2002) and the pWW0 plasmid
(Greated et al., 2002) were obtained from the NCBI site,
where are stored with the accession code NC_002947 and
NC_003350 respectively. Intergenic sequences were
extracted using customized Perl scripts.

Promoter prediction and UAS prediction

s54 promoters were detected using a variation of the relative
entropy method (Stormo, 2000). A position weight-matrix was
constructed base on the compilation made by Barrios et al.
(1999) containing 186 promoters from several bacterial spe-
cies. Log likelihood ratios were the calculated for every posi-
tion considering the Pseudomonas putida single-nucleotide
background distribution calculated for the whole chromo-
some. The final log likelihood matrix was then used with our
GenomeMatScan to find s54 promoters in the intergenic
regions of the Pseudomonas putida genome. This program
uses the Log Likelihood matrix to score all the words of the
size of the matrix, and reports all the words scoring above a
given threshold. The output includes the score, the word, the
orientation and the position in the scanned sequence. For
predicting the upstream activating sites (UAS) of s54-depen-
dent regulators we created the UASScan program. The pro-
gram uses several features of these binding sites to find the
most likely UAS in the vicinity of a predicted s54 promoter. We
used UASScan to search the region between 70 and 350
nucleotides upstream the predicted promoter for two repeti-
tions of a palindromic sequence of 16 or 17 nucleotides in
length. The two repetitions were required to be between 16
and 60 nucleotides apart. Instances are scored based on the
information content (Schneider et al., 1986) of the four hemi-
palindromes. For each predicted promoter the best scoring
UAS was selected. Both GenomeMatScan and UASScan are
written in Perl and can be accessed in an user-friendly form
at the web pages http://caravaggio.cnb.uam.es/gmscan and
http://caravaggio.cnb.uam.es/uasscan respectively.

Detection of EBPs

Putative prokaryotic enhancer-binding proteins (EBPs) were
discovered using The PF00158 Pfam motif and the
HMMSEARCH program [http://hmmer.wustl.edu/], on all the
ORFs of the Pseudomonas putida genome, using 10-5 and
threshold. Blast searches against SWISSPROT v.40 (Boeck-
mann et al., 2003) were used for further characterization of

the proteins. Hmmpfam [http://hmmer.wustl.edu/] searches
were also used for detection of other motifs in the putative
EBP. Unless stated otherwise, functional assignments were
taken from the NCBI GenBank file.
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