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Classical elements of �70 bacterial promoters include the �35 element (�35TTGACA�30), the �10 element
(�12TATAAT�7), and the extended �10 element (�15TG�14). Although the �35 element, the extended �10
element, and the upstream-most base in the �10 element (�12T) interact with �70 in double-stranded DNA
(dsDNA) form, the downstream bases in the �10 motif (�11ATAAT�7) are responsible for �70–single-stranded
DNA (ssDNA) interactions. In order to directly reflect this correspondence, an extension of the extended �10
element to a so-called �15 element (�15TGnT�12) has been recently proposed. I investigated here the sequence
specificity of the proposed �15 element and its relationship to other promoter elements. I found a previously
undetected significant conservation of �13G and a high degeneracy at �15T. I therefore defined the �15
element as a degenerate motif, which, together with the conserved stretch of sequence between �15 and �12,
allows treating this element analogously to �35 and �10 elements. Furthermore, the strength of the �15
element inversely correlates with the strengths of the �35 element and �10 element, whereas no such
complementation between other promoter elements was found. Despite the direct involvement of �15 element
in �70-dsDNA interactions, I found a significantly stronger tendency of this element to complement weak �10
elements that are involved in �70-ssDNA interactions. This finding is in contrast to the established view,
according to which the �15 element provides a sufficient number of �70-dsDNA interactions, and suggests that
the main parameter determining a functional promoter is the overall promoter strength.

Bacterial RNA polymerase is a central enzyme in cells, and
initiation of transcription by bacterial RNA polymerase is a
major point in gene expression regulation. Core RNA poly-
merase cannot by itself initiate transcription, so a complex
between RNA polymerase core and a � factor (called RNA
polymerase holoenzyme) is formed, which is abbreviated as
RNAP here for simplicity (10). Different � factors interact with
double-stranded DNA (dsDNA) and single-stranded DNA
(ssDNA) in a sequence-specific manner and are responsible
for transcription under different conditions (2). The present
study concentrates on �70, which is the major � factor in
Escherichia coli, that is responsible for transcription of house-
keeping genes (39).

Transcription initiation begins with RNAP binding to
dsDNA, which is referred to as the closed complex formation
(7). Subsequent to RNAP binding, the two strands of DNA are
separated through thermal fluctuations that are facilitated by
interactions of RNAP with ssDNA (8). The opening of two
DNA strands results in the formation of an �15-bp transcrip-
tion bubble, which typically extends from �11 to �3 (where
�1 corresponds to the transcription start site) (3). After the
open complex is formed, RNAP clears the promoter and en-
ters the elongation, which leads to synthesis of RNA from
DNA template (2).

The main elements that determine promoter recognition are

the �35 element (�35TTGACA�30, where the coordinates in
the superscript are relative to the transcription start site), the
�10 element (�12TATAAT�7), the spacer between these two
elements, and the extended �10 element (�15TG�14) (22).
The spacer ranges from 15 to 19 bp, with the most optimal
value being 17 bp (41). Interactions of �70 with dsDNA of the
�35 element, the extended �10 element, and the �12 base of
the �10 element result in the closed complex formation (35).
On the other hand, the downstream bases of the �10 element
(�11 to �7) interact with �70 in ssDNA form (35) and are
directly involved in the open complex formation.

In order to better relate the involvement of different pro-
moter elements with the kinetic steps of transcription initiation
(the closed and the open complex formation), it was recently
proposed that the region from �15 to �7 be reorganized in the
following way (22): region from �15 to �12 is connected in a
new element that is defined as the �15 element. This element
includes the extended �10 element, the most upstream base in
the �10 element (base �12), and base �13 that is in between.
Consequently, the �10 element is shortened for one base pair
(to the region �11 to �7), which I here refer to as the short
�10 element. In this way, the �35 and �15 elements are
directly related to �70-dsDNA interactions, whereas the short
�10 element is directly related to �70-ssDNA interactions.

This reorganization of the promoter elements has been pro-
posed based entirely on biochemical arguments, i.e., on the
interactions of the bases with relevant �70 domains and on
their involvement in closed and open complex formations.
However, at the sequence level, the �10 motif and the ex-
tended �10 motif appear to be physically separated due to the
absence of recognized conservation at position �13; note that
the �15 element is currently defined as “15TGnT�12” (22).
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Therefore, detecting conservation at position �13 is desirable,
since it would define a continuous conserved stretch of se-
quence corresponding to the �15 element.

A related question concerns the sequence specificity of the
introduced �15 element. That is, the specificity of the ex-
tended �10 element is currently presented in a “binary” man-
ner: as either the presence or absence of �15TG�14 one base
upstream of the �10 element (see, for example, reference 32).
Consequently, only a small fraction (�20%) of promoters is
recognized as “extended �10” (32), while for other promoters
the possible contribution of bases �15 and �14 to transcrip-
tion initiation is not taken into account. This is in contrast to
the �35 and �10 elements, which are recognized as highly
degenerate (28), where mismatches from the promoter se-
quence allow graded decreases in promoter strength. This high
degeneracy is quantitatively represented by appropriate weight
matrices (46). It would therefore be desirable to find an equiv-
alent description for the �15 element as well, which would
allow treatment of all promoter elements in a unified manner
and direct implementation of this description in promoter
searches.

