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Because of their ability to stimulate gene expression from
distant sites and regardless of their orientation, transcrip-
tional enhancer elements are a puzzling class of regulatory
DNA sequences (42). Although enhancers are a common
feature of eukaryotic and viral genes, the mechanism by
which they communicate with promoters and stimulate gene
expression is still not very well understood. However, our
understanding of the mechanism of gene activation at a
distance has been boosted by the study of naturally occur-
ring enhancer-like elements (ELE) in prokaryotes. The ELE
are palindromic or nearly palindromic nucleotide sequences
normally found between 100 and 200 bp upstream of a
certain class of promoters, and, like the eukaryotic enhanc-
ers, they still stimulate transcription when moved thousands
of nucleotides upstream or downstream from the transcrip-
tion start and regardless of their orientation (7, 47). The
extensive genetic characterization of many bacterial ELE
and the development of defined in vitro transcription sys-
tems has greatly facilitated the study of activation by en-
hancers, and now some of the molecular details of distal
activation are well established (34).

It has been demonstrated that the ELE are binding sites
for regulatory proteins named bacterial enhancer-binding
proteins (EBPs). The best-studied EBPs are NtrC and NifA,
which stimulate the expression of genes required for nitro-
gen assimilation and nitrogen fixation, respectively, in a
number of organisms (37). These proteins activate genes
transcribed by the RNA polymerase holoenzyme containing
the alternative sigma factor &F4 (EO(J4). The u54 system is
widely represented in the alpha and gamma proteobacteria
(previously called purple bacteria), and it has also been
reported to be present in Bacillus subtilis (13, 14). Among
other physiological processes controlled by C54 are nitrogen
assimilation and fixation, dicarboxylic acid transport, hydro-
gen oxidation, alginate utilization, degradation of aromatic
compounds, pilus formation and formate utilization (for
reviews, see references 35 and 56). A common feature of all
these processes is that they are not absolutely required for
cell survival, and each is activated by a different EBP
interacting with a distinctive ELE nucleotide sequence.

In addition to its ability to be activated at a distance, the
Er54 system has several other unique characteristics that are
not common among bacterial holoenzymes. E&'4 recognizes
promoter DNA with unusually close boxes, centered at
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around -12 and -24 from the transcription start, instead of
the more common -10 and -35 boxes (39). Upon binding,
EO-54 forms a stable, closed promoter complex, but isomer-
ization to the transcriptionally active open promoter com-
plex is absolutely dependent on an activator protein bound at
the ELE. This step requires energy, which is obtained by
ATP hydrolysis catalyzed by the EBP itself (34). In this
sense, ECr54 can be regarded as a "defective" holozyme that
only initiates transcription in concert with a second tran-
scriptional factor.
The unique properties of us4 are also reflected in its

structure. This protein is the only sigma factor that does not
have sequence similarity to any other known prokaryotic
sigma factor, indicating that cr54 has a different origin than
the rest of the known sigma factors (for a review, see
reference 36). Interestingly, several functional motifs nor-
mally found in eukaryotic transcriptional factors, such as a
leucine zipper, an acidic region, and a glutamine-rich region,
have been identified in A'4 (51). Another remarkable partic-
ularity of Ou4 is its ability to interact with the promoter DNA
in the absence of core RNA polymerase (5). The distinctive
form in which Ee54 interacts with the promoter DNA, the
strict dependency on regulatory proteins bound far up-
stream, and the requirement for nucleotide hydrolysis for
activation of transcription is reminiscent of the activation
process by eukaryotic RNA polymerase II (57).

Early experiments devised to address how EBPs bound
far from the promoter can activate transcription showed that
the relative position of the ELE and the promoter is critical
for activation (3, 6, 38, 48). It was observed that activation of
transcription only occurs efficiently when the ELE is located
over a certain face of the DNA helix. To explain these
results, Buck and collaborators (6) proposed that the EBP
may simultaneously contact the ELE and the Er54 holoen-
zyme bound at the promoter, causing the looping of the
intervening DNA. This hypothesis was elegantly demon-
strated by direct observation of such looped structures by
electron microscopy with the glnAp2 promoter (55). For
several genes, the loop formation that brings together the
EBP and Ec54 is facilitated by the integration host factor, a
heterodimeric protein that binds between the ELE and the
promoter and causes a sharp bending of the DNA (10, 29).

