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Abstract: Azospirillum brasilense Sp7 produces PHB, which is covered by granule-associated proteins
(GAPs). Phasins are the main GAPs. Previous studies have shown phasins can regulate PHB synthesis.
When A. brasilense grows under stress conditions, it uses sigma factors to transcribe genes for survival.
One of these factors is the σ24 factor. This study determined the possible interaction between phasins
and the σ24 factor or phasin-σ24 factor complex and DNA. Three-dimensional structures of phasins
and σ24 factor structures were predicted using the I-TASSER and SWISS-Model servers, respectively.
Subsequently, a molecular docking between phasins and the σ24 factor was performed using the
ClusPro 2.0 server, followed by molecular docking between protein complexes and DNA using the
HDOCK server. Evaluation of the types of ligand–receptor interactions was performed using the
BIOVIA Discovery Visualizer for three-dimensional diagrams, as well as the LigPlot server to obtain
bi-dimensional diagrams. The results showed the phasins (Pha4Abs7 or Pha5Abs7)-σ24 factor complex
was bound near the −35 box of the promoter region of the phaC gene. However, in the individual
interaction of PhaP5Abs7 and the σ24 factor, with DNA, both proteins were bound to the −35 box.
This did not occur with PhaP4Abs7, which was bound to the −10 box. This change could affect the
transcription level of the phaC gene and possibly affect PHB synthesis.

Keywords: Azospirillum brasilense Sp7; stress conditions; phasins; σ24 factor; molecular docking

1. Introduction

The α-proteobacteria Azospirillum brasilense Sp7 is considered as a Plant Growth
Promoting Rhizobacteria (PGPR). The PGPR activity occurs through nitrogen fixation and
the production of bacterial phytohormones. A. brasilense is an epiphytic strain capable of
colonizing the host plant alone [1].

A. brasilense Sp7 is a Gram-negative bacterium characterized by producing poly-3-
hydroxybutyrate (PHB) [2]. PHB is a biopolymer that is part of a family of microbial
thermoplastic polyesters [2,3]. PHB is used as an energy and carbon storage compound
when bacteria are exposed to nutrient-limiting conditions (N, O, and P) and environmental
stresses. The main factor involved in controlling PHB synthesis is the C:N ratio of the
growth medium [4,5]. Due to the increase in the use of plastics around the world, PHB
has become more relevant. The above is due to the properties of PHB, which are similar to
the physicochemical characteristics of petroleum-derived plastics. Additionally, PHB is a
biocompatible and biodegradable polymer, even in marine environments [4–8].

The biosynthesis of PHB depends on the activity of three enzymes, β-ketothiolase
(PhaA), acetoacetyl-CoA reductase (PhaB), and PHA synthase (PhaC), which are encoded
by the phaA, phaB, and phaC genes, respectively [8]. In the first step of PHB biosynthesis,
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PhaA condenses two acetyl-CoA molecules into acetoacetyl-CoA. Subsequently, PhaB
reduces acetoacetyl-CoA to [R]-3-hydroxybutyryl-CoA. And finally, PhaC polymerizes
[R]-3-hydroxybutyryl-CoA to PHB (Figure 1) [2].
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ins, PhaP1Abs7 to PhaP6Abs7, have been reported [4]. The predicted structures for these pro-
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Figure 1. PHB biosynthesis pathway (left) and granule-associated proteins in carbonosome (right).
PHB biosynthesis enzymes: acetyl-CoA acetyltransferase (PhaA) encoded by phaA gene, acetoacetyl-
CoA reductase (PhaB) encoded by phaB gene, and PHA synthase (PhaC) encode by phaC gene. 3HB:
3 hydroxybutyryl; PHB: polyhydroxybutyrate; CoA-SH: Coenzyme A, NADPH; nicotinamide ade-
nine dinucleotide phosphate; AMP: adenosine monophosphate (created on BioRender.com).

As PHB biosynthesis begins, biopolymer accumulates in the cytoplasm as spherical
water-insoluble inclusions (called carbonosomes), which are variable in size and number
according to the producer microorganism as well as the conditions of bacterial growth [6,9].
The carbonosome membrane contains 0.5% phospholipids, 2% granule-associated proteins
(GAPs), and approximately 98% (w/w) PHB [5]. Currently, the presence of four types of
GAP has been determined: PHA synthases (PhaC), PHA depolymerases (PhaZ), regulators
(PhaR or PhaM), and phasins (PhaP) [6,9,10]. The last ones are the most abundant polypep-
tides in the carbonosome membrane and are involved in coating and stabilizing PHB chains
due to their small size and amphiphilic properties [11]. Initially, phasins were involved
in regulating the number and size of carbonosomes. However, recent studies suggest
activities such as mediating the binding of PHB to the nucleoid region and promoting
bacterial resistance under stress conditions [12]. In A. brasilense Sp7, six phasins, PhaP1Abs7
to PhaP6Abs7, have been reported [4]. The predicted structures for these proteins showed
a high percentage of amino acids in α-helix conformation and disordered regions, which
provide flexibility to the protein [4,13]. In addition, phasins have leucine zipper motifs,
which are involved in the formation of oligomers [6].

Production and storage of PHB provides enough energy to continue with the metabolic
processes, enabling bacterial survival under stress conditions [14,15]. Bacterial growth is
affected by several conditions (e.g., ultraviolet radiation, heat, osmotic shock, desiccation,
and oxidative stresses, among others) that affect gene expression [1,7]. A. brasilense uses
some transcription factors to change its genetic expression pattern in response to stressful
conditions [16]. In A. brasilense Sp7, some transcription factors have been reported, for ex-
ample, σ70 (RpoD), σ54 (RpoN), σ32 (RpoH), σ24 (RpoE), and the FeCl sigma factor [1,16,17].
Genetic expression mediated by sigma factors is possible because it allows binding of
the RNAP sequence (RNA Polymerase Recognition) to the promoter DNA regions [18].
Alternative sigma factors, such as the σ24 factor, allow A. brasilense Sp7 to repair the cellular
damage caused by oxidative and photo-oxidative stresses [1,16,17,19].
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Under stressed growth conditions, A. brasilense activates gene transcription for PHB
biosynthesis, which is essential. The phaC and phaZ genes increase their transcription levels
in those conditions, suggesting the importance of PHB synthesis as a protective mechanism
for bacterial survival [14].