Another question is how the strength of the �15 element
relates to the strengths of the �10 and �35 elements. The
relationships between the strengths of the promoter elements
may indicate a role that they play in promoter recognition. A
classic view of the extended �10 element is that it supplements
for the weak �35 element in order to allow sufficient interac-
tion strength with dsDNA for the closed complex formation
(24, 29, 32, 40, 53). It seems plausible to extrapolate this classic
view to the �15 element, particularly since this element is
defined so as to directly relate to �70-dsDNA interactions. On
the other hand, it is not evident whether some minimal number
of contacts with dsDNA is needed per se for promoter function,
since the open complex can form (although very slowly) even in
the absence of recognizable �35 and extended �10 elements
(37). Therefore, investigating relationship of the �15 element
to the strengths of the other promoter elements may provide
clues about the physical mechanism of promoter recognition in
bacteria.

I first investigated the sequence specificity and conservation
of bases within and immediately upstream of the �15 element.
To achieve this, I sought to “de novo” align experimentally
established �70 promoters. This alignment would furthermore
allow accurate inference of the weight matrices for the pro-
moter elements, which will provide much more accurate esti-
mates of the motif strengths compared to mismatches to the
consensus sequence. The inferred weight matrices will then be
used to investigate relationships between the �15 element, the
other promoter elements, and the overall promoter strength.
The relevance of these findings to the mechanism of promoter
recognition, a newly established mix-and-match model of pro-
moter recognition (22), and bioinformatic search of promoters
are discussed.

MATERIALS AND METHODS

�10 motif alignment. To perform unsupervised motif alignment, I used a
Gibbs sampler (48). The Gibbs sampler implements a version of the Gibbs search
algorithm (25), which is used to find mutually similar motifs in a given set of
DNA sequences. Only the DNA strand defined by the direction of transcription
was searched, since both the �10 box motifs and the �35 box are not palindrome

symmetric. The search was done with the initial assumption that one motif
element is present in each DNA segment; however, in the end of the Gibbs
sampler search, individual motif elements are added in or taken out, in a single
pass of the algorithm, depending upon whether or not their inclusion improves
the value of the alignment score. The last step allows excluding from the align-
ment sequences that do not contain �10 box motifs, e.g., due to database
mis-assignments. The search resulted in the identification of 322 aligned �10
boxes, which were used in the further analysis. The alignment of the �10 box
automatically yielded the alignment of the �15 box, since this element consists
of the upstream-most base in the �10 element and three more bases upstream
of the �10 element.

�35 motif alignment. The aligned �10 elements were used as an anchor to
align the �35 elements. To identify �35 elements, I selected sequences that span
16 to 25 bp from the upstream most base in �10 elements, which is consistent
with the length of the �35 element (6 bp) and possible spacer lengths from 15 to
19 bp (41). I next used a Gibbs search (48) to locate 6-bp motifs within these
10-bp sequences. I initially assumed one motif within each sequence, while in the
last pass of the Gibbs search individual elements were added in or taken out,
depending on whether or not it improved the alignment score. Finally, I used the
aligned motifs to build a weight matrix for the �35 element and searched each
10-bp sequence with this matrix to ensure that I located the highest-scoring motif
within each sequence. These highest-scoring motifs composed the final align-
ment of �35 motifs. The alignment of the promoter elements is given in File S1
in the supplemental material.

Construction of weight matrices. I started from a collection of aligned se-
quences. For each position in the alignment, I determined the frequency with
which each of the four bases occurs. I also determined the background base
frequency by sampling the frequency at which each of the four bases occurs in E.
coli intergenic sequences; background frequencies were sampled from intergenic
sequences, since transcription start sites are located within them. Weight matrix
elements wi,� that correspond to base � present at position i in the motif are
calculated as shown in the following equation (20):

wi,� � log�nvi,� � p�

p��n � 1��,

where n is the total number of motifs in the alignment from which the weight
matrix is inferred, vi,� is number of times that base � appears at position i divided
by n, and p� is the background frequency of base �. One should note that the
addition of p� in the numerator of the logarithm corresponds to so-called
pseudocounts, which become important for small data sets. Note that for large n
(as is the case for the data set used here) the above calculation approximately
reduces to the log ratio of base frequency and background frequency.

A similar expression is used for weights corresponding to different spacer
lengths: wi � log(vi/0.2), where wi is the weight corresponding to the spacer of
length i (i 	 [15,…,19]), while equiprobable background frequencies (0.2) were
taken. All of the weight matrices are included in File S2 in the supplemental
material, while the spacer weights are shown in Fig. 1B.

Finally, I used the property that one can add (or subtract) a provisional
constant from each column of the weight matrix (see, for example, references 9
and 42), which corresponds to shifting zero of the weight matrix scores. Accord-
ingly, I subtracted from each column of the weight matrix a constant equal to the
weight matrix element corresponding to the consensus base at a given position.
This choice is convenient for easier reference (see, for example, reference 15),
since the weight matrix score of the consensus sequence then corresponds to
zero.

Significance of base overrepresentations. To assess base overrepresentation in
the regions corresponding to �35 and �15 element, I first calculated the cor-
responding frequency matrices. Entries in the frequency matrix are given by the
following equation:

fi,� �
nvi,� � p�

�n � 1�p�
,

where the addition of p� in the numerator corresponds to pseudocounts (see
above). Note that within the limit of a large n (which approximately holds in this
case), the table entries fi,� correspond to the ratio between the base frequency
and the background frequency: vi,�/p�.

To assess whether a given base at a given position in the motif is significantly
overrepresented over background, I calculated the standard deviation of fi,�
(
fi,�) by assuming a Poisson distribution. The standard deviation was estimated
as follows:
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fi,� �
�nvi,� � p�

�n � 1�p�
.