Notwithstanding the central role of the interaction of the
EBP with the ELE in gene expression, this is only one step
in a complex mechanism of transcription activation. It has
been observed that certain strong promoters can be partially
activated even if they lack an ELE. These observations
revealed that DNA binding and activation of transcription

6067



6068 MINIREVIEW

are two different functions of the same regulatory protein, as
has been shown for several eukaryotic transcriptional fac-
tors (26). What, then, is the role of the ELE? It has been
demonstrated that binding to the ELE increases the local
concentration of the EBP in the vicinity of the promoter (58)
and tethers it in the right position for activation. Moreover,
since each EBP recognizes a specific ELE sequence, binding
to these elements confers specificity to the initiation of
transcription (39).
Sequence analysis, deletion experiments, and chimeric

constructions indicate that the EBPs, like the eukaryotic
transcriptional activators (for a review, see reference 26),
are modular in structure (19, 20, 30, 31, 40). Three function-
ally different domains have been described: a COOH-termi-
nal domain containing a helix-turn-helix DNA-binding motif
involved in binding to the ELE, a conserved central domain
responsible for the activation of transcription, and a noncon-
served NH2-terminal domain presumed to be the target for
certain regulatory signals (8, 19, 49). Experimental data from
several laboratories has shown that these domains are struc-
turally independent. Deletion analysis of the NifA and DctD
proteins showed that the isolated central domain retains the
ability to activate transcription even in the absence of the
DNA-binding domain (30, 31, 40), while the isolated COOH-
terminal domain interacts specifically with the ELE, al-
though it is unable to stimulate transcription (9, 20, 40).
The observation that the COOH-terminal and the central

domains retain their respective functions when expressed
separately and that the NH2-terminal domain is highly diver-
gent indicates that these are true domains that can be
correctly folded separately from each other. These observa-
tions suggest that the different EBP domains could have
evolved independently. In this article, we display an updated
amino acid sequence alignment of the known EBPs and
present the evolutionary relationship of these proteins and
their different functional domains.

AMINO ACID SEQUENCE ATIGNMENT

To date, more than 30 sequences of 13 different EBPs from
20 species have been reported (Fig. 1). We generated a
multiple sequence alignment of the EBPs shown in Fig. 1 by
using the GCG sequence analysis program PILEUP. This
analysis shows that the central domain is common to all
members of the EBP family and is highly conserved with a
pairwise similarity of more than 40% and that the COOH-
terminal domain also has some conserved regions at its
carboxy end, whereas the NH2-terminal domains do not
share obvious similarities between the different protein
classes and greatly differ in length. This alignment sustains
the previously proposed multidomain model of Drummond
et al. (19).

Central domain. The central domain is about 240 amino

acids long (Fig. 1). It is highly conserved along its entire
length, and very few gaps were needed for the alignment.
The alignment shown in Fig. 1 revealed that the conserved
residues are arranged in seven regions (Cl to C7).

Region Cl is glycine rich and displays remarkable similar-
ity to the glycine-rich flexible loop motif found at the
nucleotide-binding site of adenylate kinase and several other
ATP-binding proteins (consensus G--G-GK-) (see reference
27 and references therein). It has been well established by
both genetic and biochemical criteria that NtrC catalyzes
ATP hydrolysis as an essential step for open promoter
complex formation and that mutations that disrupt the integ-
rity of this region affect ATP hydrolysis (1, 46, 53, 59).
Structural studies of the Escherichia coli adenylate kinase
have shown that the alpha phosphoryl group of ATP is in
close contact with the lysine of this motif (27). Adjacent to it
there are two other lysines separated by three residues, two
of them hydrophobic. The hydrophobic residues form part of
a pocket in which the adenine-ribose moiety of ATP is
located (27). Region Cl of the EBPs also has hydrophobic
residues at similar positions adjacent to a positively charged
amino acid (histidine instead of lysine). There is a second
motif in adenylate kinase involved in ATP hydrolysis; this
region, called segment 3, is found 90 amino acids away from
region Cl and is structured as a hydrophobic strand of
parallel beta-pleated sheet terminated by an aspartate
(QPTLLLYVD) (27). The carboxylate residue has been
proposed to be at the reaction center. It is interesting that
there is a region, C5 (QakLLRVILe) in the EBPs, found
about 80 amino acids away from region Cl, which has
similarity to segment 3 of adenylate kinase. Thus, although
no mutants have been isolated in this region, it is possible
that the EBPs bind ATP by means of their Cl and C5 regions
in a manner very similar to that of adenylate kinase. Inter-
estingly, the HydG protein of E. coli lacks the conserved
glycines at Cl, hence it is unlikely that this protein binds
ATP.