Bacteria can detect fluctuations in their environment. These varieties can activate or
inactivate system components that switch on or switch off the RNA polymerase activity
to regulate the transcription of genes related to the cellular response [17]. For this reason,
studies on the ability of phasins to act as regulators can be essential to understanding
transcription genes. This might depend on whether phasins act as individual proteins that
detect signals and can affect the cellular response based on their structure, since they have
a sensory and a regulatory domain on the same protein [17].

The understanding of how transcription factors bind to the promoter regions and
promote or silence the DNA transcription is increasing. In this study, we evaluate the
possible interactions occurring around DNA transcription. DNA-binding regions are
different in every living organism. Despite the above, there are well-characterized motifs
for the binding of the σ70, σ54, σ28, and σ32 factors to the −10 and −35 regions in Escherichia
coli. However, due to the low conservation of the σ24 and σ28 factors, it has not been
possible to find a well-characterized motif for DNA binding [18,20]. Also, it is necessary to
consider the DNA sequences for interaction with the sigma factors [17]. In consequence,
the prediction of these motifs is complicated. Nevertheless, software and servers, such
as the MEME Suite server, could predict the motifs for the interaction between DNA and
transcription factors [21].

The goal of this computational study was to analyze the possible interactions between
the phasins PhaP4Abs7 and PhaP5Abs7 with the promoter region of the phaC gene and with
the σ24 factor (RpoE).

2. Materials and Methods

2.1. Three-Dimensional Analysis of the Structures of PhaP4Abs7, PhaP5Abs7, and σ24

The three-dimensional structures of PhaP4Abs7 and PhaP5Abs7 were predicted by the
Iterative Threading ASSEmbly Refinement (I-TASSER) server [22–25]. The crystal structure
of Aeromonas hydrophila PhaPAhy chain A (PDB number 5IP0) was used as a template [26].
For the σ24 factor, the three-dimensional structure was generated using the SWISS-MODEL
server [27]. The crystal structure of Rhodobacter sphaeroides SigE, chain A (PDB number
2Q1Z), was used as a template [28]. As a second step, using the Alpha Fold2 server [29],
the three-dimensional structures of the three proteins were generated to compare models
between the servers and choose the models with the best scores to continue with the
molecular docking. To evaluate the quality of the three-dimensional structures, the SWISS-
MODEL structure evaluation server was used, and the Qualitative Model Energy ANalysis
(QMEAN) and its Ramachandran plots were obtained [30].

2.2. Determination of the Promoter Regions (−10 and −35) Upstream of the phaC Gene

The promoter region of the phaC was determined using the MEME Suite server [21].
The 236-bp upstream region of the phaC gene (locus tag: AMK58_RS06750) was selected,
which included the start codon (ATG) of the phaC gene. The upstream region comprised an
intergenic region of divergent genes.

2.3. Molecular Docking to Form the Phasin-σ24 Factor Protein Complex and Individual Docking of
Phasins and the σ24 Factor with DNA

The formation of the protein complex between phasins and the σ24 factor using the
ClusPro 2.0 server [31–34] was determined, considering the phasins as ligands and the σ24

factor as a receptor. The HDOCK server was used [35–38], which led us to evaluate the
interaction between phasins and DNA (upstream region of the phaC gene). It is necessary to
mention that every single phasin was considered a ligand, and the σ24 factor was considered
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a receptor. Finally, the HDOCK server was also used to analyze the interaction between the
σ24 factor and DNA. The first was probed as a ligand, and DNA as a receptor.

2.4. Tripartite Molecular Docking between PhaP4Abs7-σ24 and PhaP5Abs7-σ24 Protein Complexes
with the Promoter Region of the phaC Gene

Using the HDOCK server, the molecular docking was carried out between the protein
complexes formed by the interaction between the σ24 factor and phasin (σ24-phasin) with
the DNA region (upstream region of the phaC gene). DNA was considered as a receptor,
and the protein complex was used as the ligand.

Three coupled interactions, phasin-σ24 factor, phasin-DNA or σ24 factor-DNA, and
phasin-σ24-DNA, were visualized using the BIOVIA Discovery Studio Visualizer. In all
interactions, the start codon (ATG) of the phaC gene was used as a visual reference point in
the software [39]. Bi-dimensional diagrams of these three interactions were obtained using
the LigPlot server [40].

3. Results

There is insufficient information about the phasins in A. brasilense Sp7. Therefore,
in this study, three-dimensional models of the A. brasilense phasins were obtained using
the methodology reported by Martínez-Martínez et al., 2019 [4]. The crystal structure
of A. hydrophila PhaPAhy was used as a template to obtain the three-dimensional struc-
tures of the A. brasilense Sp7 phasins on the I-TASSER server (Figure 2A,B). The SWISS-
MODEL server was used to obtain the three-dimensional structure of the σ24 factor, and the
R. sphaeroides SigE served as a template (Figure 2C). At the same time, we utilized Alpha
Fold2 to obtain three-dimensional models of phasins and the σ24 factor, compared them
with the other models, and used the best models with the most acceptable QMEAN values
between servers.

The QMEAN results were acceptable for PhaP5Abs7 and the σ24 factor, with a value
of −2.25 and −1.84, respectively. However, for PhaP4Abs7, the quality was not as good as
was expected, but acceptable (Figure 2A–C). Nevertheless, the three-dimensional models
performed with Alpha Fold2 obtained better QMEAN scores in comparison with mod-
els from I-TASSER and SWISS-MODEL, with values of −0.07 for PhaP4Abs7, −1.64 for
PhaP5Abs7, and −1.57 for the σ24 factor (Figure 2D–F). For this reason, for protein–protein
and protein–DNA, molecular docking was performed using three-dimensional models
obtained by the Alpha Fold2 server. Finally, a structural superimposition was performed,
suggesting that the two three-dimensional models of each protein obtained by the servers
might be structurally very similar (Supplementary Materials).

Simultaneously, a multiple alignment was carried out in Clustal omega between the
A. brasilense Sp7 phasins and the A. hydrophila phasin (PDB number 5IP0). The results showed
that A. brasilense phasins have a percentage identity correlation of 11.90% for PhaP4Abs7 and
25.49% for PhaP5Abs7 to the A. hydrophila phasin. PhaP4Abs7, PhaP5Abs7, and PhaPAhy are
188, 171, and 116 amino acids in length, respectively. In addition, the A. brasilense σ24 factor
showed 43.48% identity correlation to R. sphaeroides SigE (Supplementary Materials).

