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Abstract
The gene transcription of bacteria starts with a promoter sequence being recognized by a transcription factor found in the 
RNAP enzyme, this process is assisted through the conservation of nucleotides as well as other factors governing these 
intergenic regions. Faced with this, the coding of genetic information into physical aspects of the DNA such as enthalpy, 
stability, and base-pair stacking could suggest promoter activity as well as protrude differentiation of promoter and non-
promoter data. In this work, a total of 3131 promoter sequences associated to six different sigma factors in the bacterium 
E. coli were converted into numeric attributes, a strong set of control sequences referring to a shuffled version of the 
original sequences as well as coding regions is provided. Then, the parameterized genetic information was normalized, 
exhaustively analyzed through statistical tests. The results suggest that strong signals in the promoter sequences match 
the binding site of transcription factor proteins, indicating that promoter activity is well represented by its conversion 
into physical attributes. Moreover, the features tested in this report conveyed significant variances between promoter 
and control data, enabling these features to be employed in bacterial promoter classification. The results produced here 
may aid in bacterial promoter recognition by providing a robust set of biological inferences.
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1 Introduction

The transcription of DNA into messenger RNA (mRNA) is 
a crucial step in the cellular gene expression. This process 
is finely regulated by a plethora of proteins that recog-
nize specific promoters and operators located in the inter-
genic regions, in response to environmental changes [3, 
4, 16, 20]. Promoter sequences are DNA segments located 
upstream of the transcription start site (TSS) or + 1, where 

the enzyme RNA polymerase (RNAP) attaches to carry 
out gene transcription. In bacteria, this interaction is only 
possible when an additional protein, a sigma (σ) factor, 
interacts with the RNAP. The primary role of σ factors is to 
redirect the RNAP to specific promoters, granting specific-
ity to promoter recognition [16].

Promoters are usually conserved at the sequence level; 
for instance, the promoters associated with σ70 exhibit 
two consensual motifs around − 10 and − 35 (TAT AAT 
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, referred to as the Pribnow box and TTG ACA , respec-
tively), upstream from the TSS. However, the architecture 
of promoters is more diverse than expected. Some bac-
terial promoters, for example, present an overlapping of 
the promoter into the TSS, while others are distinguished 
by an absence of the − 35 region and an extension of the 
− 10 region (extended promoters) [14]. These variations, 
together with insertion and deletion of base pairs, as well 
as different mutations, may jeopardize any promoter iden-
tification task that mainly relies on the presence of specific 
nucleotides in a sequence window.

In spite of this, an in-silico analysis of promoters can 
include alternative approaches to investigate the DNA 
molecule and extract structural properties [28]. Some of 
these features have potential to enhance the sensitivity 
and specificity of the approach, including enthalpy, free-
stability, base-pair stacking, stress-induced DNA duplex 
destabilization, curvature, and bending. Thus, the para-
metrization of DNA sequences into structural properties 
has shown promising results in capturing specific pro-
moter DNA signals [33].

Recently, bioinformatics tools based on the structural 
architecture of promoters have been developed to aid in 
this field. Examples of these tools are PromPredict [27], 
BTSS Finder [31], and BacPP [8]. These approaches consider 
structural properties to distinguish promoters from other 
genomic regions. In general, these studies have shown 
that promoter sequences exhibit different structural prop-
erties when compared to their neighboring regions [2, 21, 
33]. In this regard, the parametrization of the DNA into 
structural attributes is connected to gene expression vari-
ability [9, 27, 33]. Therefore, the computational re-coding 
of information stored in the DNA sequence might reveal 
a uniqueness between promoters in comparison to non-
promoter data.

There are many features used to code genetic infor-
mation into numeric attributes. However, energy-related 
features have been reported to yield differentiation 
unmatched by other forms. To this extent, we propose to 
employ enthalpy, free-stability, and base-pair stacking as 
explicit indicators of promoter activity, i.e., strong signals 
that match basal transcription factor binding sites, as 
well as capturing differences that turn promoter regions 
unparalleled.

2  Datasets and methods

2.1  Promoter sequences

A total of 3131 promoter sequences associated with 
six different sigma factors of the bacterium Escherichia 
coli K-12 (Table 1) were downloaded from the database 

RegulonDB v. 9.0 [12]. We considered promoter sequences 
that are either experimentally observed or predicted in 
this research. σ19 was not considered in this analysis since 
no data was available in the database. RegulonDB also 
contains promoters recognized by more than one σ fac-
tor; in such cases, we only consider the sequences associ-
ated to the lower-molecular-weight entity. The promoter 
sequences available at RegulonDB contain 81 nucleotides 
(− 60 to+ 20). We decided to preserve this length due to 
bacterial promoters having extensively been reported to 
be found in this range [5, 19].