Finally, the bases for which frequencies in the alignment are larger than back-
ground probabilities outside of the 95% confidence intervals (i.e., for which fi,� �
1 is larger than 1.96
fi,�) are marked as being overrepresented.

Specificity at a given position in motif. To estimate the specificity (level of
conservation) for a given position in a motif, I started from the weight matrix (see
above) for this motif. The specificity at position i in the motif (si) is then
calculated as follows (9):

si � �
� � 1

4

�wi,� � wi�
2,

where wi � �
� � 1

4

wi,�.

Note that when no base is overrepresented, all weight matrix elements at position
i (wi,�) become mutually equal, and equal to their mean wi, so that the specificity
si becomes zero.

Correlation coefficients and their significance. Correlation coefficients were
determined by using a MATLAB (Mathworks) routine. The same MATLAB
function allows calculating P values of the obtained correlation coefficients.
Briefly, the routine is based on randomly permuting the points in the data set.
The correlation coefficient for each random permutation is calculated, and the
statistical significance of the difference between the original correlation coeffi-
cient and the correlation coefficients in the permuted data set is estimated by
using a Student t test.

Difference between the means of the score distributions. To assess the P value
for the difference between the means of the score distributions, I used a Student
t test implemented through the appropriate MATLAB (Mathworks) routine.

RESULTS

Promoter alignment. Accurate alignment of promoter ele-
ments is a nontrivial bioinformatic task, which is largely com-
plicated by weaker conservation of the �35 element and its
variable distance to the �10 element (23). Consequently, most
studies up to now either did not align �35 element or are
based on earlier models of promoter specificity (23, 32, 41, 51).
An exception to this is the alignment determined by Shultzab-
erger et al. (45), which, however, exhibits notable qualitative
differences compared to the �35 element alignment presented
here (this is discussed below). In addition, it is nontrivial to
produce an alignment with sufficient accuracy for analyzing the
�15 element, given a weaker conservation of this element
compared to both �10 and �35 elements. For example, the
most recent comprehensive alignment of promoter elements
(45) did not detect conservation at the �15 and �14 positions,
despite clear evidence of a contribution of this region to tran-
scription initiation and its involvement in interaction with
RNA polymerase (22).

To evade biases in alignment, I started here directly from
experimentally determined transcription start sites in the ge-
nome (14). As described in Materials and Methods, I used a
Gibbs search algorithm for unsupervised alignment of pro-
moter elements, which in the end was improved through su-
pervised searching by weight matrices defined through the
Gibbs algorithm. The approach was to first align the �10
element and to consequently use this element as an anchor to
align the �35 element. Alignment of other relevant elements
(spacer and �15 element) is directly determined once the �10
element and the �35 element are aligned.

To align �10 elements, I used the assembly of transcription

start sites from RegulonDB database (14). This assembly in-
cludes both experimentally verified promoters and computa-
tional predictions and corresponds to both �70 and alternative
� factors. For this alignment I selected only experimentally
verified �70 transcription start sites, i.e., I disregarded all tran-
scription start sites that are either not experimentally validated
or corresponded to alternative � factors. This selection results
in a total of 342 �70 transcription start sites, and I used the
obtained start sites in order to extract DNA segments that
corresponded to positions �17 to �2 relative to the transcrip-
tion start sites. These positions were chosen bearing in mind
that the position of the �10 element can deviate for 5 bp
relative to its canonical position (�12 to �7) (17).

To identify the 6-bp �10 elements within the selected DNA
segments, I used the Gibbs sampler (25, 48). The algorithm
allowed me to perform an unsupervised search, i.e., I used no
prior information on the sequence specificity of the �10 box
(see Materials and Methods). Some of the initial 342 segments
were found not to contain a recognizable �10 box (possibly
due to database mis-assignments); consequently, the search
resulted in the identification of 322 aligned �10 boxes, which
were used in further analysis.

To identify �35 elements, I started from the aligned �10
elements and selected DNA segments that correspond to
range from 16 to 25 bp from the upstream-most base in the
aligned �10 box. This range is based on the fact that the �35
element is 6 bp long and the spacer length between the �35
and �10 elements is 15 to 19 bp. I again used the Gibbs
sampler to search for 6-bp overrepresented motifs within these
segments. The search resulted in a motif with the consensus
sequence GTTGAC; this motif is evidently shifted for 1 bp
relative to the established consensus of �35 element (TT
GACA). This shift is not surprising given that (i) the down-
stream-most base of the �35 element shows relatively low
conservation (Table 1, which shows the significance of base
overrepresentation for the �35 region), (ii) there is a fairly
good conservation of the base-pair immediately upstream of
�35 element (see Table 1), and (iii) it is common that a Gibbs
search results in motifs that are shifted relative to their optimal
alignment (25).

I therefore manually shifted the alignment obtained by
Gibbs search for 1 bp, so that it coincided with the established
consensus, and constructed a weight matrix for such a re-
aligned �35 motif. To ensure that the optimal alignment is

TABLE 1. Significance of base overrepresentation
for the �35 regiona

Base
Ratio of base frequencies at position:

�37 �36 �35 �34 �33 �32 �31 �30

A 1.00 0.99 0.78 0.27 0.94 1.36 1.29 1.32
T 1.14 0.75 2.14 2.51 0.55 0.80 0.58 0.96
C 0.76 1.12 0.49 0.90 0 1.14 1.80 0.62
G 1.05 1.21 0.30 0.06 2.68 0.65 0.37 1.01

a The columns in the table correspond to the six bases in the �35 region,
including two additional upstream bases. The four rows in the table correspond
to four bases. For each base at each position, the ratio of the frequency of base
appearance in the alignment and the background base frequency was calculated.
Values for bases that are significantly overrepresented over background (see
Materials and Methods) are marked in boldface.
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indeed selected, I identified the motif with the highest weight
matrix score on each of the original segments. The motifs are
thus the final alignment for the �35 elements. Once �10
element and �35 element were aligned, it was straightforward
to sample the distribution of the spacer lengths. Similarly, once
the �10 element was aligned, the �15 element spans from 3
bases upstream of the �10 element to the upstream-most base
of the �10 element.