Region C2 is hydrophobic and, except for the NtrC
proteins that have methionine residues, has the only con-
served cysteine in the EBP family. The secondary structure
of region C3 is predicted to fold into two alpha helices
separated by a turn, according to the Garnier-Osguthorpe-
Robson method. The mutagenesis of Salmonella typhimu-
num ntrC has shown that the change of the conserved
glycine 219 to lysine at the end of the second alpha helix
specifically impairs the activation function of NtrC with no
effect on ATP hydrolysis (59). The NtrC protein of
Rhodobacter capsulatus lacks this highly conserved region.
This protein has been show to activate gene expression in an
R capsulatus mutant strain devoid of or" and, therefore, it
might function with a different sigma factor (25, 32, 33). E.
coli TyrR is a regulatory protein that controls the expression
of a number of genes involved in tyrosine biosynthesis (45).

FIG. 1. Amino acid sequence alignment of the o54 bacterial enhancer-binding protein family. The sequences of 31 EBPs were aligned by
using the Genetics Computer Group program PILEUP (15). The alignments were manually edited with the program LINEUP from the same
package. The code for each sequence is the name of the protein foliowed by a three-letter code for the species (described below). The very
long NH2 end of FhlAEco and the COOH end of LevRBsu are not shown. Due to their high degrees of similarity, only one sequence of each
of the enterobacterial NifA, NtrC and HydG proteins is shown. The consensus amino acids are presented with a black background. The
conserved cysteines of the oxygen-regulated NifA proteins are also presented with a black background. The boxes indicate the limits of each
domain. Each of the seven central regions is also indicated. The codes for the species are as follows: Abr, Azospinillum brasilense; Aca,
Azorhizobium caulinodans; Aeu, Alcaligenes eutrophus; Atu, Agrobacterium tumefaciens; Avi, Azotobacter vinelandii; Bja, B. japonicum;
Bsp, Bradhyrhizobium spp.; Bsu, Bacillus subtilis; Ccr, Caulobacter crescentus; Eco, Escherichia coli; Hse, Herbaspirillum seropeidae; Kpn,
Klebsiella pneumoniae; Rca, Rhodobacter capsulatus; Rle, Rhizobium leguminosanmm; Rlp, R leguminosanum PRE; Rme, R. meliloti; Rtr,
R tifoli; Ppu, Pseudomonas putida; Psy, P. syingae.
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Although the currently available data indicates that TyrR
activates the expression of genes transcribed by the RNA
polymerase holoenzyme with the housekeeping sigma factor
a70, it has a region homologous to the EBP central domain
(more than 45% similarity [Fig. 1]) (12). TyrR also lacks the
second alpha helix of region C3, as found for R capsulatus
NtrC. It thus seems that these proteins were OuS4 activators
that suffered an internal deletion that impaired their ability to
activate Oru4 promoters. Therefore, it seems reasonable to
believe that this region could be involved in a specific
interaction between the EBP and the Ea54 required for open
promoter complex formation.

Region C4 is rich in glycine and is negatively charged; by
contrast, C6 is positively charged and is rich in aromatic
residues and proline. Finally, region C7 has a core of eight
highly conserved amino acids. No function has yet been
ascribed to any of these regions.
We looked for sequences with similarity to the seven

regions of the central domain in the SwissProt, GenBank,
and EMBL data banks. The only protein found with signif-
icant similarity was the PgtA regulatory protein from S.
typhimunum. This protein showed scattered sequence sim-
ilarity along the entire central domain, and the similarity to
region C7 is very high. We also detected two partially
sequenced ORFs in the pspABCD andpurHD operons of E.
coli that had similarity to the central domain. These findings
indicate that the complexity of the cr 4 system extends to at
least six regulons in the enterobacteria.
COOH-terminal domain. The COOH-terminal domain is