The promoter region of the phaC gene was determined using the MEME Suite server.
The promoter region was selected considering the upstream region of the phaC gene. It
corresponds to 233 bp, plus the start codon (ATG) of the phaC gene as a reference point.
The bp number chosen corresponds to an intergenic region of the divergent genes, between
the phaC and the AMK58_RS06755 genes. The MEME Suite server reads DNA from 5′ to 3′.
Therefore, the −10 and −35 boxes were selected in agreement with the closest sequence to
these positions. The motif for the −10 box, containing the sequence ACCGCAC, was located
at position 225 to 231 bp, while the −35 box, with the sequence CCTAAA, was located
at position 200 to 205 bp. The motif with the sequence TGTATRA was not considered in
this study as a possible interaction motif, since it was not close to positions −10 or −35 or
nearby (Figure 3).
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Figure 2. Prediction of three-dimensional structures of A. brasilense Sp7 phasins and σ24 factor.
First, a three-dimensional prediction was made through the I-TASSER and SWISS-Model servers:
(A) PhaP4Abs7, (B) PhaP5Abs7, (C) σ24 factor. Second, three-dimensional prediction was made through
Alpha Fold2: (D) PhaP4Abs7, (E) PhaP5Abs7, (F) σ24 factor. The Ramachandran plots and the QMEAN
values obtained are shown.
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Protein–protein molecular docking was performed using the ClusPro 2.0 server to
evaluate the interactions between each of the two phasins (PhaP4Abs7 and PhaP5Abs7) and
the σ24 factor (PhaP4Abs7-σ24 and PhaP5Abs7-σ24). However, the HDOCK server allowed
us to analyze the molecular docking on the individual interactions of every single phasin
and the σ24 factor with the DNA (upstream region of the phaC gene) (PhaP4Abs7-DNA,
PhaP5Abs7-DNA, and σ24-DNA). Subsequently, the server was also used for the molecular
docking between the protein complexes (PhaP4Abs7-σ24 and PhaP5Abs7-σ24) and DNA.
Finally, the types of interactions in the three-dimensional models were analyzed by the
BIOVIA Discovery Studio Visualizer. In addition, to allow a more detailed analysis, the
LigPLot server was used to verify the interactions using two-dimensional schemes.

In the analysis of the interactions in the PhaP4Abs7-σ24 and PhaP5Abs7-σ24 protein
complexes (Figure 4), the σ24 factor was considered as the receptor and the phasins as
ligands. The results showed that phasins were bound to the C-terminal and N-terminal
sides of the σ24 factor. The PhaP4Abs7 phasin bounds the N-terminal and C-terminal regions
of the σ24 factor, simulating a “lid”, because the phasin covers the concavity of the σ24 factor.
However, PhaP5Abs7 was reported to internalize itself in the concavity of the σ24 factor.
PhaP5Abs7 enters on its N-terminal side, forming a plug when it binds with the σ24 factor
(Figure 4). All analyzed protein complexes (PhaP4Abs7-σ24 and PhaP5Abs7-σ24) showed
interactions that could be stable, possibly due to the hydrogen bonds formed between
the two proteins (Figure 5 and Table 1). In addition, other less common interactions that
contribute to stabilizing the protein complex are possible (Supplementary Materials).

Subsequently, interaction analyses were carried out between DNA docked with every
single phasin and DNA docked with the σ24 factor. To visualize and compare the changes
generated in every interaction (DNA-phasin or DNA-σ24), the phasin or the σ24 factor were
considered ligands. Finally, the molecular docking was performed between the PhaP4Abs7-
σ24 and PhaP5Abs7-σ24 protein complexes with DNA, where the protein complex functioned
as a ligand and the DNA was the receptor in both situations. The HDOCK server allowed
us to visualize the protein–DNA molecular docking, since this software allows molecular
docking between large regions of DNA and proteins. PhaP4Abs7 binds to DNA near the
−10 box. It showed interactions of PhaP4Abs7 with the nucleotides of the 5′ to 3′ strand
with G220, A221, A222, G223, G224, A225, and C226, while on the 3′ to 5′ strand, PhaP4Abs7
binds with G244, C245, G246, T248, and C249. PhaP5Abs7 binds to the promoter region and
binds to nucleotides in the −35 box. PhaP5Abs7 interacts on the 5′ to 3′ strand with C194,
T195, A203, A204, A205, and A206, while on the 3′ to 5′ strand, it binds to A271, G272,
G273, C274, T276, and C277. In addition to the individual interactions, the σ24 factor binds
near the −35 box, interacting on the 5′ to 3′ strand with C201, T202, A203, T208, C209, and
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G210, and on the 3′ to 5′ strand with G266, T267, T268, T269, and T270 (Figures 6 and 7).
The main types of interactions were hydrogen bonds, attractive charges, and salt bridges
(Table 2 and Supplementary Materials).

Table 1. Hydrogen bonds detected from phasins in protein–protein molecular docking between phasin
and σ24 factor. Hydrogen bonds were detected using the Biovia Discovery Visualizer and LigPlot.

Receptor Ligand
Number of Hydrogen Bonds Amino Acids with Hydrogen Interactions

Biovia LigPlot Biovia LigPlot

Factor σ24
PhaP4Abs7 4 5 Gln83, Val170, Asn174 Asp46, Gln83, Val170, Asn174

PhaP5Abs7 3 3 Arg3, Glu10, Ala90 Arg3, Ala90, Thr93

Table 2. Hydrogen bonds detected from phasins and σ24 factor with DNA in protein–DNA molecular
docking. Hydrogen bonds were detected using the Biovia Discovery Visualizer and LigPlot.