Weight matrices that correspond to different promoter ele-
ments can be inferred directly from the obtained alignment
(see Materials and Methods). The weight matrices allow a
much more accurate measure of promoter element strength
compared to the number of mismatches to the consensus se-
quence (which are often used to estimate promoter strength)
(46, 47). This is because different positions within the element,
as well as different base substitutions at a given position, can
have a very different effect on promoter transcription activity.
For example, while positions �11 and �7 within the �10
element are crucial for transcription activity, position �10
within the same element has much less importance (13, 27).
These effects cannot be taken into account by counting mis-
matches to the consensus sequence but are accounted for by
weight matrices. Weight matrices for all of the promoter ele-
ments obtained in our alignment are explicitly given in File S2
in the supplemental material and are used in the analysis
below.

Specificity of the �35 element and the short �10 element.
The specificities of the aligned promoter elements are shown
in Fig. 1. Note that, instead of the �10 element, the short �10
element is shown due to the reorganization of the promoter

elements discussed above. The figure, generated by EnoLogos
(52), shows the ratio of the base frequencies in the alignment,
relative to the background base frequencies. Note that the
logarithm of the ratio is taken, so that if a base is underrep-
resented relative to the background frequency, the log ratio
takes a negative value. Negative log ratios are graphically rep-
resented as “upside-down” bases. For spacers (Fig. 1B), log
ratios are also presented, where the background distribution is
equiprobable (i.e., 0.2 for each of the five spacer variants).

Table 1 shows an overrepresentation over background of six
bases that belong to the �35 element (positions �35 to �30),
including two additional bases upstream of this element (po-
sitions �37 and �36). The overrepresentation of �35 element
bases obtained from this alignment (Table 1 and Fig. 1) is
consistent with the available data on interactions between �70

and �35 element (6): the largest overrepresentation was ob-
tained for bases �35, �34, �33, and �31, which are bound to
� subunit residues with hydrogen bonds; the overrepresenta-
tion is notably smaller for bases �32 and �30, which interact
with � with weaker van der Waals interactions. Finally, there
was a statistically significant overrepresentation of G at posi-
tion �36 (see Table 1). This might seem unexpected, since
position �36 is not part of the �35 element; however, this
conservation is consistent with the interaction data that indi-
cate van der Waals interactions between the �36 and �70

residues (6). I included one additional upstream base in Table
1 (position �37), where there was no significant overrepresen-
tation. This is consistent with an absence of known physical
interactions between �70 and bases at this position.

Note that a recent alignment of �35 elements (45) shows

FIG. 1. Specificity of promoter elements. Sequence logos were generated by enoLOGOS (52) and correspond to the specificities of the �35
element (A), the �15 element (C), and the short �10 element (D). The heights of the bases are proportional to the logarithms of the ratio of base
frequencies in the alignment and background base frequencies. Since the logarithm of the ratio is taken, for bases that are underrepresented
relative to the background frequency the log ratio takes negative value. This is graphically represented as “upside-down” bases. (B) For spacers,
log ratio of the frequency with which each spacer length appears in the population of promoters and an equiprobable background distribution (0.2
for each of the five spacer lengths) is shown.
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notable discrepancies with the �35 element alignment pre-
sented here. Specifically, in that study, base C at position �31
is significantly less conserved compared to base A at �32 in the
present study; this is inconsistent with the available data on
interactions between �70 and �35 element, which indicate that
base �31 interacts with �70 through hydrogen bonds, whereas
interactions with position �32 involve weaker van der Waals
interactions. Furthermore, in the previous study (45), bases A
and T show greater conservation compared to bases C and A
at positions �31 and �30, which is inconsistent with both the
interaction data (6) and the �35 element consensus
(�35TTGACA�30) established through previous studies (22).
This finding contrasts with alignment here, in which the con-
sensus �31C and �30A are clearly distinguished from the other
bases at positions �31 and �30.

Finally, Table 2 shows the specificity of positions �11 to �7,
which correspond to short �10 element. The largest conser-
vation corresponds to positions �11 and �7, which were
shown in a number of studies to be of special importance for
�70-ssDNA interactions (see, for example, references 13 and
27). On the other hand, mutations at position �10 showed no
notable effect on �70-ssDNA binding (13), a finding consistent
with the smallest base overrepresentation at this position.

Specificity of the �15 element. I next evaluated the speci-
ficity of the �15 element. In promoters of Gram-positive bac-
teria, two bases upstream of the extended �10 element (posi-
tions �16 and �17) are also conserved (the reported
consensus of the extended �10 element is �17TRTG�14) (18,
50). I first sought to determine whether such conservation also
existed for �70 in E. coli, since this provides a possibility for
further extension of the �15 element. However, no such con-
servation was detected, i.e., the two bases with the highest
overrepresentation at these positions are�17T and�16C, which
are both not significantly overrepresented (Table 3).