the shortest domain of the EBP family. This domain is
between 65 and 130 amino acids long. The only exception is
the B. subtilis LevR protein, which extends for 600 amino
acids after the central domain. The alignment shown in Fig.
1 revealed a conserved motif at the carboxy end of this
domain. It has been proposed that this motif (AL-X9-AA-
X2-LG) forms a helix-turn-helix DNA-binding motif (19). Its
consensus sequence generally agrees with the criteria estab-
lished by Brennan and Mathews (4) and Dodd and Egan (17)
for the prediction of helix-turn-helix motifs. Model building
and mutagenesis analyses of the Klebsiellapneumoniae nifA
and ntrC genes support this proposition; only the mutations
that lie on the surface of the second helix, the putative
recognition helix, affected specific DNA binding (11, 40).
The amino acids in this motif that were conserved between

the different classes of EBPs correspond to the first helix and
to the turn, with no significant homology at the recognition
helix. This is consistent with the observation that each EBP
recognizes a different ELE nucleotide sequence.
The Bradyrhizobium japonicum and Rhizobium meliloti

NifA proteins are directly sensitive to the oxygen tension of
the cell (16, 24). Activation of transcription by these proteins
only occurs in microaerobic conditions, and a shift from
microaerobic to aerobic growth rapidly impairs the ability of
B. japonicum NifA to bind at the ELE and to activate nifD
gene expression (41). Fisher et al. (23) have proposed that
NifA senses oxygen by the redox state of a metal cofactor
bound between its central and COOH-terminal domains.
Around this region are four cysteine residues that are
essential for NifA activity (23). The alignment of Fig. 1
shows that the cysteine residues are conserved in the NifA
proteins of Rhizobium, Bradyrhizobium, Azospirillum,
Azorhizobium, Herbaspirillum, and Rhodobacter species.
Thus, as observed for B. japonicum and R meliloti, it seems
likely that the activity of all these NifA proteins could be
directly controlled by the oxygen tension of the cell. Con-
versely, the K pneumoniae and Azotobacter vinelandii NifA

proteins and the AnfA and VnfA proteins of the latter
organism, which are insensitive to the oxygen tension, lack
this region.
The putative binding site for the metal cofactor lies

between the central and the COOH domains. Thus, any
change in the redox state of the cofactor could influence the
activity of both the central and the COOH-terminal domain
(41).

NH2-terminal domain. The NH2-terminal domain is the
least-conserved domain in the entire EBP family. There are
no regions of similarity encompassing all the members of this
family. Two proteins, the Rhizobium leguminosarum bv.
trifolii NifA and the Pseudomonas syringae HrpS proteins,
have very short NH2 domains, consisting of 12 and 74 amino
acids, respectively, while the E. coli FhlA NH2 sequence is
almost 400 amino acids long. However, a subgroup formed
by the NtrC, DctD, HydG, AlgB, HoxA, and FlbD proteins
displayed a high degree of similarity at this domain (more
than 38% amino acid similarity). These proteins belong to
the signal-transducing family of "two-component" sensor-
activator regulatory proteins (for a review, see reference 54).
It has been shown that an aspartic acid residue on the NtrC
NH2-terminal domain is phosphorylated in response to the
nitrogen status of the cell by the histidine kinase protein
NtrB (60). The phosphorylated form of NtrC is the transcrip-
tionally active form of this protein. This residue, as well as a
second aspartic acid and a lysine, is invariant in all these
proteins except FlbD (54).
The activity of NifA is regulated by the oxygen and

fixed-nitrogen status of the cell through the action of the
NifL protein inK pneumoniae. Immunological studies have
shown that NifA and NifL form a complex (28). Also, NifA
proteins lacking the NH2-terminal domain are inactivated by
NifL regardless of the oxygen and nitrogen conditions of the
cell (20). This has led to the proposition that the NH2 domain
prevents inactivation by NifL at low oxygen and fixed-
nitrogen levels (20). It is interesting that although NifL
proteins have only been reported forK pneumoniae and for
A. vinelandii, all of the NifA proteins have some similarity in
this region (Fig. 1). Although the NifA protein ofR legumi-
nosarum bv. trifolii lacks this domain and is proficient in
activation, it is still not known whether this domain has any
function in the other NifA proteins.