Receptor Ligand
Number of Hydrogen Bonds Amino Acids with Hydrogen Interactions

Biovia LigPlot Biovia LigPlot

DNA
(upstream

region of phaC)

PhaP4Abs7 3 4 Asp24, Arg28, Thr32 Asp24, Arg27, Arg28, Thr32

PhaP5Abs7 5 4 Arg3, Arg4, Lys5, Ala6, Asn8 Arg3, Arg4, Lys5, Ala6

Factor σ24 6 10 Asp75, Asn91, Arg92,
Tyr152, Arg177, Glu181

Asp75, Asn91, Arg92, Tyr152,
His158, Arg177, Glu181
Arg182, Arg184, Arg188
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After performing the molecular docking between the protein complex and the DNA, a
change was observed near the −35 box in the binding site for the PhaP4Abs7-σ24 complex.
The last binds in the 5′ to 3′ strand with the nucleotides A203, A204, A205, T213, A214, and
A215 in the DNA and in the 3′ to 5′ strand with the nucleotides T254, T255, G262, C263,
G264, A265, C274, T275, and T276. PhaP4Abs7 binds individually near the −10 box. However,
the PhaP5Abs7-σ24 protein complex binds near the −35 box, on the leading strand with the
nucleotides G199, C201, T202, and A203, and on the 3′ to 5′ strand with G266, T267, A271,
C277, A278 and G279. The PhaP5Abs7-σ24 protein complex maintained its binding near the
−35 box in the upstream region of the phaC gene. Similar behavior was shown for each
DNA–phasin individual interaction (Figures 8 and 9). In this molecular docking, attractive
charges and hydrogen bonds were mainly detected (Table 3 and Supplementary Materials).
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Figure 6. Molecular docking between phasin and DNA. Models were obtained by the HDOCK
server, and three-dimensional models and interactions were determined using the Biovia Discovery
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(A) PhaP4Abs7-DNA, (B) PhaP5Abs7-DNA, and (C) σ24-DNA.
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Figure 7. Two-dimensional diagrams of interactions between phasin and sigma factor with DNA. The
diagrams were generated in LigPlot from the molecular docking results obtained with the HDOCK
server. Hydrogen bonds formed between amino acids and nucleotides are represented with green
dotted lines, and hydrophobic interactions are represented with red dotted lines. (A) PhaP4Abs7-DNA,
(B) PhaP5Abs7- DNA, and (C) σ24-DNA.

Table 3. Hydrogen bonds were detected between the protein complex (phasin-sigma factor) and
DNA. Hydrogen bonds were detected using the Biovia Discovery Visualizer and LigPlot. * Phasin,
** σ24 factor.

Receptor Ligand
Number of

Hydrogen Bonds Amino Acids with Hydrogen Interactions

Biovia LigPlot Biovia LigPlot

DNA
(upstream

region of phaC)

PhaP4Abs7-σ24 3 6 Ser130 *, Arg131 *, Arg171 * Ser130 *, Lys157 *, Glu160 *,
Lys164 *, Arg171 *, Arg182 *

PhaP5Abs7-σ24 3 6 Thr17 *, Arg164 *, Gln169 * Thr17 *, Arg24 *, Lys28 *,
Gln169 *, Arg164 *, Glu164 **
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Figure 9. Two-dimensional diagrams of interactions between the protein complex and DNA. The
diagrams were generated in LigPlot from the molecular docking results obtained with the HDOCK
server. Hydrogen bonds formed between amino acids and nucleotides are observed in green dotted
lines, and hydrophobic interactions are represented with red dotted lines. (A) PhaP4Abs7-σ24-DNA
and (B) PhaP5Abs7-σ24-DNA.

4. Discussion

Since there are no crystallographic or nuclear magnetic resonance (NMR) structures
of the PhaP4Abs7, PhaP5Abs7, and σ24 factor of A. brasilense Sp7, we developed three-
dimensional models of these proteins. On the I-TASSER server, the three-dimensional
models of phasins were designed, whereas the SWISS-MODEL server was used to obtain
the σ24 factor structure. The QMEAN results were favorable for PhaP5Abs7 and the σ24

factor, with values of −2.25 and −1.84, respectively. However, the QMEAN scores for
PhaP4Abs7 showed low quality, with a score of −7.42. Therefore, we used the AlphaFold2
server to obtain the other models. After using the AlphaFold2 server, we obtained a model
with higher quality for PhaP4Abs7, with a QMEAN value of −0.07, whereas for PhaP5Abs7
and the σ24 factor, the QMEAN values also improved, with −1.64 and −1.57, respectively.
The data indicate that scores closest to 0.0 points have a “native” structure, and as a rule of
thumb, a QMEAN score below −4.0 indicates a low quality of modeling [30].

Likewise, with the I-TASSER and SWISS-MODEL models, the favoring percentages
in the Ramachandran graphs were good for the amino acids of the phasin PhaP5Abs7,
with 98.82%, and for the σ24 factor, with 93.14%. However, Ramachandran graphs were
not as favorable for PhaP4Abs7, which showed 78.41% (Figure 2A–C). Nevertheless, with
Alpha Fold models, the percentages in the Ramachandran graphs were good for all models,
with percentages of 98.92%, 95.86%, and 87.30% for PhaP4Abs7, PhaP5Abs7, and the σ24
factor, respectively (Figure 2D–F). In the Ramachandran graphs, green regions represent
the favored and allowed regions, which correspond to conformations that do not exist in
steric shocks. The favored regions include the dihedral angles, typical of alpha-helix and
beta-sheet conformations. White areas are related to conformations where atoms of the
polypeptide come closer than the sum of their van der Waals ratios. Therefore, white areas
are sterically forbidden regions for all amino acids except for glycine, which lacks a side
chain [41].

Currently, the prediction, the search, and the recognition of the promoter region of the
phaC gene to detect, in silico, the −10 and −35 boxes are challenging due to the diversity
of genetic sequences housed in worldwide databases [18,21]. It is essential to know the
binding sites of the sigma factors to the promoter region and the subsequent binding of the
RNA polymerase to contribute to the beginning of DNA transcription. In A. brasilense Sp7,
there is insufficient information about the σ24 factor and phasins. However, the continuous
acquisition of servers and updating of the software will allow future research to be refined
in order to obtain more detailed results.
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This study shows that the interaction between phasins and the −10 and −35 boxes
of the promoter region of the phaC gene is possible. The above was probed using the
MEME Suite server. It is well known that recognition of the binding sites of sigma factors
and RNA polymerase is critical for DNA transcription. Nevertheless, these motifs are
poorly conserved for certain microorganisms, which implies that they differ even between
the different sigma factors that recognize them [18,21,42]. There are well-characterized
motifs for the −10 and −35 regions in E. coli for interaction with the σ70, σ54, σ28, and
σ32 factors. Nonetheless, the motifs recognized by the σ24 and σ28 factors have not been
characterized due to the low level of conservation between them. Considering the position
of the canonical motifs at −10 and −35, our results showed two probable boxes detected
upstream of the phaC gene: for the −10 box, the ACCGCAC sequence, and for the −35 box,
the CCTAAA sequence. These box sequences are commonly found close to the gene
transcription start site or in intergenic regions. The distance between the gene transcription
start site and the −10 and −35 boxes can vary from 20 to 200 base pairs [42].