I then examined the specificity of the binding positions
within �15 motif. I first noted a high degeneracy at position
�15, where bases T and C are similarly overrepresented (1.18
and 1.14 relative to the background frequencies). Therefore, it
is more appropriate to represent the extended �10 motif with
a weight matrix, or qualitatively with a degenerate consensus,
than with a consensus sequence. Next, I noted a conservation
of base G at position �13, which appears at a frequency 1.4
times greater than the background frequency (see Table 3).
This overrepresentation is statistically highly significant (P �
10�3). I also noted that the conservation of the base at position
�13 was larger than the conservation at position �15, which is
a canonical base within �15 motif (the T in TG). Conservation
of base �13 at this position was not reported up to now.
Actually, the consensus sequence for the extended �10 motif
is presented in the literature as TGn, where the “n” at position
�13 indicates no conservation (22).

To further investigate degeneracy of the �15 element, I
reanalyzed data published previously (32), which presented the
relative transcription activities for all mutations of the ex-
tended �10 consensus (�15TG�14) for four selected promot-
ers. I calculated the following three averages and graphically
represented them as bars in Fig. 2A: (i) the average over a total
of 12 transcription activities corresponding to all mutations in
four promoters where G remains at position �14, (ii) the
average over total of 12 transcription activities corresponding
to all mutations in four promoters where T remains at position
�15, and (iii) the average of the relative transcription activities
for all of the remaining mutations, where neither T nor G is,
respectively, at positions �15 and �14 (32). By comparing the
first and the third bar from left in Fig. 2A, it could be seen that
G at position �14 provides a significant contribution to tran-
scription activity, despite the absence of T at position �15. I

TABLE 2. Significance of base overrepresentation for
the short �10 regiona

Base
Ratio of base frequencies at position:

�11 �10 �9 �8 �7

A 3.17 1.05 2.14 2.01 0.10
T 0.29 1.56 0.60 0.38 3.21
C 0.04 0.56 0.60 1.05 0.22
G 0.03 0.63 0.42 0.43 0.06

a The columns in the table correspond to the five bases in the short �10
region. Table entries were calculated as described in Table 1, footnote a.

TABLE 3. Significance of base overrepresentation
for the �15 regiona

Base
Ratio of base frequencies at position:

�17 �16 �15 �14 �13 �12

A 0.92 0.83 0.71 0.64 0.60 0.09
T 1.15 0.97 1.18 0.85 1.05 2.69
C 0.99 1.15 1.14 0.86 1.07 0.65
G 0.92 1.11 1.01 1.80 1.40 0.33

a The columns in the table correspond to the four bases in the �15 region,
including two additional upstream bases which were added to test for possible
overrepresentation upstream of the �15 region. Table entries were calculated as
described in Table 1, footnote a.

FIG. 2. Comparison of relative transcription activities and specific-
ities at positions �14 and �15. (A) The first and second bars from the
left show the averages of the transcription activities for all of the
mutations where G and T remain, respectively, at positions �14 and
�15. The third bar shows the average of the relative transcription
activities where neither T nor G are present at positions �15 and �14.
The transcription activities are measured relative to consensus
�15TG�14, and the data are taken from an earlier report (32). (B) The
three bars (from left to right) correspond to the specificities at posi-
tions �14, �15, and �16. The specificities were calculated from the
inferred �15 element weight matrix as described in Materials and
Methods. The figure shows that there is a significant contribution of
�14G to transcription activity, despite the absence of �15T, and that
the measured pattern of transcription activities is consistent with the
pattern of calculated specificities.
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also noted that, compared to the G at position �14, the pres-
ence of T at position �15 provided a notably smaller contri-
bution to transcription activity (compare the first and second
bars in Fig. 2A).

Furthermore, in Fig. 2B, I used the inferred weight matrix
for the �15 element to calculate specificities (9) (see Materials
and Methods)—which provides a measure of base conserva-
tion—for positions �14, �15, and �16. The specificity at po-
sition �16 was included for comparison, since there is no base
overrepresentation at this position (see Table 3). I noted that
the specificity at position �15 was significantly smaller com-
pared to the specificity at position �14, which is consistent with
significantly larger contribution of G at position �14 to the
transcription activity (see Fig. 2A).

Relation between the �15 element and other promoter ele-
ments. I determined weight matrices for each of the promoter
elements by using the alignments described above. Each of the
weight matrices was then used to calculate the strengths of the
promoter elements obtained in the alignment. One should
note that the weight matrix score for a certain element pro-
vides an estimate of this element’s contribution to the overall
promoter strength (8). Zeros for the weight matrix scores (el-
ement strengths) are defined so that maximal weight matrix
score corresponds to zero; consequently, the strengths of all
sequences that deviate from the consensus are negative, and a
stronger element corresponds to a larger (less-negative) weight
matrix score. In addition, I assigned weights to four different
spacer lengths (see Fig. 1B and Materials and Methods), which
were used in the estimate of the overall promoter strength.
That is, the optimal spacer length (17 bp) has the largest
weight and consequently the largest contribution to the pro-
moter strength, while smaller weights are assigned to subopti-
mal spacer lengths (e.g., 15 and 19 bp). I used these weight
matrices to calculate the strengths of the �35 elements, the
�15 elements, and the short �10 elements and to estimate the
overall promoter strength. Note that the term “element
strength” used in the present study corresponds to the esti-
mated strength calculated by using the weight matrices.

