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ABSTRACT

Extracytoplasmic function (ECF) � factors are the largest and the most diverse group of alternative � factors, but their mecha-
nisms of transcription are poorly studied. This subfamily is considered to exhibit a rigid promoter structure and an absence of
mixing and matching; both �35 and �10 elements are considered necessary for initiating transcription. This paradigm, how-
ever, is based on very limited data, which bias the analysis of diverse ECF � subgroups. Here we investigate DNA and protein
recognition motifs involved in ECF � factor transcription by a computational analysis of canonical ECF subfamily members,
much less studied ECF � subgroups, and the group outliers, obtained from recently sequenced bacteriophages. The analysis
identifies an extended �10 element in promoters for phage ECF � factors; a comparison with bacterial � factors points to a pu-
tative 6-amino-acid motif just C-terminal of domain �2, which is responsible for the interaction with the identified extension of
the �10 element. Interestingly, a similar protein motif is found C-terminal of domain �2 in canonical ECF � factors, at a posi-
tion where it is expected to interact with a conserved motif further upstream of the �10 element. Moreover, the phiEco32 ECF �
factor lacks a recognizable �35 element and �4 domain, which we identify in a homologous phage, 7-11, indicating that the ex-
tended �10 element can compensate for the lack of �35 element interactions. Overall, the results reveal greater flexibility in
promoter recognition by ECF � factors than previously recognized and raise the possibility that mixing and matching also apply
to this group, a notion that remains to be biochemically tested.

IMPORTANCE

ECF � factors are the most numerous group of alternative � factors but have been little studied. Their promoter recognition
mechanisms are obscured by the large diversity within the ECF � factor group and the limited similarity with the well-studied
housekeeping � factors. Here we extensively compare bacterial and bacteriophage ECF � factors and their promoters in order to
infer DNA and protein recognition motifs involved in transcription initiation. We predict a more flexible promoter structure
than is recognized by the current paradigm, which assumes rigidness, and propose that ECF � promoter elements may comple-
ment (mix and match with) each other’s strengths. These results warrant the refocusing of research efforts from the well-studied
housekeeping � factors toward the physiologically highly important, but insufficiently understood, alternative � factors.

Transcription initiation is a major regulatory checkpoint, which
in prokaryotes is exhibited, in part, through interactions of

RNA polymerase holoenzyme (RNAP) � factor with DNA pro-
moter elements (1). �70 is a major � factor family, encompassing
most of the known � factors (2), which share the same general
promoter structure (1, 3). This structure is characterized by two
canonical promoter elements, the �35 and �10 elements (where
the coordinates correspond to the transcription start site). The bind-
ing of a � factor in the context of RNAP leads to promoter melting,
i.e., the transcription bubble is initiated within the �10 element (1, 4,
5); consequently, the upstream part of the �10 element (often
called the extended �10 element) and the �35 element interact
with the � factor in the double-stranded DNA (dsDNA) form,
while the downstream part of the �10 element (the short �10
element) is involved in single-stranded DNA (ssDNA) interac-
tions (1).

Despite the general similarity of promoter structures, �70 fam-
ily members show significant differences in the complexity of their
protein structures, and the family is accordingly divided into four
different subfamilies (groups I to IV). Group I is the most complex
and abundant of these subfamilies. Its members direct the expres-
sion of the majority of cellular genes (the housekeeping genes).
Consequently, this group is essential for cell survival under nor-
mal conditions (1, 2). Group II is closely related to group I in

terms of structural organization but is not strictly required for cell
survival (1, 2). The remaining two groups respond to specific de-
velopmental/external stimuli and direct focused responses. Group
III is implicated in the biosynthesis of flagella, sporulation, and the
heat shock response (1, 2, 6).

Group IV � factors, also named extracytoplasmic function
(ECF) � factors, respond to stimuli from outside the cell, often
transcribe their own genes, and are implicated mainly in coping
with stress and the uptake of nutrients. This group is the most
abundant, and the most heterogeneous, among alternative � fac-
tors, and is accordingly classified into more than 40 different sub-
groups (7, 8). Members of group IV are characterized by two do-
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mains (�2 and �4), which recognize �10 and �35 promoter
elements, respectively, in contrast to other � factors, which have
three or four domains (1). Consequently, ECF �s are the most
highly divergent members of the �70 family, with only limited
similarity to other �70 factors.

Despite the established abundance and diversity within the �70

protein family at the structural and functional levels, the mecha-
nism of interaction with promoter sequences is well studied only
for members of group I (the housekeeping � factors) (1, 3, 5). This
group recognizes variable promoter elements, which exhibit the
mix-and-match mode of action (9). That is, it has been noticed
that different promoter elements that interact with � factors in the
dsDNA form may complement each other to achieve a sufficient
level of dsDNA binding strength. As an extreme example of this
mechanism, it has been found that in group I, the extended
�10 element can compensate for the absence of the �35 ele-
ment (9–12).

While flexible promoter structure and mixing and matching
are characteristic of interactions with housekeeping � factors, an
opposite paradigm for promoter recognition is presumed for ECF
� factors. It is thought that this group has a requirement for a rigid
promoter structure, with highly conserved promoter elements,
which do not mix and match (1). The extent to which these as-
sumptions are valid is unclear, however, since only a small subset
of ECF � factors have experimentally established promoter recog-
nition specificity. This limited data set may lead to a convergence
toward possibly unjustified conclusions, particularly regarding
the requirement of ECF �s for a rigid promoter structure. In fact,
even for canonical ECF � members (Escherichia coli �E and Bacil-
lus subtilis �W), for which a reasonably large number of promoters
are available, the possibility of mixing and matching has not been
investigated, in contrast to the detailed qualitative and quantita-
tive studies carried out for E. coli RpoD (9, 13, 14).