Additionally, we have also selected an experimen-
tally validated collection of promoters regulated by σ54 
in order to provide further validation to the stablished 
method. Pro54DB [18] holds up to 43 species with regula-
tory and transcriptional information, from this, we selected 
15 Gram-negative bacteria to maintain the same structure 
of Gram-negative promoters previously identified [6].

2.2  Non‑promoter sequences

We constructed a total of 3131 random sequences through 
a Python script (Supplementary Materials S1) that shuf-
fles the original promoter sequences, maintaining the 
AT content and length size (81 nucleotides). Since each 
σ group of sequences is found in different proportions in 
RegulonDB; therefore, we opted to have the exact number 
of the promoter and non-promoter sequences. Moreover, 
coding sequences were also considered for enabling the 
genetic variance portrayed by promoters [33]. Transcrip-
tome data were retrieved from published information 
on E. coli [15], and sequences with the same size of the 
promoter sequences were maintained. Therefore, cod-
ing sequences containing 81 nucleotides were randomly 
selected in the position downstream of + 20. The number 
of coding sequences was selected to match each σ group 
[17].

We opted to have two levels of control sequences: 
(i) a shuffled version of the promoter sequence, which 
has been achieved by the in-house script available in 

Table 1  Number of sequences per sigma factor, number of asso-
ciated genes, sequence length, and AT percentage. A size of 81 
nucleotides was considered

σ factor Number of 
sequences

Associated 
genes

Length % AT

24 508 429 81 nt 59.8
28 133 129 81 nt 57.14
32 299 287 81 nt 54.19
38 232 157 81 nt 56.05
54 90 83 81 nt 59.03
70 1869 1456 81 nt 57.94
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Supplementary Materials S1 and (ii) a same-sized (81 
nucleotides) coding sequence aiming to capture the 
differences coding regions have when compared to 
promoters. Since each σ group is found in different pro-
portions in RegulonDB, we opted to maintain the exact 
number of promoter and non-promoter sequences, 
granting validity to the experiment. The obtaining of 
downstream sequences followed the published tran-
scriptome data [15], the maintenance of the same 
length of promoter and coding sequences enabled the 
distinction of transcription factor binding sites, which 
is only expected to occur within promoters.

2.3  Conversion into enthalpy, base‑pair stacking 
and free‑stability

We considered enthalpy, free-stability (average free 
energy), and base-pair stacking as structural attributes 
to codify promoter and non-promoter sequences into 
structural values. The nucleotide duplex values were 
achieved by DNA melting studies at 37 °C, and meas-
ured nearest-neighbor (NN) thermodynamics [1, 23, 29, 
30]. The calculation considers NN, moving around the 
promoter sequence in windows containing two nucleo-
tides and assigning a structural value for each position 
(the script used to this conversion is available in Sup-
plementary Materials S2).

To this end, we used the following equations to calcu-
late the DNA duplex free-stability (1), and enthalpy (2) 
scores of all observed dinucleotides in sliding overlap-
ping windows (1-nucleotide step):

In addition, we evaluated the mean scores of the indi-
vidual promoter and non-promoter sequences, where G 
is the free-stability variation and H is enthalpy. For each 
window, the free energy was calculated considering 
the above equations, obtained from the dinucleotide 
sequences from Allawi and SantaLucia [1] and SantaLu-
cia and Hicks [29].

Furthermore, the base-pair stacking calculation (3) was 
performed according to the following equation [23]:

where A is the stacking energy, Σa is the sum of all stacking 
values; and n is the number of dinucleotides [30].

(1)G = ΔG0

i,i+1

(2)H = ΔH0

i,i+1

(3)A =
Σa

n

2.4  Data normalization

The values in Table 2 show a difference in scale. For this 
purpose, we performed a normalization process to com-
pare the four features together. The normalization tech-
nique employed is considered in Eq. (4), and transforms 
the data into values between 0 and 1:

where n is the result of the normalization process; v is the 
entropy, enthalpy, base-pair stacking, or free-stability 
value that is being normalized; min is the smallest value 
from the feature in Table 2, and max is the highest value 
from the feature in Table 2.