In this study, we analyzed the binding of the phasins PhaP4Abs7 and PhaP5Abs7 to
the promoter region of the phaC gene, which codes for PHB synthase in A. brasilense Sp7.
Phasins were involved in stabilizing the PHB inclusions in the cytoplasm due to their
amphiphilic properties [4,5,43]. There has been insufficient research evaluating whether
the interactions between phasins and DNA could promote or prevent DNA transcription
or if their interaction with other components, such as the sigma factors, could affect DNA
transcription. Most PHB-producing microorganisms synthesize phasins that bind to PHB.
In several bacteria, such as Ralstonia eutropha and Pseudomonas. putida, phasins bind to
DNA. The R. eutropha PhaM is involved in binding PHB granules to the nucleoid region. In
P. putida, the C-terminal side of the PhaF phasin binds to DNA since it has a histone-like
C-terminal domain with highly positively charged amino acid residues. The interaction
between PhaF and DNA alters the transcription of the phaC gene because PhaF interacts
with the major groove of the DNA and forms a super helix [6,44–46]. It has also been
suggested that PhaF exhibits a structural disorder unless it is in the formation of a complex
with DNA. The above could be due to the electrostatic repulsions generated by the highly
charged C-terminal domain of PhaF [46]. Modulating of the actions of PHB synthesis in a
PhaC-dependent manner by PhaP1Reu has also been proposed in R. eutropha [6]. However,
in A. brasilense, there is no information about how phasins might interact with other proteins
or DNA.

The bioinformatics analyses of the molecular docking between phasins and DNA
found a blind molecular docking and showed phasins bind through their C-terminal side
to the −10 box, such as PhaP4Abs7. However, PhaP5Abs7 is secure in the −35 box of the
phaC gene. This data could suggest a modification in the gene transcription process, like
the Pseudomonas sp. PhaF, which controls the expression of the phaC1 and phaI genes [5]. In
other microorganisms, such as A. hydrophila, it has been observed that the overexpression
of the phaP gene increases the expression of the phaC gene [45]. In the case of the σ24

factor, it binds to the −35 box. Previous studies have shown that the σ24 factor binds to the
−10 and −35 boxes of the chrR1 and chrR2 genes [17,19].

Likewise, the essential regions of the σ24 factor for binding and recognition of the
promoter regions of the gene have been reported. Thus, region 2.3, which consists of the
amino acids 68 to 87 of the σ24 factor, was involved in the correct interaction of the σ24 factor
with the RNA polymerase. Region 2.4, involving the amino acids 88 to 101, recognizes
the −10 box. Finally, region 4.2, formed by the amino acids 158 to 191, was involved in
binding to the −35 box [17]. In the molecular docking of the phasin-σ24 factor complex, it
was observed that PhaP4Abs7 does not bind to any region of interaction of the σ24 factor,
whereas the PhaP5Abs7 phasin binds to these contact regions with two amino acids, one of
them in the 2.4 region and the other one in the 4.2 region.

In the molecular docking of the protein complex with DNA, it was analyzed whether
the σ24 factor still interacted with the reported regions in which it carries out recognition
and subsequent binding to DNA. Consequently, it was observed that in the PhaP4Abs7-σ24
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complex, there are no interactions with the regions, whereas in the PhaP5Abs7-σ24 complex,
the region of the σ24 factor that interacts is the 2.1 region. In addition, PhaP5Abs7 had the
highest number of attraction charges and hydrogen bonds, which could allow it to have
better stabilization in the binding process in comparison with the phasin PhaP4Abs7.

Regarding the types of hydrogen bond interactions, we noticed that both servers
identified the same amino acids involved in these interactions in molecular docking. We
suggest that the servers are complementary to one another, based on the identification of
similar amino acids. However, we also observed that there are ±2 different amino acids,
which is a result of the algorithms that each server runs.

Evaluating the binding of phasins to this upstream region may be a key point in the
transcription of the phaC gene and consequently in the production of the PHB. Since phasins
do not bind to elemental regions in the σ24 factor, the results may indicate phasins could
stabilize the RNA polymerase or even lead to correcting the interaction between the σ24

factor and DNA. The above could be explained by the phasins PhaP4Abs7 and PhaP5Abs7 in
the protein complex with the σ24 factor not binding to the 2.4 or 4.2 regions of the σ24 factor.
On the contrary, the phasins were involved in the detection of the −10 and −35 boxes.

Therefore, the increase in the transcription of the phaC gene would increase the PhaC
protein, which is essential for PHB synthesis in A. brasilense. This could lead to the modifica-
tion of the parameters of its industrial production and promote the change from single-use
plastics (made from petroleum) to biodegradable plastics for use in the food industry and
in health areas. In addition to being friendly to the environment, bioplastics could reduce
the carbon footprint on the planet.

5. Conclusions

When the phasins PhaP4Abs7 and PhaP5Abs7 or the σ24 factor were individually cou-
pled to DNA, they showed a stable interaction, granted by hydrogen bridges, salt bridges,
and attractive charges, among others—interactions that could help stabilize the binding
of proteins to DNA. The unique phasin that binds to a different region is the PhaP4Abs7
phasin, which interacts with the −10 box of the phaC gene. On the contrary, the PhaP5Abs7
phasin and the σ24 factor are bound close to the −35 box of the phaC gene. However, when
the phasins form a protein complex with the σ24 factor (PhaP4Abs7-σ24 and PhaP5Abs7-σ24)
and then the protein complex binds to DNA, the binding amino acids change as well as
the nucleotides involved in their interaction. In the three evaluated situations, the protein
complexes bind near the −35 box of the phaC gene. But with the PhaP4Abs7-σ24 protein com-
plex, the phasin interacts with the two regions involved to detect the −10 and −35 boxes.
Otherwise, the phasin does not interact with these regions.

For this reason, the binding of the phasins to promoter regions of the phaC gene,
individually or by creating a protein complex with the σ24 factor, could be a key point
in the transcription of the phaC gene and consequently affect the synthesis of PHB. It is
necessary to carry out more analyses in the future to elucidate whether this effect can
inhibit or promote the transcription of the phaC gene in Azospirillum brasilense Sp7.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym16050611/s1.