Furthermore, from Fig. 1, one can see that the promoters rec-
ognized by the �70 family share the same general organization, in
particular with respect to interactions with ssDNA and dsDNA.
This is likely due to the same basic biophysical mechanism of
transcription initiation within the family. In particular, the � fac-
tors of the family should first bind to dsDNA, through interactions
with the �35 element and the upstream part (and extension) of
the �10 element, and subsequently open the two DNA strands,

through interactions with the ssDNA of the downstream part of
the �10 element (1, 4). This might indicate that promoters for
ECF � factors can adopt a less rigid structure than currently as-
sumed. That is, different promoter elements involved in dsDNA
and ssDNA interactions may complement—and, in more extreme
cases, substitute for— each other, to achieve sufficiently strong
kinetic parameters (i.e., binding affinity and transcription activ-
ity), which is the basic idea behind the mix-and-match model of
promoter recognition (9, 13). Investigating the possibility of a less
rigid promoter structure for the ECF � group is the main motiva-
tion behind this work.

Consequently, we investigated DNA and protein recognition
motifs involved in transcription by ECF � factors, through a
bioinformatics analysis of bacterial and bacteriophage ECF � fac-
tors and their promoters. To avoid inferring conclusions from a
limited data set, we looked to a substantially different system, an
opportunity provided by bacteriophages. Transcription of bacte-
riophage late genes is often exhibited by the phage-encoded �
factors; bacteriophage phiEco32, whose gene expression strategy
was recently studied in detail, provides an example of a bacterio-
phage-encoded � factor belonging to an ECF subfamily (15).
Moreover, the recently sequenced bacteriophage 7-11 (16), a close
relative of phiEco32, is also of great significance. The 7-11 ECF �
factor exhibits homology with the phiEco32 ECF � factor but is
more closely related to bacterial ECF � factors; consequently, its
specificity can be compared with those of both phiEco32 and bac-
terial ECF � factors.

Therefore, we investigated the specificities (at the levels of both
DNA and protein sequence) of the characterized bacteriophage �
factors. We then compared how these � factors relate to the clas-
sified bacterial ECF � subgroups. This helped to identify the �
factor–DNA interactions associated with these subgroups, which
may point to greater flexibility in promoter recognition by ECF �
factors. Overall, the work provides previously unavailable infor-
mation about the similarities among ECF � factors and their pro-
moter elements. This may, in turn, provide a starting point for
experiments testing for unifying mechanisms of promoter recog-
nition within the �70 family, e.g., investigating whether mixing
and matching is exhibited in the entire family.

MATERIALS AND METHODS
Sequence data sets. (i) DNA sequences. The DNA sequence data sets used
in the analysis were composed of promoters recognized by the following �
factors: E. coli �E, B. subtilis �W, the E. coli RpoD � factor, bacteriophage-
encoded � factors from 7-11 and phiEco32, and bacterial ECF � factors
from subgroups 28 and 32.

The �E promoter data set is composed of 60 experimentally verified
promoters and contains aligned �35 and �10 elements (17); information
on the promoters that are active (and inactive) under in vitro conditions is
also given in reference 17.

�W promoters were retrieved from DBTBS, a database of Bacillus sub-
tilis promoters and � factors (18). This data set is composed of 34 exper-
imentally determined promoters. Of these, one promoter sequence (up-
stream of ywbLMN) was not used in further analysis, due to difficulty in
aligning its �35 element (at least five mismatches from the consensus).

RpoD promoters contain 322 sequences with experimentally deter-
mined transcription start sites that were aligned de novo (13) with the
Gibbs Motif Sampler.

Three phage 7-11 promoters have been inferred through genome se-
quence analysis (19). Six phage phiEco32 promoters have been deter-
mined experimentally (15). These data sets with phage promoters contain
only the aligned �10 elements.

FIG 1 Structure of promoters recognized by �70 factors. The general structure
of promoters recognized by the three well-studied representatives of the �70

protein family—E. coli RpoD, E. coli �E, and B. subtilis �W—is shown. The
indicated promoter elements correspond to the following consensus sequenc-
es: the �35 element and �15 element (9), which interact with the � factor in
the dsDNA form, and the short �10 element, which is involved in ssDNA
interactions. The �15 element consensus is commonly shown as �15TGnT�12

in E. coli RpoD but is here shown as �15TGGT�12, since in reference 13, it was
demonstrated that �13G is significantly conserved (more than �15T).
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For the ECF28 subgroup, we analyzed two DNA sequence data sets,
which do not contain already aligned promoters. The first data set was
used for an unsupervised search of ECF28 promoters and is composed of
50 bp upstream of the genes encoding selected representatives (with pro-
tein sequences that differ significantly from each other) of the ECF28
subgroup (all GenInfo Identifier [GI] numbers for the sequences in this
section are provided in Table S1 in the supplemental material). The sec-
ond data set was used for a supervised search of ECF28 promoters, based
on the weight matrices (20), for which we extended the previous data set
to include the entire length of the upstream intergenic regions.

For the ECF32 subgroup, we analyzed those promoters recognized by
the subgroup members with the conserved protein motif, for which the
corresponding promoter sequences can be inferred. These promoter se-
quences were either obtained from reference 7 or identified by us through
MLSA (multiple local sequence alignment), as described below.

(ii) Protein sequences. We analyzed a protein sequence data set con-
taining bacterial ECF � factors classified into 43 different subgroups (7).
Among these, we analyzed the following subgroups in detail: ECF01,
which contains �W; ECF02 (�E); ECF28, which is similar to the phage 7-11
ECF � factor; and ECF32.