The estimated strengths of the �15 promoter elements were
next plotted against the corresponding strengths of the �35
element and the short �10 element. These relations are graph-
ically presented in Fig. 3A and B, where Pearson correlation
coefficients (referred to as simply “correlation coefficients”
here) are also indicated. The strengths of both the short �10
element and the �35 element are negatively correlated with
the strength of the �15 element. Therefore, there is a global
tendency to have a stronger �15 element when a weaker �10
element or a weaker �35 element is present. Moreover, the
negative correlation is stronger for �10 elements than for �35
elements. In the case of the �35 element the correlation co-
efficient was �0.10, which is marginally significant (P � 0.06);
the correlation in the case of the short �10 element is �0.17,
which is highly statistically significant (P � 2 � 10�3). The
stronger correlation in the case of �10 element seems surpris-
ing, since both the �35 and the �15 elements are involved in
RNAP-dsDNA interactions, while the short �10 element is
involved in the open complex formation through RNAP-
ssDNA interactions. This issue is discussed further below.

I furthermore correlated �15 element strengths with the
overall promoter strength in the absence of �15 element (Fig.

3C). The overall promoter strength in the absence of the �15
element was estimated as a sum of strengths that correspond to
the �35 element, the strength of short �10 element, and the
spacer weight. There was a highly significant negative correla-
tion between �15 element strength and the overall promoter
strength (correlation coefficient of �0.20, with a P of 3 �
10�4). This correlation is stronger than for the individual pro-
moter elements. One should also note that the strength of
�70-dsDNA interactions in the absence of the �15 element is
simply given by the strength of the �35 element. Therefore, by
comparing Fig. 3A and C, it is evident that a much stronger
negative correlation is associated with the overall promoter
strength than with �70-dsDNA interactions.

As described above, I analyzed the entire set of promoters
and established that there is globally an inverse relationship
between the strength of the �15 element on one side and �35
element, the �10 element, and the entire promoter strength
on the other side. I now specifically concentrated on promoters
with weak �35 and short �10 elements and compare their �15
element strengths with the �15 element strengths of promot-
ers with strong �35 and �10 boxes. To do this, I selected the
following six groups of promoters: (i) 20% of promoters with
the weakest �35 elements, (ii) 20% of promoters with the

FIG. 3. Correlation of �15 element strength with other promoter
strengths. Weight matrices inferred from the alignment were used to
calculate the strengths of the �35 elements, the �15 elements, the
short �10 elements, and the overall promoter strength. Correlations
between the following strengths are shown: �15 element and �35
element (A), �15 element and short �10 element (B), and �15
element and overall promoter strength (C). Correlation coefficients
are indicated in the figures. The figure shows negative correlations
between the strength of the �15 element and the other calculated
strengths, where the negative correlation is larger for the short �10
element compared to the �35 element, and largest for the overall
promoter strength.
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strongest �35 elements, (iii) 20% of promoters with the weak-
est �10 elements, (iv) 20% of promoters with the strongest
�10 elements, (v) 20% of promoters with the weakest overall
promoter strength, and (vi) 20% of promoters with the stron-
gest overall promoter strength. As described above, the overall
promoter strength was calculated without the �15 element so
as not to bias the correlation between the overall promoter
strength and the �15 element strength.

I next calculated the distribution of the �15 element scores
for all six groups of promoters defined above. In Fig. 4A to C,
the distributions of �15 element scores are compared for (i)
promoters with the strongest and weakest �35 elements (the
first and second groups defined above) (Fig. 4A), (ii) promot-
ers with the strongest and weakest �10 elements (the third and
fourth groups defined above) (Fig. 4B), and (iii) promoters
with the strongest and weakest overall promoter strength (the
fifth and the sixth groups defined above) (Fig. 4C).

In Fig. 4A, the distribution of the �15 scores for promoters
with the weak �35 element is notably shifted toward higher
scores compared to the distribution of the �15 scores for
promoters with the strong �35 elements. The difference be-
tween the means of the two distributions (for the promoters
with strong and weak �35 elements) is statistically significant,

with a P value of 10�2. Similarly, Fig. 4B and C show that the
distribution of �15 element scores is significantly shifted to-
ward the stronger scores for both promoters with weak �10
elements and weak overall promoter strength (P values of 10�3

and 2 � 10�4). Therefore, promoters characterized by weak-
nesses in either of the promoter elements (�35 and �10) or
the overall promoter strength are indeed characterized by en-
richment of the strong �15 elements.

Furthermore, when distributions shown in Fig. 4A and B are
compared, it is clear that there is a significantly larger shift
between the distributions for the �10 element compared to the
�35 element. Therefore, �15 elements have a significantly
greater tendency to rescue promoters with weak �10 elements
compared to promoters with weak �35 elements; this result is
consistent with the global tendency shown in Fig. 3. Finally,
Fig. 4C shows that the shift between the distributions of the
�15 element scores is most pronounced when comparing pro-
moters with weak and strong overall promoter strengths. Com-
parison of Fig. 4A and C shows that that there is a much
stronger tendency of �15 motif to rescue promoters with a
weak overall promoter strength than promoters with weak
�70-dsDNA interactions (i.e., weak �35 element).