Author Contributions: Conceptualization, L.J.M.-M. and Y.A.-C.; Methodology, Y.A.-C. and M.D.L.Á.M.-
M.; Software, Y.A.-C. and M.B.-R.; Validation, L.S.-U. and M.D.L.Á.M.-M.; Formal analysis, L.S.-U.
and L.J.M.-M.; Investigation, Y.A.-C. and M.D.L.Á.M.-M.; Resources, L.J.M.-M.; Writing—review &
editing, L.J.M.-M. and M.D.L.Á.M.-M.; Funding acquisition, L.J.M.-M. and L.S.-U. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by VIEP-BUAP, Vicerrectoría de Investigación y Estudios de
Posgrado, Benemérita Universidad Autónoma de Puebla, grant number ID Proyecto: 00216. VIEP-
BUAP is funded the APC.

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/polym16050611/s1
https://www.mdpi.com/article/10.3390/polym16050611/s1


Polymers 2024, 16, 611 15 of 16

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors gratefully acknowledge financial support from the VIEP-BUAP
projects MAML-NAT17-1 and SOUL-NAT17-1.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References
1. Kumar, S.; Rai, A.K.; Mishra, M.N.; Shukla, M.; Singh, P.K.; Tripathi, A.K. RpoH2 sigma factor controls the photooxidative stress

response in a non-photosynthetic rhizobacterium, Azospirillum brasilense Sp7. Microbiology 2012, 158, 2891–2902. [CrossRef]
2. McAdam, B.; Fournet, M.B.; McDonald, P.; Mojicevic, M. Production of Polyhydroxybutyrate (PHB) and Factors Impacting Its

Chemical and Mechanical Characteristics. Polymers 2020, 12, 2908. [CrossRef]
3. Khatami, K.; Perez-Zabaleta, M.; Owusu-Agyeman, I.; Cetecioglu, Z. Waste to bioplastics: How close are we to sustainable

polyhydroxyalkanoates production? Waste Manag. 2020, 119, 374–388. [CrossRef]
4. Martínez-Martínez, M.D.L.A.; González-Pedrajo, B.; Dreyfus, G.; Soto-Urzúa, L.; Martínez-Morales, L.J. Phasin PhaP1 is involved

in polyhydroxybutyrate granules morphology and in controlling early biopolymer accumulation in Azospirillum brasilense Sp7.
AMB Express 2019, 9, 155. [CrossRef]

5. Martínez, M.D.L.M.; Urzúa, L.S.; Carrillo, Y.A.; Ramírez, M.B.; Morales, L.J.M. Polyhydroxybutyrate Metabolism in Azospirillum
brasilense and Its Applications, a Review. Polymers 2023, 15, 3027. [CrossRef]

6. Maestro, B.; Sanz, J.M. Polyhydroxyalkanoate-associated phasins as phylogenetically heterogeneous, multipurpose proteins.
Microb. Biotechnol. 2017, 10, 1323–1337. [CrossRef]

7. Fibach-Paldi, S.; Burdman, S.; Okon, Y. Key physiological properties contributing to rhizosphere adaptation and plant growth
promotion abilities of Azospirillum brasilense. FEMS Microbiol. Lett. 2012, 326, 99–108. [CrossRef] [PubMed]

8. Sagong, H.-Y.; Son, H.F.; Choi, S.Y.; Lee, S.Y.; Kim, K.-J. Structural Insights into Polyhydroxyalkanoates Biosynthesis. Trends
Biochem. Sci. 2018, 43, 790–805. [CrossRef] [PubMed]

9. Jendrossek, D.; Pfeiffer, D. New insights in the formation of polyhydroxyalkanoate granules (carbonosomes) and novel functions
of poly(3-hydroxybutyrate): A simple molecule with multiple functions. Environ. Microbiol. 2014, 16, 2357–2373. [CrossRef]
[PubMed]

10. Sznajder, A.; Pfeiffer, D.; Jendrossek, D. Comparative Proteome Analysis Reveals Four Novel Polyhydroxybutyrate (PHB)
Granule-Associated Proteins in Ralstonia eutropha H16. Appl. Environ. Microbiol. 2015, 81, 1847–1858. [CrossRef] [PubMed]

11. Ushimaru, K.; Motoda, Y.; Numata, K.; Tsuge, T. Phasin Proteins Activate Aeromonas caviae Polyhydroxyalkanoate (PHA)
Synthase but Not Ralstonia eutropha PHA Synthase. Appl. Environ. Microbiol. 2014, 80, 2867–2873. [CrossRef] [PubMed]

12. Hauf, W.; Watzer, B.; Roos, N.; Klotz, A.; Forchhammer, K. Photoautotrophic Polyhydroxybutyrate Granule Formation Is
Regulated by Cyanobacterial Phasin PhaP in Synechocystis sp. Strain PCC 6803. Appl. Environ. Microbiol. 2015, 81, 4411–4422.
[CrossRef] [PubMed]

13. Mezzina, M.P.; Pettinari, M.J. Phasins, Multifaceted Polyhydroxyalkanoate Granule-Associated Proteins. Appl. Environ. Microbiol.
2016, 82, 5060–5067. [CrossRef] [PubMed]

14. Müller-Santos, M.; Koskimäki, J.J.; Alves, L.P.S.; de Souza, E.M.; Jendrossek, D.; Pirttilä, A.M. The protective role of PHB and its
degradation products against stress situations in bacteria. FEMS Microbiol. Rev. 2021, 45, fuaa058. [CrossRef] [PubMed]

15. Tugarova, A.V.; Dyatlova, Y.A.; Kenzhegulov, O.A.; Kamnev, A.A. Poly-3-hydroxybutyrate synthesis by different Azospirillum
brasilense strains under varying nitrogen deficiency: A comparative in-situ FTIR spectroscopic analysis. Spectrochim. Acta Part A
Mol. Biomol. Spectrosc. 2021, 252, 119458. [CrossRef] [PubMed]

16. Rai, A.K.; Singh, S.; Dwivedi, S.K.; Srivastava, A.; Pandey, P.; Kumar, S.; Singh, B.N.; Tripathi, A.K. Catalase Expression
in Azospirillum brasilense Sp7 Is Regulated by a Network Consisting of OxyR and Two RpoH Paralogs and Including an
RpoE1→RpoH5 Regulatory Cascade. Appl. Environ. Microbiol. 2018, 84, e01787-18. [CrossRef] [PubMed]