We also analyzed the protein sequences of the � factors encoded by
bacteriophages 7-11 and phiEco32, which were retrieved from GenBank.
The protein sequences classified as RpoD � factors, which consist of nearly
44,000 � factors, were also retrieved from GenBank.

DNA motif alignment. (i) Multiple sequence alignments. For multi-
ple local DNA sequence alignments, we used a Gibbs search (Gibbs Motif
Sampler) (21), as a standard approach for identifying short motifs that are
conserved in a set of DNA sequences. The Gibbs Motif Sampler was used
in both the Site Sampler and Motif Sampler modes.

In the Site Sampler mode, the algorithm finds exactly one motif in each
query sequence; this provides an estimate of the presence of the conserved
motif in the entire set of sequences analyzed. On the other hand, the Motif
Sampler mode enables identification of the motif, which is not contained
in all query sequences; note that in the last cycle of the search, the algo-
rithm adds/subtracts motifs from the sequences analyzed based on their
impact on the informational content of the alignment (21). Consequently,
the total number of motifs detected per sequence in the final alignment
can be either larger or smaller than 1.

In every Gibbs Motif Sampler analysis performed, only the direct
strand was searched, the number of motifs was set to 1, and the estimated
total number of sites was set to the number of query sequences. The motif
length was set to several different values (to check for the robustness of the
motif detected) in the analysis of the same query set, with the remaining
parameters at their default values.

(ii) Sequence logos. We used a MATLAB function (MathWorks) and
enoLOGOS (22) to generate DNA sequence logos. enoLOGOS and
MATLAB were used with their default values, with GC content set to that
of the species to which the sequences analyzed corresponded.

The sequence logos were generated through enoLOGOS for phage
(7-11 and phiEco32), ECF �E and �W, and RpoD �10 elements, which
were defined in the data sets described above. The alignments in the data
sets for �E and �W promoters were first checked through the Gibbs Motif
Sampler (whose output matched the alignments in the original data sets),
and then these alignments were used for generating �10 element se-
quence logos, with the additional 3 bp upstream of the �10 element.
Sequence logos were also generated for the �35 elements found upstream
of two 7-11 promoters. The �35 element found in the third sequence was
omitted, since it is notably degenerated and therefore significantly ob-
scures the alignment. In the analysis of noncanonical � factor–DNA in-
teractions, the sequence logos were generated by MATLAB, which in-
cludes �E promoters that are inactive in vitro, �W promoters, and selected
ECF32 � factor promoters. For �W and selected �E promoters, we aligned
the respective �10 elements, along with the spacer sequences extending to
the downstream edge of the �35 element, while for ECF32, the sequence
logos correspond to the entire promoter sequences.

(iii) PhiEco32 upstream promoter sequence conservation. To check
whether the sequences upstream of all the phiEco32 promoters (as defined
in our data set) share a conserved motif, the analysis was performed using
Gibbs Motif Sampler in the Site Sampler mode, as described above (see
“Mulitiple sequence alignments”). The motif length was set to 8, 7 or 6 bp
to check the robustness of the detected motif.

(iv) ECF28 promoter identification. An unsupervised search was our
first approach for identifying ECF28 promoters; the DNA data set, de-
scribed above, was analyzed by both the Site Sampler and the Motif Sam-
pler (see above), with motif lengths set to 7, 6 or 5 bp—again, to verify the
robustness of predicted motifs. As an alternative unsupervised strategy,
we aligned the same set of DNA sequences pairwise through BLAST
(Blast2seq) (23): each of the query sequences was aligned against the re-
maining query sequences, and the motif length was set to the lowest value
(7 bp).

Alternatively, ECF28 promoters were searched by a supervised strat-
egy (24), which is based on using the �W �35 element weight matrix. The
weight matrix elements are calculated as reported previously (24, 25). We
used this weight matrix for searching the sequence data set (see “DNA
sequences” above); the highest-scoring motifs were identified in all the
query sequences, and 35-bp segments downstream of these motifs were
extracted. The extracted segments were then analyzed with the Gibbs Mo-
tif Sampler (see above) to search for ECF28 promoter elements.

(v) ECF32 promoter identification. For ECF32 subgroup members
that have the conserved protein motif, but for which promoter se-
quences are not available in reference 7, we identified promoters by
MLSA. For MLSA, we used Gibbs Motif Sampler in the Motif Sampler
mode, with the motif lengths set to 4, 5, and 6 bp; segments comprising
100 bp upstream of the translation start sites of ECF � factor genes
were aligned.

Protein sequence alignments. We used ClustalW (26) for multiple
alignments of protein sequences, BLAST for pairwise alignments, and
CD-Search (27) for domain identification. ClustalW was used with de-
fault parameters; BLAST was used with the blastp version and the option
for aligning 2 or more sequences (the remaining parameters were at de-
fault values); and CD-Search was also used with default parameters, ex-
cept for the E value threshold, which was lowered in a stepwise fashion (to
the final value of 10), with the purpose of predicting the �4 domain in the
phiEco32 � factor protein sequence.

For the assessment of similarities between phage (7-11 and phiEco32)-
encoded ECF � factors, bacterial ECF members (�E and �W), and RpoD �
factors, we analyzed their sequences with CD-Search and aligned the pre-
dicted �2 and �4 domains pairwise with BLAST; for phiEco32 �, the entire
ECF � domain was used in the analysis.

Further, for the assessment of similarities between the phage 7-11 �
factor and all the representatives of ECF and RpoD subfamilies (note the
data sets defined above), we aligned them pairwise by BLAST, as described
above. When the phage 7-11 � factor was compared with ECF � factors,
the analysis was conducted separately against all 43 different ECF sub-
groups.