2.5  Data representation

A spreadsheet for each feature in each σ group was con-
structed. The means for each position of all promoters and 
non-promoters were calculated and analyzed.

2.6  Statistical evaluation

The nonparametric Spearman correlation test was 
employed to check the correlation of the three DNA fea-
tures. Furthermore, the nonparametric Kruskal–Wallis 
test was performed in order to test the data variance and 
define if this variance is significant in order to differenti-
ate the groups tested in this study. Both tests were done 

(4)n = (v −min)∕(max −min)

Table 2  Enthalpy, free-stability, and base-pair stacking dinucleo-
tide values [23, 29]

1 The duplex values follow a 5’–3’ reading pattern with the comple-
mentary strand being shown after
2 The values presented in the stacking interaction between nucle-
otides represent the adjacent forces found in these interactions, 
opposing to the enthalpy, entropy and stability, which indicate the 
nucleotides along the DNA strand

Duplex1 Enthalpy (kcal/
mol-bp−1)

Stability (kcal/
mol-bp−1)

Base-pair stack-
ing (kcal/mol-
bp−1)2

AA/TT − 7.6 − 1.00 − 5.37
AT/TA − 7.2 − 0.88 − 6.57
TA/AT − 7.2 − 0.58 − 6.57
CA/GT − 8.5 − 1.45 − 6.78
GT/CA − 8.4 − 1.44 − 10.51
CT/GA − 7.8 − 1.28 − 6.78
GA/CT − 8.2 − 1.30 − 9.81
CG/GC − 10.6 − 2.17 − 14.59
GC/CG − 9.8 − 2.24 − 9.69
GG/CC − 8.0 − 1.84 − 8.26
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by using the R programming language through its stats 
package.

2.7  Sequence logo profiles

We built sequence logo profiles [7] to determine the 
sequence conservation around the consensual motifs for 
each promoter dataset.

3  Results and discussion

3.1  RNAP binding is explained by different levels 
of enthalpy, free‑stability, and base‑pair 
stacking

The average enthalpy, free-stability, and base-pair stacking 
values for each nucleotide position within the promoter 
were compared in order to have their importance high-
lighted in correctly representing promoter activity. From 
Fig. 1, it is observable that the three features showed a 
similar distribution pattern in all the promoters, with the 
exception of σ24 promoters. The entwined aspect found 

suggests the promoter activity is well represented and 
each one of the energy-related features might describe 
promoter activity. The employment of structural features 
has shown a satisfactory way to locate transcription fac-
tor (TF) protein binding sites [13] in a way sheer consen-
sual motifs are not enough to represent promoter activity, 
indeed, Deyneko et al. [10] suggested that there is a fea-
ture conservation around promoter sequences.

In order to explain the super positioning observed in 
Fig. 1, a correlation analysis was performed. Since the data 
do not follow a normal distribution, the Spearman cor-
relation test was chosen. From this analysis, the strongest 
correlation was found between enthalpy and base-pair 
stacking by presenting a Spearman’s Ro of 0.806, whereas 
enthalpy and stability presented a medium correlation 
(Spearman’s Ro = 0.53); and stability and base-pair stack-
ing, showed a moderate correlation, by presenting Spear-
man = 0.478. In addition, σ24 promoters exhibited a con-
siderable amount of noise in their structural feature profile 
and, unlike other σ factor regulated sequences, did not 
exhibit any perceivable overlapping between the features. 
In this particular case, around 80% of the σ24 promot-
ers listed in RegulonDB were determined by prediction 

Fig. 1  Averaged values of enthalpy, free-stability, and base-pair stacking along the 80 nucleotides (− 60 to + 20) in E. coli promoter 
sequences regulated by σ24, σ28, σ32, σ38, σ54, and σ70
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instead of being confirmed by either biological experi-
ments or human inference.

Secondly, we suggest that RNAP binding sites by σ fac-
tors are indicated by variations in the trajectories repre-
sented by the lines in Fig. 1. Except for σ24, all promoters 
presented noticeable peaks. Promoter sequences regu-
lated by σ28, σ32, σ38, and σ70 had strong signals observed 
in their − 10 vicinity. This transcription factor binding site 
was found to be the most conserved in E. coli promoters 
[19]. Additionally, Fig. 1 also indicates variations in position 
− 35 in σ28, σ32, and σ70. This position is another binding 
site for transcription factor proteins in bacterial promoters. 
Finally, the consensual motifs of σ54 (− 12 and − 24) were 
also well represented by Fig. 1.