17. Gupta, N.; Gupta, A.; Kumar, S.; Mishra, R.; Singh, C.; Tripathi, A.K. Cross-Talk Between Cognate and Noncognate RpoE Sigma
Factors and Zn2+-Binding Anti-Sigma Factors Regulates Photooxidative Stress Response in Azospirillum brasilense. Antioxidants
Redox Signal. 2014, 20, 42–59. [CrossRef] [PubMed]

18. Silva, S.D.A.E.; Echeverrigaray, S.; Gerhardt, G.J. BacPP: Bacterial promoter prediction—A tool for accurate sigma-factor specific
assignment in enterobacteria. J. Theor. Biol. 2011, 287, 92–99. [CrossRef]

19. Gupta, N.; Kumar, S.; Mishra, M.N.; Tripathi, A.K. A constitutively expressed pair of rpoE2–chrR2 in Azospirillum brasilense Sp7 is
required for survival under antibiotic and oxidative stress. Microbiology 2013, 159, 205–218. [CrossRef]

20. Alvarez-Gonzalez, S.; Erill, I. Design of Machine Learning Models for the Prediction of Transcription Factor Binding Regions in
Bacterial DNA. Eng. Proc. 2021, 7, 59. [CrossRef]

21. Bailey, T.L.; Johnson, J.; Grant, C.E.; Noble, W.S. The MEME Suite. Nucleic Acids Res. 2015, 43, W39–W49. [CrossRef] [PubMed]
22. Zheng, W.; Zhang, C.; Li, Y.; Pearce, R.; Bell, E.W.; Zhang, Y. Folding non-homologous proteins by coupling deep-learning contact

maps with I-TASSER assembly simulations. Cell Rep. Methods 2021, 1, 100014. [CrossRef] [PubMed]

https://doi.org/10.1099/mic.0.062380-0
https://doi.org/10.3390/polym12122908
https://doi.org/10.1016/j.wasman.2020.10.008
https://doi.org/10.1186/s13568-019-0876-4
https://doi.org/10.3390/polym15143027
https://doi.org/10.1111/1751-7915.12718
https://doi.org/10.1111/j.1574-6968.2011.02407.x
https://www.ncbi.nlm.nih.gov/pubmed/22092983
https://doi.org/10.1016/j.tibs.2018.08.005
https://www.ncbi.nlm.nih.gov/pubmed/30139647
https://doi.org/10.1111/1462-2920.12356
https://www.ncbi.nlm.nih.gov/pubmed/24329995
https://doi.org/10.1128/AEM.03791-14
https://www.ncbi.nlm.nih.gov/pubmed/25548058
https://doi.org/10.1128/AEM.04179-13
https://www.ncbi.nlm.nih.gov/pubmed/24584238
https://doi.org/10.1128/AEM.00604-15
https://www.ncbi.nlm.nih.gov/pubmed/25911471
https://doi.org/10.1128/AEM.01161-16
https://www.ncbi.nlm.nih.gov/pubmed/27287326
https://doi.org/10.1093/femsre/fuaa058
https://www.ncbi.nlm.nih.gov/pubmed/33118006
https://doi.org/10.1016/j.saa.2021.119458
https://www.ncbi.nlm.nih.gov/pubmed/33601223
https://doi.org/10.1128/AEM.01787-18
https://www.ncbi.nlm.nih.gov/pubmed/30217849
https://doi.org/10.1089/ars.2013.5314
https://www.ncbi.nlm.nih.gov/pubmed/23725220
https://doi.org/10.1016/j.jtbi.2011.07.017
https://doi.org/10.1099/mic.0.061937-0
https://doi.org/10.3390/engproc2021007059
https://doi.org/10.1093/nar/gkv416
https://www.ncbi.nlm.nih.gov/pubmed/25953851
https://doi.org/10.1016/j.crmeth.2021.100014
https://www.ncbi.nlm.nih.gov/pubmed/34355210


Polymers 2024, 16, 611 16 of 16

23. Roy, A.; Kucukural, A.; Zhang, Y. I-TASSER: A unified platform for automated protein structure and function prediction. Nat.
Protoc. 2010, 5, 725–738. [CrossRef] [PubMed]

24. Yang, J.; Zhang, Y. I-TASSER server: New development for protein structure and function predictions. Nucleic Acids Res. 2015, 43,
W174–W181. [CrossRef] [PubMed]

25. Zhang, Y. I-TASSER server for protein 3D structure prediction. BMC Bioinform. 2008, 9, 40. [CrossRef] [PubMed]
26. Zhao, H.; Wei, H.; Liu, X.; Yao, Z.; Xu, M.; Wei, D.; Wang, J.; Wang, X.; Chen, G.-Q. Structural Insights on PHA Binding Protein

PhaP from Aeromonas hydrophila. Sci. Rep. 2016, 6, 39424. [CrossRef] [PubMed]
27. Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, F.T.; De Beer, T.A.P.; Rempfer, C.; Bordoli,

L.; et al. SWISS-MODEL: Homology modelling of protein structures and complexes. Nucleic Acids Res. 2018, 46, W296–W303.
[CrossRef] [PubMed]

28. Campbell, E.A.; Greenwell, R.; Anthony, J.R.; Wang, S.; Lim, L.; Das, K.; Sofia, H.J.; Donohue, T.J.; Darst, S.A. A Conserved
Structural Module Regulates Transcriptional Responses to Diverse Stress Signals in Bacteria. Mol. Cell 2007, 27, 793–805.
[CrossRef]

29. Mirdita, M.; Schütze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov, S.; Steinegger, M. ColabFold: Making protein folding accessible to
all. Nat. Methods 2022, 19, 679–682. [CrossRef]

30. Benkert, P.; Biasini, M.; Schwede, T. Toward the estimation of the absolute quality of individual protein structure models.
Bioinformatics 2011, 27, 343–350. [CrossRef]

31. Desta, I.T.; Porter, K.A.; Xia, B.; Kozakov, D.; Vajda, S. Performance and Its Limits in Rigid Body Protein-Protein Docking. Structure
2020, 28, 1071–1081.e3. [CrossRef]

32. Vajda, S.; Yueh, C.; Beglov, D.; Bohnuud, T.; Mottarella, S.E.; Xia, B.; Hall, D.R.; Kozakov, D. New additions to the ClusPro server
motivated by CAPRI. Proteins 2016, 85, 435–444. [CrossRef]