In addition to pairwise sequence alignment, the phage 7-11 � factor
was compared with selected members of ECF subgroups ECF01 and
ECF28 through multiple-sequence alignment by ClustalW. For compari-
son with ECF01, the data set was narrowed to the members most closely
related to the phage 7-11 � factor (i.e., those with the best pairwise align-
ment E values). On the other hand, for comparison with ECF28, the data
set was narrowed so as to contain one member from each bacterial genus
that appears in the ECF28 subgroup. Multiple-sequence alignment was
also carried out for the entire ECF28 subgroup; further, sequence logos
were generated (through enoLOGOS) from segments of ECF28 � factors
that span the region from the C terminus of the �2 domain to the
appearance of the first gap in the multiple alignment (which almost
coincides with the beginning of the �4 domain). Along the same lines
(by ClustalW), we analyzed the selected ECF02 members and ECF32 �
subgroups, and for the sequences containing the conserved protein

ECF � Promoter Recognition
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motif in both subgroups, sequence logos were generated through
enoLOGOS; flanking sequences were added to these motifs in order to
observe their conservation.

RESULTS
Comparing binding specificities. Until now, all the available in-
formation on how � factors from ECF subfamily operate was ob-
tained through the analysis of bacterial ECF members. Therefore,
bacteriophages 7-11 and phiEco32, which encode highly similar
ECF � factors (15, 19), are suitable candidates for ECF � outliers.
The specificity of phiEco32 � was experimentally established,
while the specificity for its relative (phage 7-11) was determined
by genome sequence analysis and was confirmed through homol-
ogy with the phiEco32 promoters (at both the sequence and pro-
moter layout levels) (15, 19). Therefore, comparison of the pro-
moters recognized by the outlier phage ECF � factors with those

for the well-characterized ECF members (E. coli �E, B. subtilis �W)
and a canonical group I member (E. coli RpoD) would allow one
to (i) notice differences within the ECF � factor subfamily and
possibly modify the current paradigm of promoter conservation
and rigidness and (ii) examine whether promoters recognized by
�70 members from distinct subfamilies are built on similar scaf-
folds, which could point to similarities in their mechanisms of
promoter recognition (28).

As can be seen from the alignment shown in Fig. 2, there are
notable differences between the �10 elements of promoters rec-
ognized by bacterial and phage ECF � factors. Specifically, there is
a notable similarity among the downstream segments of all the
aligned promoters; compare, e.g., the sequence logo of the �W

promoter with those of the two phage promoters. On the other
hand, the upstream parts of the �10 elements of the two phage

FIG 2 Alignment of �10 elements in promoters recognized by �70 factors. Shown is an alignment of the sequence logos for �10 elements recognized by bacterial
ECF (�E and �W), phage ECF (phiEco32 and 7-11), and group I (E. coli RpoD) � factors. For promoters recognized by �E and �W, we extended the �10 elements
3 bp upstream in order to observe an absence of conservation in this extension. The TATA box of group I (RpoD) promoters and the analogous sequences in ECF
� promoters are boxed in blue; the sequences in the upstream �10 element extension, found in phage promoters, and the equivalent positions in �E and �W

promoters are boxed in red. The coordinates of the upstream and the downstream edges of the promoter elements are indicated relative to the transcription start
site.
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promoters are substantially longer than those of the �W and �E

promoters. Note that Fig. 2 clearly shows an absence of conserva-
tion in the sequences upstream of the �10 elements for �W and
�E, in contrast to the upstream parts of the �10 elements for the
phage � factors (sequences boxed in red).

Furthermore, the extension of the phage �10 element also
suggests an equivalence with RpoD (group I �) promoter func-
tion, where such extension (the so-called �15 element [9, 13])
may compensate for the absence of � factor interactions with a
�35 element, this being a hallmark of the mixing and matching of
promoter elements (9). As can be observed in Fig. 2, this notion is
further supported by the presence of a TA-rich segment in the
downstream part of the phage promoters, which is a well-known
feature of RpoD �10 elements (5).

Consequently, we investigated the following questions. What is
the organization of ECF phage promoters (particularly with re-
spect to their �35 elements) with this peculiar �10 element struc-
ture? What protein sequence features of the bacteriophage � fac-
tor enable the recognition of such �10 element extensions, and
how do these features relate to the remaining ECF � subgroups?
Through this investigation, we inquired (i) if the classical qualita-
tive trademark of mixing and matching in the housekeeping
(group I) � factors—i.e., compensation for the absence of a �35
element by the extension of the �10 element (9)—also appears for
ECF � factors and (ii) by what mechanism, at the level of protein-
DNA interactions, this �10 element extension is exhibited. More-
over, we also explored whether additional interactions outside of
the canonical ECF �35 and �10 elements are exhibited.

Comparing protein sequences. We next investigated whether
the established similarity between the �10 promoter elements
shown in Fig. 2 is also observed in their respective protein se-
quences. We therefore started by examining relationships between
the phage (7-11 and phiEco32) � factor sequences and those of the
well-studied �70 family members (�W, �E, and RpoD). Since we
are interested in the DNA sequence specificity of the � factors, we
first identified domains �2 and �4 in each of the protein sequences
and then used these domains for comparison of the protein se-
quences of the � factors for which �10 promoter elements are
shown in Fig. 2 (see Materials and Methods, “Protein sequence
alignments”). Note that domain �4 of phiEco32 was not detected
even when the search threshold was substantially lowered, so the
entire phiEco32 ECF domain was used in the analysis. The absence
of domain �4 in phiEco32 in the context of its interactions with
the �35 element is analyzed further below.