Finally, two families of promoters were identified: (i) 
σ24, σ28, σ32, σ38, and σ70, which have presented strong sig-
nals in either − 10 or − 35 and; (ii) σ54, whose consensual 
region was found in − 12 and − 24. The promoters from the 
first family should, in theory, retain conservation in two 
TF binding sites. However, the results suggested that σ28 
might be distinguished from the other promoters of its 
family due to its higher conservation.

Both free-stability and base-pair stacking have been 
employed as good representatives of promoters, but 
enthalpy has not been yet. The statistical assessment has 
shown that the conversion of genetic information (pro-
moters) into energy-related features indicates the binding 
sites of σ factors to the DNA.

Moreover, Fig. 2 was provided in order to link consen-
sual motifs (displayed by the sequence logos) where tran-
scription factors bind the DNA to strong signals observed 
in the energetic/structural features conversion. All σs 

matched some of their peaks to sites where RNAP binds 
the DNA and two families of promoters could be identified: 
σ54 and σ24, σ28, σ32, σ38, and σ70. The main binding sites 
− 10 and − 35 (σ54 extended to − 12 and − 24 instead) were 
observed in almost all the σs, with the exception of σ38, 
which did not exhibit any conserved island around − 35. 
This suggests that RNAP-DNA binding might be assisted 
by different leveling in the forces orchestrating gene tran-
scription [9, 29, 33].

In addition, we validated the rationale found in E. coli 
with 15 other Gram-negative bacteria. The analysis of σ54 
promoter sequences of these organisms is depicted in 
Fig. 3.

By analyzing the results of Fig. 3, we are able to tell 
apart the binding site of the σ54 transcription factor in the 
following organisms: A. vinelandii, B. japonicum, C. coli, K. 
oxytoca, K. pneumoniae, P. aeruginosa, R. eutropha, R. legu-
minosarum, and R. sphaeroides. The features we tested in 
these organisms behave in a similar way, with overlapping 
lines. Therefore, we suggest the analysis primarily formed 
upon E. coli has the potential to be further stretched to 
Gram-negative bacteria.

3.2  Physical parameters are employed 
to distinguish promoters

Structural and energetic features of the DNA have been 
described as discriminators of promoter sequences [9, 10, 
33, 34]. To this extent, we performed the nonparametric 
Kruskal–Willis test in order to test the variance of averages 
found between promoters and control (shuffled and cod-
ing sequences). As depicted in Table 3, significant variance 

Fig. 2  Average values of enthalpy, free-stability, and base-pair stacking along the 80 nucleotides overlayed with the sequence logo profile 
of each σ
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between the means was not found only in σ28’s enthalpy 
and σ54’s enthalpy and stability.

The results Table 3 conveyed suggest the features that 
presented significant variance between the promoters 
and controls (shuffled and coding sequences) might be 
employed in order to classify promoter sequences.

The results obtained in Table  3 have insinuated 
enthalpy, stability, and base-pair stacking might be good 
distinguishers between promoter and control (shuffled 
and coding) sequences. To further stretch this analysis, we 
opted to separately analyze each physical that protruded 
significant variances.

There are many features that might be employed in 
order to convert genetic information into, indeed, there 
are 125 features that have been listed [11] in this sense. 
Most of these properties are inclined to capture the par-
ticularities of promoter regions, which are known for being 
distinct from other genome locales.

Figure 4 was created in order to further explore the 
enthalpy variances found in Table 3 and assess if this fea-
ture enables promoters to be distinguished among control 
sequences. The results of Fig. 4 advocate that promoter 
sequences regulated by σ24, σ32, σ38, and σ70 might be 
classified through enthalpy, which converges to reports 
describing the thermostability of DNA being affected 
by the extra hydrogen bond found in GC-composed 

Fig. 3  Average values of enthalpy, free-stability, and base-pair stacking along the 80 nucleotides (− 60 to + 20) of σ54 promoter sequences in 
15 Gram-negative bacteria