ESTIMATION OF PHYLOGENETIC RELATIONSHIPS

Several proteins from both prokaryotic and eukaryotic
organisms consist of structurally independent domains that
evolved separately (2). As discussed above, the EBPs dis-
play a modular structure; however, it is not well understood
how independent the different functional domains are and
how they have evolved. In order to estimate the phyloge-
netic relationships of the EBPs and of each of their func-
tional domains, we first created a multiple sequence align-
ment by using the GCG program PILEUP (15). This program
uses a simplification of the progressive alignment method of
Feng and Doolittle (22). This procedure begins with the
determination of all possible pairwise similarity scores. The
two most similar sequences are aligned by using the Needle-
man and Wunsch algorithm (43), forming the first cluster,
and then the next most related sequences are progressively
aligned to this cluster. We calculated the genetic distances
by using the GCG program DISTANCES (15) with the
Dayhoff PAM-250 matrix (52). This program does not take
into account multiple replacements at a given site. The
clustering was made with the Neighbor-Joining method of
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FIG. 2. Unrooted phylogenetic trees of the entire protein sequence (A), the central domain (B), the NH2-terminal domain (C), and the
COOH-terminal domain (D) of the &"' bacterial enhancer-binding protein family. We performed a phylogenetic analysis of the 31 EBP
sequences. Initially, a multiple sequence alignment of all the members of this protein family was generated by using the GCG sequence
analysis package program PILEUP (15). The alignment obtained was further refined with the manual multiple alignment program LINEUP.
For each domain the alignments were generated independently of the alignment of the entire sequences. The genetic distances were calculated
by using the Dayhoff PAM-250 matrix (52) with the GCG sequence analysis package program DISTANCES. Subsequently, we determined
the phylogenetic relationships among these sequences by using the Neighbor-Joining method of Saitou and Nei (50) with the NEIGHBOR
program of J. Felsenstein's PHYLIP phylogeny inference package (21).

Saitou and Nei (50), using the program NEIGHBOR of J.
Felsenstein's PHYLIP phylogeny inference package (21).
This algorithm sequentially identifies neighbor pairs that
minimize the total length of the tree without making any
statistical analysis to prove the topologies of the resulting
trees. We took the alignment of Fig. 1 to establish the limits
of each domain. Then, to optimize the individual alignments,
each domain was realigned with the GCG PILEUP program
and further improved manually.
The phylogeny of the sequences of the entire proteins

shown in Fig. 2A demonstrates that each class of EBP forms

a cluster independently of the others. NtrC and NifA, the
EBPs for which the most sequences have been determined,
are arranged in two main groups. In the NifA cluster, there
is one group comprising the proteins from the organisms
belonging to the alpha subdivision of the proteobacteria and
a second group encompassing the proteins from the gamma
subgroup organisms Kiebsiella and Azotobacter spp. Like-
wise, the NtrC proteins are arranged in two main groups,
with the enterobacterial proteins on one side and the rhizo-
bial and R capsulatus NtrC proteins on the other, also
clearly reflecting the separation of the alpha and gamma

VOL. 175, 1993
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subdivisions of the proteobacteria. Thus, the NtrC and NifA
sequences are clearly paralogous; they are related by an
ancestral duplication, and their subsequent evolutionary
histories are in agreement with one another and with the
ribosomal 16S RNA genes of the same organisms (61, 62).

In the current model for activation of transcription by the
EBPs, their central domain interacts with the E _54-promoter
complex, presumably directly with ur5", to catalyze open
promoter complex formation. It has been shown that several
EBPs from many organisms can activate transcription in E.
coli with the host u54 factor. This implies the functional
conservation of the amino acid residues involved in protein
interaction. One possibility was that within a single species,
since all the activators interact with the same EU54 holoen-
zyme, the central domains or a part of them would be more
similar among them than they would be to the central
domains of the same class of protein from other species. Our
alignment of the central domain did not reveal any species-
specific trait and, consistent with this, the phylogeny of the
central domain generally coincided with that of the whole
protein, showing the clustering of NifA and NtrC proteins
accordingly to the phylogeny of their host organism (Fig.
2B). The only exception is the R. capsulatus NtrC protein,
which fell out of the NtrC group. As discussed above, this
protein has some internal deletions within this domain and
activates transcription in the absence of r54. In addition, it
has several changes in positions that are normally well
conserved. We believe that these changes are the result of
genetic drift of this perhaps nonfunctional R. capsulatus
NtrC domain.
The topology of the central domain tree showed a very