The results of the comparisons are summarized in Tables 1 and
2, where we see that they are consistent overall for the two do-
mains. It is clear that the phage � factors are indeed outliers, highly

divergent from the E. coli RpoD � factor and also distant from �E,
which is a member of the ECF � group. Only the alignment of �W

with phage � factors is statistically significant, in agreement with
the higher level of similarity between the �10 promoter elements
for phage (7-11 and phiEco32) � factors and �W. Note that the
7-11 � factor is more similar to �W than is its relative, phiEco32, a
finding also supported by the absence of domain �4 in the
phiEco32 � factor. One may consequently expect that the phage
phiEco32 � factor, as an extreme outlier, could provide an exam-
ple of a qualitatively different regulatory paradigm of ECF � factor
functioning. Furthermore, the 7-11 � factor, with its higher sim-
ilarity to �W, can be compared with both the phiEco32 � factor
and bacterial ECF � factors.

Accordingly, we further investigated, by pairwise alignment of
the 7-11 � factor protein sequence with the representatives of the
43 ECF subgroups, which of these subgroups are most closely
related to the phage � factors (see Materials and Methods, “Pro-
tein sequence alignments”). We generally obtained statistically
significant (sometimes highly statistically significant) alignments,
where ECF28 emerged as the subgroup most closely related to the
phage � factors. For the well-studied ECF subgroups, the closest
similarity was found between 7-11 � and ECF01 (with B. subtilis
�W). Furthermore, we also aligned the phage � factors with the
members of the RpoD (group I) subfamily (�44,000 protein se-
quences annotated in GenBank) and obtained statistically insig-
nificant alignments for a large majority of the sequences analyzed,
in agreement with the results obtained by aligning the domains.

Therefore, there are often substantial differences at the protein
sequence level between the � factors, as exemplified by the clearly
unrelated phage ECF and RpoD � factors. On the other hand, the
structures of the promoters recognized by �70 factors exhibit the
same general scaffold; note, in particular, the similarities in �10
element organization between the promoters for phage � factors
and RpoD, established in Fig. 2. Consequently, the similarities
established at the level of promoter structure could indeed be due
to a common mechanism of promoter recognition (such as mix-
ing and matching) rather than to similarities in � factor protein
sequences.

Analyzing �35 promoter elements. As discussed above, the
promoters for 7-11 and phiEco32 � factors have a notable exten-
sion of the upstream segment of the �10 element, which, in RpoD
� factors, is associated with complementing the strength of the
�35 element (9). Therefore, our next goal was to analyze the se-
quences upstream of the phage �10 elements and to search for
putative �35 elements (see Materials and Methods, “DNA motif
alignment,” “Multiple sequence alignments,” and “phiEco32 up-
stream promoter sequence conservation”). We started with the
sequences upstream of the predicted promoters for phage 7-11;

TABLE 1 Domain 2 similaritiesa

Domain 2

E-value for similarity to domain 2 of:

E. coli �70

Phage
7-11 �

Phage
phiEco32 � E. coli �E

Phage 7-11 � 0.046
Phage phiEco32 � No alignment 2e�7

E. coli �E 4e�6 0.86 0.61
B. subtilis �W 6e�4 1e�6 3e�5 2e�15

a Pairwise alignment of �2 domains predicted in protein sequences of phage ECF (7-11
and phiEco32), bacterial ECF (�E and �W), and group I (E. coli RpoD) � factors. For
the phiEco32 � factor, the entire ECF domain was used in the analysis.

TABLE 2 Domain 4 similaritiesa

Domain 4

E-value for similarity to domain 4 of:

E. coli �E Phage 7-11 � E. coli �70

B. subtilis �W 2e�15 2e�4 No alignment
E. coli �E No alignment 0.42
Phage 7-11 � No alignment
a Pairwise alignment of �4 domains predicted in protein sequences of phage ECF (7-11
and phiEco32), bacterial ECF (�E and �W), and group I (E. coli RpoD) � factors. For
the phiEco32 � factor, the entire ECF domain was used in the analysis.
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note that the 7-11 � factor protein sequence has a significant sim-
ilarity to that of �W (see above), which has an established pro-
moter specificity. In accordance with this notion, we identified the
�35 elements of the promoters recognized by phage 7-11 � factors,
which display extensive similarity to those recognized by �W. This is
illustrated in Fig. 3, where we show the alignment of the predicted
7-11 �35 element with the established �W �35 element.

On the other hand, analysis of the phiEco32 upstream se-
quences failed to identify �35 elements. This finding is consistent
with the absence of a recognizable domain �4 (implicated in �35
element interactions) in the phiEco32 � protein sequence. How-
ever, we identified a conserved motif (AAGACCT) in a minority
of the upstream sequences—i.e., in two of the six sequences, with
a total of three repeats – corresponding to the phage late promot-
ers. We argue that the predicted motifs are putative binding sites
of a transcription factor (possibly phage encoded), which may be
responsible, in part, for the different regulatory patterns for
phiEco32 middle and late genes. The implications of this finding
for the ECF � regulatory paradigm are further assessed in the
Discussion.