Relations between other promoter elements. I next analyzed
the relationship between other promoter elements (the �35
element, the �10 element, and spacer lengths), so that they
could be compared to the behavior of the �15 elements. Ac-
cordingly, I used the inferred weight matrices (see above) to
calculate the strengths of the �35 and �10 elements for all
aligned promoters. I first noted an absence of negative corre-
lation between the strengths of the �35 elements and �10
elements (see Fig. S1 in the supplemental material). This result
is in contrast to the negative correlations that were obtained
for the �15 element (Fig. 3). Furthermore, similar to what was
observed in Fig. 4A to C, I next concentrated specifically on
promoters with weak and strong �10 elements and sought to
determine whether there is a significant difference in �35
element strengths associated with these promoters. As can be
seen in Fig. 4D, there is no significant difference in the distri-
bution of �35 element scores for these two groups of promot-
ers, so promoters with weak �10 elements are not supple-
mented with strong �35 elements; this result is consistent with
the absence of a global negative correlation noted in Fig. S1 in
the supplemental material.

I further investigated the relationships between spacer
length and the strengths of other promoter elements. Because
of the negative correlation between the strengths of the �15
element and the other two promoter elements (�35 and short
�10), one might expect a similar behavior for spacer lengths,
so that suboptimal spacer lengths (15 and 19 bp) are enriched
with stronger �15 motifs. Furthermore, an earlier study (32)
reported that the presence of the extended �10 motif (TG)
upstream of the �10 element is associated with a larger spacer
length, which was interpreted by necessity to allow more space
for interactions of �70 with TG motif. This observation might
be extrapolated to the expectation that stronger �15 elements
should be associated with longer spacer lengths.

To test these two possibilities, I divided the promoters in
groups according to their spacer length. For each of these
groups, I calculated and consequently plotted (i) the mean
value of the �15 element strength (Fig. 5A), (ii) the mean

FIG. 4. Score distributions for weak and strong promoter elements.
(A to C) Comparison of the �15 element score distributions are
presented for promoters with weak (dark gray bars) and strong (light
gray bars) �35 elements (A), promoters with weak and strong �10
elements (B), and promoters with weak and strong overall promoter
strength (C). (D) Distribution of �35 element scores for weak and
strong �10 elements. P values corresponding to the differences be-
tween the means of the two distributions are indicated in the figures.
Panels A, B, and C show that the �15 element has a tendency to rescue
promoters where other elements are weak, where this tendency is
stronger for the �10 element than for the �35 element, and the
strongest for the overall promoter strength. In contrast to this, panel D
shows that there is no tendency of the �35 element to rescue promot-
ers with weak �10 elements.
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value of the �10 element strength (Fig. 5B), and (iii) the mean
value of the �35 element strength (Fig. 5C). However, there
was no significant relation between the spacer length and the
strengths of the three motifs. In Fig. 5A, a slight tendency for
longer spacer lengths (18 and 19) to be associated with stron-
ger �15 elements is evident, which is reminiscent of those
earlier findings (32). However, this tendency is statistically
insignificant. In Fig. 5B no tendency whatsoever can be seen,
while in Fig. 5C there is a weak tendency for stronger �35
elements to be associated with more optimal spacer lengths,
but this tendency is only marginally statistically significant.

DISCUSSION

An extension of the extended �10 element to two additional
downstream bases to form the �15 element was proposed by
Hook-Barnard and Hinton (22), who were motivated by pre-
vious detailed analyses of the extended �10 element (5, 32).
The introduction of the �15 element was entirely based on
biochemical arguments, i.e., on the fact that this element
groups together the bases within and upstream of the �10
element that interact with �70 in dsDNA form (22). The results
reported here show that it is also useful to introduce the �15
element from the point of genomic analysis of the promoter
sequences for the following reasons: (i) there exists a contin-
uous conserved stretch of sequence corresponding to �15 el-
ement, and (ii) the �15 element was redefined here as a
degenerate motif (weight matrix), so that it is described in a
manner analogous to that of the �35 and �10 elements. These
two points are discussed below in more detail.

I showed here that the stretch of conserved sequence that
corresponds to the �15 element includes a previously unrec-
ognized conservation of G at position �13. Although the im-

portance of the G at position �13 was demonstrated for Ther-
mus aquaticus �A promoters (12) (note that �A in T. aquaticus
corresponds to �70 in E. coli), the importance of position �13
for E. coli �70 transcription was, to my knowledge, not reported
until now. Understanding the exact functional role of the con-
served G at position �13 therefore opens up a new area for
experimental work.

The lack of research elucidating the role of position �13 is
in contrast to the detailed mutational analysis of positions �17
to �14 (5, 32). Emphasis on these positions in E. coli was
influenced by the conservation of this region in Bacillus subtilis
(18, 33) (consensus �17TRTG�14). On the other hand, I de-
tected no significant overrepresentation of bases at positions
�17 and �16 in E. coli. This finding is consistent with the
absence of known contacts between the � subunit and bases at
positions �17 and �16 (22). The absence of conservation at
these two positions also indicates that there is no flexible
spacer between the �15 element and the short �10 element,
so that the �15 element is physically strongly linked to the
short �10 element.

As the second point, I defined here the �15 element as a
degenerate motif, which is in contrast to the previously used
classification of extended �10 promoters based on a binary
presence or absence of �15TG�14 (22). Related to this, some
promoter detection methods (19, 23, 38, 44) include in weight
matrices regions that flank “core” �10 and �35 elements; by
doing so, these methods automatically take into account a
degenerate description of the extended �10 region (as well as
of other flanking bases). Since in the existing promoter align-
ments (45) bases �15 to �13 do not appear as significantly
overrepresented, the �15 element weight matrix that I derived
here can be incorporated into these (and other) promoter
detection methods (30, 41, 45) to improve their specificity.
Furthermore, since, to my best knowledge, the alignment pre-
sented here is the first to accurately detect both the �35
element and the �15 element (see Results), the weight matri-
ces for other promoter elements derived here can be used to
further improve accuracy of promoter detection.