Table 3  Analysis of variance between promoter, shuffled, and cod-
ing sequences

The values reflect the p values achieved by the Kruskal–Willis test 
of variance

Enthalpy Stability Stacking

σ24 2.2e−16 2.2e−16 2.2e−16
σ28 0.00768 2.2e−16 5.43e−07
σ32 2.2e−16 2.2e−16 2.2e−16
σ38 2.2e−16 6.58e−09 2.2e−16
σ54 0.002102 0.0153 2.2e−16
σ70 2.2e−16 2.2e−16 2.2e−16
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duplexes [26]. Apart from the chemical richness found in 
GC duplexes, other elements such as strand length, strand 
concentration, ionic strength of added salts, and water 
molecules were found as contributors to the melting tem-
perature of DNA [22, 25, 32]. Hence, the several elements 
involved in DNA-RNAP interaction define the promoter 
sequences and explain the statistical differences between 
promoter and control (shuffled and coding) sequences 
from Fig. 3. DNA enthalpy has been identified as a discrimi-
nator of promoter sequences [10], being necessary to a 
proper gene regulation.

DNA free-stability is a well-documented attribute, 
indeed, promoter predictors succeeded in employing 
this feature as a form of classification [8, 27]. Figure 5 is 
provided in order to provide visual aid of the significant 
variances found in Table 3, which are found in promoter 
sequences associated to all σ groups with the exception 
of σ54. The total free-stability level of promoter sequences 
tends to be lower than coding regions due to the recurrent 
need of establishing a DNA open complex [14]. For this 

purpose, the hydrogen bonds between base pairs require 
to be broken, while an A/T duplex presents two hydrogen 
bonds, a G/C has three. For this process to be energetically 
viable, it is reasonable for the promoters to demonstrate 
a lower free-stability value than other genomic regions, 
and therefore, a higher A/T presence [8, 14]. The profiles of 
Fig. 5 suggest that a classifying method based on stability 
might succeed.

In order to differentiate promoter and non-promoter 
sequences, the base-pair stacking energy was tested. 
These interactions refer to the forces used in nucleotides 
connected by the phosphate group, forming the DNA 
backbone. In structural analysis study, the strength of 
this connection varies according to the composition of 
nucleic acids. This attribute presented a significant dif-
ference among the variances in all σ promoters (Table 3). 
From Fig. 6, we found that the GC binding strength cor-
responds to 20 piconewtons (pN); whereas AT base-pair 
binding strength is 14 pN; the stacking force in adjacent 
base pairs is estimated to be two pN [35]. We can picture 

Fig. 4  In the left panel, the enthalpy profiles are provided. The 
Y-axis indicates the enthalpy levels in kcal/mol-bp-1. The X-axis 
shows the nucleotide position, with the TSS located at 0. The left 

panel represents the boxplots of the profiles of promoter, shuffled, 
and coding sequences, whose Y-axis is in the same scale as the left 
panel
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base-pair stacking as the vertical relationship among the 
bases and DNA stability as the force in horizontal connec-
tions [14, 21]. Due to the nature of promoter sequences, 
they might be classified through the conserved aspect 
that these regulatory regions have when coded into base-
pair stacking values.

The application of energetic/structural parameters 
in order to capture signals within the genome has been 
widely experimented [13, 24, 33]. The common rule for 
all these features is to be able to codify genetic informa-
tion, represented by a four-letter alphabet into numeric 
attributes, ranging from infinity. Ryasik et al. [28] stated 
the importance of having genetic information represented 
by the use of numbers. In both eukaryotes and prokary-
otes, the presence of TF-protein binding sites is a com-
mon ground, in theory. However, there are cases where the 
lone presence of these sets of nucleotides is not enough 
to capture and characterize promoter activity. In this field, 

Deyneko et al. [10] stated the importance of differentiating 
the letter conservation, i.e., presence/absence of consen-
sual regions from a signal conservation, which encom-
passes structural/energetic strong signals.

4  Conclusions

The coding of genetic information into structural and 
physical attributes has shown capable of well-representing 
promoter activity. Moreover, the individual assessment of 
enthalpy, free-stability, and base-pair stacking proved to 
be a good distinguisher between promoter and control 
sequences. The results gathered in this study suggest that 
the in-silico experimentation of bacterial transcription 
might benefit from employing distinct ways to represent 
a given DNA molecule.

Fig. 5  In the left panel, the free-stability profiles are provided. The 
Y-axis indicates the free-stability levels in kcal/mol-bp-1. The X-axis 
shows the nucleotide position, with the TSS located at 0. The left 

panel represents the boxplots of the profiles of promoter, shuffled, 
and coding sequences, whose Y-axis is in the same scale as the left 
panel
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