The protein sequence features recognizing the �10 element
extension. We next investigated what protein sequence elements
are responsible for recognizing the �10 element extension in the
phage promoters. We reasoned that these elements should appear
C-terminal of the predicted domain �2, since this domain is im-
plicated in �10 element recognition. Note that for the 7-11 �
factor, the domain �2 predictions are based on the domain bound-
aries of �E and �W (the canonical ECF members). Since these
factors do not recognize �10 elements with upstream extensions,
the segment that is implicated in recognizing the �10 element
extension is expected to be found C-terminal of the predicted
domain �2 boundary. Furthermore, if functional, this segment
should be conserved in at least some bacterial ECF � group mem-
bers. Finally, these sequence elements should not be conserved in
ECF � factors that are closely related to �W (ECF01 subgroup),
which have protein sequences similar to those of phage � factors
but do not have extended �10 regions. We then compared the
sequences C-terminal of domain �2 of phage 7-11 � (i) with those
of bacterial ECF � factors, in particular with those of the ECF28

subgroup, which are, among bacterial ECF � factors (see above)
the closest to the bacteriophage 7-11 �, and (ii) with those of
ECF01 subgroup representatives, whose canonical member is �W

(see Materials and Methods, “Protein sequence alignments”).
Hence, we started by aligning the 7-11 � factor with selected

representatives of the ECF28 subgroup (Fig. 4, top). One can ob-
serve that the segment just C-terminal of the 7-11 �2 domain
boundary (indicated by a vertical line in Fig. 4) is well aligned with
the corresponding segments in the selected ECF28 representa-
tives. The segment is composed of 6 amino acids (aa), about the
same length as the sequence responsible for interacting with the
extended �10 element in group I � factors (RpoD) (3). Further-
more, in order to observe whether this feature is present in all the
ECF28 members, and to establish the extent of the sequence con-
servation, we performed a multiple alignment of the entire ECF28
group and used it to construct a logo of the sequences C-terminal
of the �2 domain (Fig. 4, bottom). As Fig. 4 indicates, the relevant
segment is present in all ECF28 members; more importantly, as
can be seen from the sequence logo, the protein sequence C-ter-
minal of this segment— extending to the N terminus of the �4

domain—is notably less conserved.
Next, in Fig. 5 we compared the phage 7-11 � factor protein

sequence with the multiple alignment of the ECF01 � subgroup
(whose representative is �W). One may clearly observe the absence
of the conserved sequence element (noted in the ECF28 sub-
group) in the ECF01 subgroup; instead, gaps and poorly aligned
sequences appear in the multiple alignment. This finding is con-
sistent with the expectation stated above, i.e., that the sequence
element of interest is not present in the ECF01 subgroup.

Overall, the results presented above indicate that the segment
appearing just C-terminal of domain �2 in some ECF � subfamily
members is involved in recognizing the extension of the �10 ele-
ment. Moreover, we compared multiple alignments of ECF28 and
7-11 sequences with the sequences of representatives of the other
ECF � subgroups. The results of that comparison indicate that the
conserved segment located just C-terminal of the �2 domain is
absent in the other ECF � subgroups. Consequently, the appear-
ance of this feature is rather specific, as would be expected for
recognition of the extended �10 element, since it is evidently
not a widespread property of ECF � factors (being absent from
�E and �W). This makes ECF28 a candidate for a bacterial ECF
subgroup with a putatively distinct regulatory paradigm, in
contrast to the current viewpoint on bacterial ECF � factor
functioning.

Therefore, we next analyzed the promoter specificity of ECF28
� factors. Note that this subgroup is composed of entirely unex-
amined ECF � factors. Here we started from the paradigm of ECF
� factor autoregulation, so that we searched the intergenic se-
quences upstream of the ECF � factor genes, by using both super-
vised and unsupervised methods for regulatory element detection,
as described in Materials and Methods. This analysis did not iden-
tify ECF28 promoters, for which there are two possible reasons:
either the subgroup members are not autoregulated, so that the
promoters are not contained in the intergenic regions analyzed, or
their promoters do not contain a recognizable �35 element. Both
of these possibilities indicate a departure from the current para-
digm of ECF � promoter recognition, whose implications are fur-
ther analyzed in the Discussion.

Analyzing the promoter specificity of ECF subgroups. We
further analyzed the canonical bacterial ECF members �E and �W,

FIG 3 Alignment of the phage 7-11 and �W �35 elements. The upper se-
quence logo was generated from the motifs localized upstream of the phage
7-11 �10 elements; the lower sequence logo was generated from the aligned
�35 promoter elements recognized by �W. The coordinates of the promoter
elements relative to the transcription start site are indicated.
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for which a large number of experimentally verified promoters are
available, and whose interactions outside of canonical �35 and
�10 elements can provide additional examples of flexibility
within the ECF � subfamily. We started by aligning the available
promoters for �E (see Materials and Methods, “Sequence logos”),
where we unexpectedly observed conservation in the spacer be-
tween the �10 and �35 elements, which is prominent for pro-
moter sequences that are inactive in vitro (Fig. 6, bottom sequence
logo). Note that this conservation is located near the upstream
edge of the �10 element (positions �17 to �20 in the sequence
logo) but not as its direct extension. Furthermore, note that this con-
served promoter element is not prominent in the sequences that are
active in vitro, a point further elaborated in the Discussion.

Next, to identify the motif at the protein sequence level that

putatively interacts with this conserved spacer element, we com-
pared the �E protein sequence with those of selected representa-
tives of the ECF02 subgroup and searched for a conserved motif
further C-terminal of the �2 domain (see Materials and Methods,
“Protein sequence alignments”). This search identified a con-
served 6-aa motif in the ECF02 subgroup, which was found in
close proximity to the �2 domain C terminus but not as a direct
extension of this domain (Fig. 6). Therefore, the location of this
protein motif puts it in an optimal position for interacting with
the conserved spacer element in the promoters recognized by �E.