In addition to the sequence analysis presented in the previ-
ous section, the degeneracy of the extended �10 (and conse-
quently the �15) element is also supported by biochemical
evidence. Specifically, based on (re)analyses of earlier experi-
mental data (32), it follows that the presence of G at position
�14 substantially contributes to transcription activity, even in
the absence of T at position �15. Conversely, it was shown that
the presence of T at position �15 in Plac, even in the absence
of G at position �14, influences transcription levels (26, 34).
However, taking into account earlier findings (5, 32), it follows
that a G at position �14 provides a significantly larger contri-
bution to transcription activity compared to a T at position
�15, which is consistent with a significantly larger conservation
(specificity) at position �14 obtained in the alignment pre-
sented here. The larger contribution of G at position �14 to
transcription activity is also consistent with genetic (1, 4, 43)
and structural (36) analyses, which suggest that there is a direct
interaction between residues of �70 region 3 and position �14.

An established view of the extended �10 element is that its
main role is to complement weaknesses in the �35 box, so that
it ensures a sufficient number of �70-dsDNA contacts to form
a closed complex in the case of a weak �35 box (24, 29, 40, 53).

FIG. 5. Dependence of promoter element strengths on spacer
length. The relationship between the spacer length and�15 element
strength (A), �10 element strength (B), and �35 element strength
(C) was evaluated. The bars correspond to the mean strength of a
promoter element for (i) all of the promoters with a given spacer
length (dark gray bars) and (ii) all of the promoters irrespective of the
spacer length (light gray bars). The error bars correspond to the 95%
confidence intervals. The figure indicates no significant dependence of
the element strength on the spacer length.
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One might expect to extrapolate this view to the �15 element,
particularly since this element is defined to entirely correspond
to �70-dsDNA interactions. Surprisingly, I determined that the
�15 element is much more related to weaknesses in the �10
element than to deficient �35 elements; consequently, the �15
element has a much greater tendency to complement promot-
ers with weak overall promoter strength than promoters with
weak �70-dsDNA interactions. This last conclusion suggests
that the main parameter determining a functional promoter is
the overall promoter strength, rather than the minimal number
of �70-dsDNA interactions. Since the activity of some of the
promoters used in this analysis may depend on transcription
activators (14), an interesting future question will be to deter-
mine whether the primary role of these activators is to also
complement the overall promoter strength.

Although contrary to the established view, the significant
role of the �15 element in complementing weak �10 elements
appears not to be inconsistent with existing evidence. Specifi-
cally, it was observed earlier (32) that promoters containing
�15TG�14 are able to tolerate weaker �10 elements. Further-
more, both gapAP1 and Pminor promoters have weak �10
elements, and the presence of a strong �15 element is required
for promoter function (21, 49). On the other hand, mutations
that improve the �10 element were shown to abolish the
requirement for a strong �15 element, therefore demonstrat-
ing the direct role of the �15 element in complementing weak
�10 element strength.

I also found that, in contrast to the �15 element, the other
promoter elements (�10, spacer, and �35) showed no mutual
complementation of their strengths. It is useful to put this
result in the context of recently proposed “mix and match”
model of promoter recognition (22, 31). According to this
model, different promoter elements mix with each other and
match each other’s strengths in order to provide a sufficient
number of �70-DNA interactions. The results presented here
allow further refinement of this model, so that the �15 ele-
ment is defined as a “matcher,” i.e., an element with a specific
role in complementing the weaknesses in other promoter ele-
ments. On the other hand, the �10 element, the spacer, and
the �35 element may be called “mixers” since their
strengths—while uncoupled to each other—clearly mix to re-
sult in a required level of transcription activity.

This discussion raises an issue regarding distinction between
the �15 element and the short �10 element. I here established
that there is a continuous stretch of conserved sequence span-
ning from positions �15 to �7 and that there is a significant
complementation between the strengths of the �15 element
and the short �10 element. Because of this, it may be tempting
to connect these two elements in one “super” �10 element
spanning positions �15 to �7. There are, however, two argu-
ments against the formation of such a long element. First, such
an element would not be a single DNA recognition element,
since it mixes bases (�15 to �12) that interact with �70 in
dsDNA form (binding element) and bases that interact with
�70 in ssDNA form (melting element). This is the original
biochemical argument (22) for introducing the �15 element.
Second, I found that the �15 element has a unique role as a
matcher, i.e., an element that complements the strengths of
both the �35 element and the short �10 element. On the
other hand, there is no mutual complementation between the

�35 and short �10 elements. Therefore, such a “super” �10
element would be heterogeneous both biochemically and func-
tionally, and I think that its separation into the �15 element
and the short �10 element is more useful.

Finally, it would be interesting to extend the analysis pre-
sented here to UP elements, which (in the same way as �15
elements) interact with only dsDNA but appear to exist in only
a small fraction of promoters (�5%) (11). Applying the ter-
minology used above, such an analysis would allow us to de-
termine whether UP elements belong to “mixers” (their
strength uncoupled to strengths of other elements) or “match-
ers” (so that, similarly to the �15 element, they complement
other elements). If the latter were true, then a system in which
major promoter elements (the �10 element, the �35 element,
and the spacer) mix in order to achieve a required level of
transcription activity, while nonessential promoter elements
match their strengths, might emerge. However, a reliable anal-
ysis of UP elements is a very challenging task, given both their
reported rare occurrence in promoters (11) and the apparently
complex rules through which they contribute to transcription
activity (16).
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