long branch with the LevR protein of B. subtilis, the only
firmibacterial example. This is due to the high degree of
conservation of the central domain, which makes the dis-
tance between the protein of this gram-positive organism and
the rest of the EBPs more apparent.
The topology of the phylogenetic tree of the NH2-terminal

domain showed two clearly recognizable groups. One en-
compassed the EBPs that belong to the two-component
family of regulatory proteins, which are clearly related, and
a second group was formed by the NifA proteins (Fig. 2C).
The very low degree similarity between them and the rest of
the EBPs is suggestive of different origins. In this domain,
the alternative NifA homologs of A. vinelandii are more
similar to the Azospirillum brasilense and Herbaspirillum
seropediae NifA proteins than they are to NifA of their own
species, also indicating that their duplication predates the
speciation events that gave rise to the genus Azotobacter.
We also determined the phylogenetical relationship of the

COOH-terminal domain. Despite the short length of the
amino acid sequences and the low degree of similarity,
which makes the phylogenetic relationship of the COOH-
terminal domain less reliable, some relationships could be
established unambiguously. The NifA and the NtrC proteins
clustered independently and were arranged generally ac-
cording to the 16S phylogeny (Fig. 2D). The A. vinelandii
AnfA and VnfA proteins fell out of the NifA cluster. This is
consistent with the observation that these proteins recognize
different ELE sequences than those recognized by NifA. A
remarkable observation is the clustering of XylR and AlgB
from Pseudomonas putida. Interestingly, these proteins are
more homologous at this domain than at the conserved
central domain. This observation indicates that the COOH
domain of these proteins has the same and perhaps a recent
origin within the genus Pseudomonas.
There is cumulative evidence that the EBPs are multi-

meric proteins. To date, we do not know where the dimer-
ization function resides. However, Kustu and collaborators
have proposed that the NtrC proteins dimerize through their
COOH-terminal domain (44). This proposition is based on
their findings that the E. coli Fis protein, a small protein
for which the crystal structure has been solved and the
dimerization determinants established, is homologous to
the COOH domain and that the dimerization motif is only
present in NtrC proteins. For the rest of the EBPs, the
dimerization determinants must be located in a different
domain (44). The Fis protein has more similarity to the alpha
proteobacterial NtrC than do the NtrC proteins themselves
(data not shown). This suggests the lateral transfer of the Fis
gene from an alpha proteobacterium to a gamma proteobac-
terium. Nevertheless, more Fis sequences from other lin-
eages must be analyzed to validate this hypothesis.

CONCLUSIONS

The modularity in the organization of proteins has recently
been recognized as a key element in the understanding of
their differences in function. The many combinations of a
finite number of independently evolved functional domains
is a factor that greatly contributes to the versatility of protein
function (2, 18). The EBPs are a family of transcriptional
factors that activate o54 promoters from distant sites. Dele-
tion analysis and amino acid sequence comparison have
demonstrated that the members of this family of proteins are
modular in structure, consisting of three different functional
domains. Our phylogenetic analysis, aimed at understanding
the evolution of these different functional domains, showed
that the central and COOH-terminal domains have a com-
mon origin for the whole family, while the NH2-terminal
domain seems to be common only for a subgroup of proteins
that belong to the two-component family of activators.
Although some proteins showed mixed clustering of their
domains, the overall conservation of the topologies observed
with the entire proteins and with each domain indicates that
there has not been extensive shuffling of the functional
domains but rather that they have coevolved. The most
intriguing proteins are the A. vinelandii AnfA and VnfA.
Although they have been only found in Azotobacter spp.,
their origin seems to predate the speciation events that gave
rise to this genus and might even predate the split between
alpha and gamma proteobacteria. The absence of these
alternative systems in the other lineages indicates that they
must have been lost.
The fact that the EBPs have been found in both firmibac-

teria and proteobacteria indicates that o54 is part of a very
ancient regulatory system. Clearly, the origin of this sigma
factor and of the EBP family as a whole will be understood
by acquiring more EBP sequences from several other bac-
terial groups.
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