Next, by comparing the �E with the �W sequence, we observed
the upstream half of the motif identified in �E (DAE) C-terminal
of �W domain �2 (Fig. 7). Interestingly, at the DNA level, this is
complemented by the conserved T nucleotide at position �17 in

FIG 4 Phage 7-11–ECF28 subgroup � factor alignment. (Top) Multiple alignment of the phage 7-11 � factor (boxed in green) and selected representatives of the
ECF28 subgroup. The segment of the alignment that is shown corresponds to the C-terminal part of the �2 domain (with the vertical line indicating the C
terminus) and the sequences C-terminal of the indicated �2 domain boundary. The shaded area in the alignment corresponds to the segment implicated in
interacting with the �10 element extension in the promoter recognized by phage 7-11 � factor. Below the alignment is the sequence logo of that promoter, with
the �10 element extension shaded and the coordinates shown relative to the transcription start site. (Bottom) Multiple alignment of the entire ECF28 subgroup.
The conserved segment interacting with the �10 element extension is shaded. Below the alignment is the sequence logo of the shaded segment, together with the
C-terminal flanking sequences that reach down to the first gap in the multiple alignment.
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the �W promoter sequence, which corresponds to the most down-
stream base of the �E spacer motif. Clearly, in �W, we find that the
partial conservation of the �E protein motif leads to a correspond-
ing partial conservation of the protein-DNA interaction. The ab-
sence of full conservation of this interaction is consistent with the
fact that multiple alignment of ECF01 members shows no conser-
vation of the protein motif across this subgroup.

Since the results obtained for �E and �W indicate a notable
flexibility of promoter specificity within the ECF subfamily, in
particular with respect to interactions with conserved motifs out-
side of the canonical promoter elements, we also explored the
presence of these interactions across the other subgroups. How-
ever, this effort was complicated by a very restricted set of available
ECF promoters, which made it hardly feasible to conduct a de-
tailed analysis, as in the case of canonical ECF members. We con-
sequently limited our investigation to assessing conservation be-
tween domains �2 and �4, and a corresponding conservation in
the spacer sequences—i.e., outside of the �10 and �35 ele-
ments— of the interacting promoters, comparable to what was
observed for �E and �W (see Materials and Methods, “Sequence
logos,” “ECF32 promoter identification,” and “Protein sequence
alignments”). This investigation identified ECF32 as another ECF
� subgroup, for which we found interactions that were not re-
stricted to extensions of the �2 domain and �10 element. In par-
ticular, it is interesting that in ECF32, the conserved sequence
element is located at the opposite end of the spacer sequence, i.e.,
near the downstream edge of the �35 element, a finding consis-
tent with the position of the conserved protein sequence, which is
located N-terminal of the �4 domain (see Fig. S1 in the supple-
mental material). Moreover, note that mutating a base within this
ECF32 conserved element (the conserved G at position �25) has
been shown experimentally to decrease promoter transcriptional
activity significantly (29), suggesting that the conserved motif is
indeed functional.

DISCUSSION

We provided here a comprehensive analysis of DNA and protein
motifs involved in promoter recognition by ECF � factors. The
analysis was motivated by the limited data available on the mech-

anisms of promoter recognition within this large and heteroge-
neous, but poorly studied, � factor group. This limited informa-
tion on ECF � specificity has been applied to searching for
promoters for other ECF � subgroups, based on the assumption of
autoregulation, i.e., that the promoters are located upstream of
ECF � factor genes (7). To break this cycle of limited data inducing
similar data, we here computationally investigated the binding
specificity of phage ECF � factors, which represent the outliers of
the ECF family, examined their relationships to the classified bac-
terial ECF � factor subgroups, and provided an extensive analysis
of promoter elements for ECF � factors.

First, we showed that the promoters for the bacteriophage ECF
� factors examined can accommodate a significant �10 element
extension, which was previously unnoticed in the ECF � subfam-
ily (1). In particular, promoters for �W and �E have 2-bp motifs
involved in dsDNA interactions. This should be compared to the
4-bp �15 element in RpoD � factors, which is the upstream part
of the �10 element involved in dsDNA interactions (9). In fact,
the �10 element for bacteriophage ECF � factors not only is no-
tably longer than those for �E and �W but also is longer than those
for RpoD � factors, since the part interacting in dsDNA form
(equivalent to the �15 element) is 5 to 7 bp long.

For the bacteriophage phiEco32 � factor, this �10 element
extension is accompanied by an absence of the �35 element, to-
gether with the loss of the �4 domain. We predict, however, that
such loss may be complemented by phiEco32 ECF � factor inter-
actions with a transcription factor, since we find conserved motifs
upstream of �10 elements in a subset of the genes transcribed by
phiEco32 �. Such complementation of the �4 domain with a tran-
scription factor would then be another (putative) example of vari-
ability in ECF � functioning, particularly since examples of ECF
promoter regulation by DNA binding transcription factors are
rare (1, 30). Such complementation would also have a clear role in
bacteriophage temporal gene regulation, i.e., in distinguishing be-
tween bacteriophage middle and late gene expression. Note that it
is the bacteriophage late genes (15) that are associated with this
upstream motif.

We also predicted the protein motif that is responsible for in-

FIG 5 Phage 7-11–ECF01 subgroup � factor alignment. Shown is a multiple alignment of selected ECF01 representatives, including �W (boxed in red)—
comprising the group recognizing promoters with no �10 element extension—and the phage 7-11 � factor (boxed in green). The segment of the alignment
shown corresponds to the C-terminal part of the �2 domain (with the C terminus indicated by the vertical line) and the sequences C-terminal of the boundary.
The shaded area corresponds to the segment implicated in interacting with the �10 element extension in the promoter recognized by phage 7-11.
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teractions with the �10 element extension in the bacteriophage �
factors and in ECF28, which is an entirely unexamined bacterial
ECF � factor subgroup. Furthermore, in ECF28, the sequence
motif is located just C-terminal of the predicted domain �2

boundary, so that this sequence is clearly an extension of domain
�2 as it appears in �E and �W. This domain �2 extension is rather
specific and, notably, does not appear in the subgroups repre-
sented by �E and �W, which are known not to contain a �10
element extension; interestingly, a similar motif appears C-termi-
nal of domain �2 in the �E subgroup, as we discuss further below.
In fact, it is commonly assumed that ECF � factors depend on the
�35 element to accomplish transcription, since they do not con-
tain domain �3 (1). Note that in RpoD � factors, the upstream

part of the �10 element, which is involved in dsDNA interactions,
is recognized by the C-terminal part of the �2 domain and the
N-terminal part of the �3 domain (3). However, the results pre-
sented here indicate that in ECF � factors, an even longer exten-
sion of the �10 element can be achieved through a C-terminal
extension of the �2 domain.