33. Kozakov, D.; Hall, D.R.; Xia, B.; Porter, K.A.; Padhorny, D.; Yueh, C.; Beglov, D.; Vajda, S. The ClusPro web server for protein–
protein docking. Nat. Protoc. 2017, 12, 255–278. [CrossRef] [PubMed]

34. Kozakov, D.; Beglov, D.; Bohnuud, T.; Mottarella, S.E.; Xia, B.; Hall, D.R.; Vajda, S. How good is automated protein docking?
Proteins Struct. Funct. Bioinform. 2013, 81, 2159–2166. [CrossRef]

35. Remmert, M.; Biegert, A.; Hauser, A.; Söding, J. HHblits: Lightning-fast iterative protein sequence searching by HMM-HMM
alignment. Nat. Methods 2012, 9, 173–175. [CrossRef]

36. Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.; Wallace, I.M.; Wilm, A.;
Lopez, R.; et al. Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23, 2947–2948. [CrossRef] [PubMed]

37. Sievers, F.; Wilm, A.; Dineen, D.; Gibson, T.J.; Karplus, K.; Li, W.; Lopez, R.; McWilliam, H.; Remmert, M.; Söding, J.; et al. Fast,
scalable generation of high-quality protein multiple sequence alignments using Clustal Omega. Mol. Syst. Biol. 2011, 7, 539.
[CrossRef] [PubMed]

38. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E. The Protein Data Bank.
Nucleic Acids Res. 2000, 28, 235–242. [CrossRef]

39. BIOVIA; Dassault Systèmes. Discovery Studio Visualizer, v21.1.0.20298; Dassault Systèmes: San Diego, CA, USA, 2021. Available
online: https://discover.3ds.com/discovery-studio-visualizer-download (accessed on 21 December 2021).

40. Laskowski, R.A.; Swindells, M.B. LigPlot+: Multiple ligand–protein interaction diagrams for drug discovery. J. Chem. Inf. Model.
2011, 51, 2778–2786. [CrossRef]

41. Wiltgen, M. Algorithms for Structure Comparison and Analysis: Homology Modelling of Proteins. Encycl. Bioinforma. Comput.
Biol. 2019, 1, 38–61. [CrossRef]

42. García Ordaz, D.M. Identificacion de Secuencias Reguladoras Mediante Agrupamiento, Tesis de Maestría, INAOE. 2011. Available
online: http://inaoe.repositorioinstitucional.mx/jspui/handle/1009/682 (accessed on 3 February 2024).

43. Pötter, M.; Steinbüchel, A. Poly(3-hydroxybutyrate) Granule-Associated Proteins: Impacts on Poly(3-hydroxybutyrate) Synthesis
and Degradation. Biomacromolecules 2005, 6, 552–560. [CrossRef]

44. Wahl, A.; Schuth, N.; Pfeiffer, D.; Nussberger, S.; Jendrossek, D. PHB granules are attached to the nucleoid via PhaM in Ralstonia
eutropha. BMC Microbiol. 2012, 12, 262. [CrossRef] [PubMed]

45. Tian, S.-J.; Lai, W.-J.; Zheng, Z.; Wang, H.-X.; Chen, G.-Q. Effect of over-expression of phasin gene from Aeromonas hydrophilaon
biosynthesis of copolyesters of 3-hydroxybutyrate and 3-hydroxyhexanoate. FEMS Microbiol. Lett. 2005, 244, 19–25. [CrossRef]
[PubMed]

46. Galán, B.; Dinjaski, N.; Maestro, B.; de Eugenio, L.I.; Escapa, I.F.; Sanz, J.M.; García, J.L.; Prieto, M.A. Nucleoid-associated
PhaF phasin drives intracellular location and segregation of polyhydroxyalkanoate granules in Pseudomonas putida KT2442. Mol.
Microbiol. 2011, 79, 402–418. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/nprot.2010.5
https://www.ncbi.nlm.nih.gov/pubmed/20360767
https://doi.org/10.1093/nar/gkv342
https://www.ncbi.nlm.nih.gov/pubmed/25883148
https://doi.org/10.1186/1471-2105-9-40
https://www.ncbi.nlm.nih.gov/pubmed/18215316
https://doi.org/10.1038/srep39424
https://www.ncbi.nlm.nih.gov/pubmed/28009010
https://doi.org/10.1093/nar/gky427
https://www.ncbi.nlm.nih.gov/pubmed/29788355
https://doi.org/10.1016/j.molcel.2007.07.009
https://doi.org/10.1038/s41592-022-01488-1
https://doi.org/10.1093/bioinformatics/btq662
https://doi.org/10.1016/j.str.2020.06.006
https://doi.org/10.1002/prot.25219
https://doi.org/10.1038/nprot.2016.169
https://www.ncbi.nlm.nih.gov/pubmed/28079879
https://doi.org/10.1002/prot.24403
https://doi.org/10.1038/nmeth.1818
https://doi.org/10.1093/bioinformatics/btm404
https://www.ncbi.nlm.nih.gov/pubmed/17846036
https://doi.org/10.1038/msb.2011.75
https://www.ncbi.nlm.nih.gov/pubmed/21988835
https://doi.org/10.1093/nar/28.1.235
https://discover.3ds.com/discovery-studio-visualizer-download
https://doi.org/10.1021/ci200227u
https://doi.org/10.1016/B978-0-12-809633-8.20484-6
http://inaoe.repositorioinstitucional.mx/jspui/handle/1009/682
https://doi.org/10.1021/bm049401n
https://doi.org/10.1186/1471-2180-12-262
https://www.ncbi.nlm.nih.gov/pubmed/23157596
https://doi.org/10.1016/j.femsle.2005.01.020
https://www.ncbi.nlm.nih.gov/pubmed/15727816
https://doi.org/10.1111/j.1365-2958.2010.07450.x
https://www.ncbi.nlm.nih.gov/pubmed/21219460

	Introduction 
	Materials and Methods 
	Three-Dimensional Analysis of the Structures of PhaP4Abs7, PhaP5Abs7, and 24 
	Determination of the Promoter Regions (-10 and -35) Upstream of the phaC Gene 
	Molecular Docking to Form the Phasin-24 Factor Protein Complex and Individual Docking of Phasins and the 24 Factor with DNA 
	Tripartite Molecular Docking between PhaP4Abs7-24 and PhaP5Abs7-24 Protein Complexes with the Promoter Region of the phaC Gene 

	Results 
	Discussion 
	Conclusions 
	References