Consequently, the study of ECF28 subgroup members may
notably extend our understanding of ECF functioning. We were
unable to locate their promoters either by searching for shared
motifs or by using a �35 element ECF � weight matrix. This
suggests that either the ECF28 subgroup is not self-regulated or its
promoters do not contain a recognizable ECF �35 element. In
fact, we hypothesize that the absence of self-regulation may be due

FIG 6 Putative �E protein-DNA spacer interactions. (Top) Multiple alignment of the protein sequence of �E (boxed in blue) and those of selected ECF02
members (the corresponding GI numbers are provided in Table S1 in the supplemental material), showing the C-terminal part of the �2 domain and the flanking
sequence C-terminal of domain �2. The conserved protein motif identified is boxed in blue. Below the alignment is a sequence logo presenting the conserved
protein motif and the (unconserved) flanking sequence C-terminal of that motif. (Bottom) The �10 element of the promoter, together with the spacer sequence,
is presented in the form of a 3=-to-5=-oriented sequence logo (coordinates are indicated relative to the transcription start site). The putative interaction between
the conserved protein motif and the conserved promoter spacer motif is indicated by outlining (solid black lines), as is the �10 element–�2 domain interaction
(dashed black lines).
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to more-efficient transcription related to the protein motif that
can recognize the �10 element extension. This possibility may
make obsolete the enhancement in transcription due to the posi-
tive-feedback loop, i.e., such enhancement could be achieved by
the �10 element extension.

Furthermore, in ECF02 (�E), ECF32, and partially in �W, we
found additional examples of flexibility in ECF � factor promoter
recognition, as exemplified through cooccurrence of the con-
served protein/DNA motifs, located C-terminal of the �2 domain
and further upstream of the �10 element; in the case of ECF32,
some of these interactions were also confirmed experimentally.
Such flexibility of ECF � promoter recognition appears even more
pronounced compared to promoter recognition by group I � fac-
tors. In particular, note the presence of the putative spacer motif

in ECF promoters, where such spacer sequence interactions do
not appear for group I � factors, i.e., they are limited to extensions
of the �10 promoter element and �2 domain. Moreover, the
spacer motif for �E is more pronounced in the promoters with low
measured in vitro transcription activity. This may suggest that the
appearance of this motif is related to increasing the otherwise low
strength of these promoters. If so, this may provide another ex-
ample of complementation (mixing and matching) of ECF � pro-
moter elements.

For the ECF � factor in phiEco32, we have seen that extension
of the �10 element can compensate for interactions with the �35
element. This suggests that mixing and matching might be also
exhibited for ECF � factors, since the absence of a �35 element
accompanied by a �10 element extension is an often-quoted ex-

FIG 7 Putative �E–promoter spacer versus �W–promoter spacer interactions. (Top) �W promoter sequence logo (in the 3=-to-5= orientation) showing the �10
element and the upstream spacer flanking sequence. (Center) Segment of the �W protein sequence including the C-terminal part of domain �2 and the flanking
sequence C-terminal of domain �2. The edge of domain �2 and the edge of the �10 element in the promoter sequence are marked by the arrow. Below the
sequence is the logo of the conserved ECF02 subgroup protein motif. (Bottom) Sequence logo of promoters recognized by �E, showing the �10 element and the
upstream spacer flanking sequence. The conserved protein/DNA spacer segments found in �E are outlined with dashed lines. Shading indicates the part of this
conserved domain that also appears in �W, as well as the corresponding protein-DNA interactions. The coordinates of the promoter elements relative to the
transcription start site are indicated.

Guzina and Djordjevic

1936 jb.asm.org July 2016 Volume 198 Number 14Journal of Bacteriology

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 0
4 

Ju
ne

 2
02

1 
by

 1
47

.9
1.

82
.1

80
.

http://jb.asm.org


ample of mixing and matching for housekeeping � factors. This
may also be suggested by a bacteriophage ECF � promoter struc-
ture that is closer to those of RpoD promoters than to those of
promoters for �W and �E (note the characteristic TATA box). On
the other hand, domain �2 of the bacteriophage � factors is more
divergent from that of RpoD than from those of �W and �E. This
may suggest that the similar promoter organization is due not to
similar protein sequences in the �70 family but rather to a possi-
bility of a common general promoter recognition mechanism,
such as mixing and matching.

Here, overall, we have predicted novel interactions of ECF �
factors with their promoters, which may point to a significantly
greater flexibility than recognized previously. The results also sug-
gest that mixing and matching may occur in ECF � factor recog-
nition, which should be biochemically tested. In particular, this
can be exhibited by in vitro transcription analysis, starting with a
specific promoter and changing one base pair or one element at a
time (31–33). If corroborated, mixing and matching in ECF �
factors would be a significant finding, since it is believed that mix-
ing and matching does not appear in this group, which is most
divergent from RpoD � factors. That is, demonstration of mixing
and matching in ECF � factors would strongly suggest that this is
a common kinetic mechanism for promoter recognition in the
entire �70 family. Such a common mechanism could then provide
a unifying framework for understanding promoter recognition
within the diverse �70 family.
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