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Abstract: Pseudomonas aeruginosa is a pathogen that can resist multiple antibiotics and has several
ways to cause harm, including the production of biofilms made of mucous exopolysaccharides (EPS).
Chronic infections by P. aeruginosa are often linked to biofilms associated with the mucoid variant
phenotype. A large group of proteins is involved in EPS production in P. aeruginosa. Additionally, it
has been observed that several phytochemicals, which are often used in traditional medicine and
cooking, have demonstrated the ability to fight against different clinically relevant pathogens, including
P. aeruginosa. In this sense, we sought to determine the in silico interaction ability of various
phytochemicals on proteins associated with EPS biosynthesis in P. aeruginosa by applying predictive
docking and coarse-grained molecular dynamics analyses (elastic network models) to study changes at
the level of intrinsic structural flexibility of the considered protein targets after binding. All the
phytochemical compounds studied showed thermodynamically favorable bonds and stable unions with
all the proteins studied over time. Epigallocatechin and curcumin were the phytochemicals with the
most favorable and stable relative binding energies in all cases. These results correspond to the
compounds in clinical trials against clinically relevant pathogens. Therefore, more studies are needed
to continue understanding the mechanism of action of these promising compounds against such
important pathogens at a global public health level.
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1. Introduction

Pseudomonas aeruginosa is an opportunistic pathogen of clinical interest, which can
become resistant to multiple antibiotics and possesses various virulence factors, such as the
production of mucopolysaccharide [1,2]. The production of mucopolysaccharide by P.
aeruginosa in hospital infections is a topic of great interest because it represents a problem as
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it is a mechanism that gives this bacterium greater resistance to drugs and can also complicate
the respiratory pathways of patients in intensive care [2-4]. Various genetic determinants have
been described that encode diverse proteins associated with the biosynthesis of
mucopolysaccharide in P. aeruginosa, among which the “Las” systems stand out, which are
part of the regulation of a complex mechanism known as “Quorum Sensing” in P. aeruginosa
[5-9].

Quorum sensing (QS) is a process in which cells regulate the expression of their genes
based on cell population density. This is achieved by releasing molecules called autoinducers,
which can act on the cell that released them and trigger a response throughout the population.
This process is a form of cellular communication between cells of the same organism or
between different individuals [5,10]. The las system is one of the complete quorum-sensing
systems present in the opportunistic human pathogen P. aeruginosa. This type of system is
known to control the expression of various virulence genes in response to bacterial cell density.
The las system contains homologs of the prototypic lux quorum-sensing system from Vibrio
fischeri. It consists of the transcriptional activator protein LasR and Lasl, which directs the
synthesis of the autoinducer PAI-1 [N-(3-oxododecanoyl)-L-homoserine lactone]. This system
has been shown to activate the expression of determinants such as lasl, lasB, and lasA [8,9,11-
14].

On the other hand, it has been noted that various phytochemical compounds commonly
used in both traditional medicine and culinary, such as curcumin [15-18], piperine [19-21],
green tea or epigallocatechin gallate (EGCG) [22-24], among others [25,26], have shown
antimicrobial activity against various pathogens of clinical interest including P. aeruginosa
[19,27,28]. Some efforts have been made previously to study the interaction of various
phytochemicals with P. aeruginosa proteins [29-31]; however, more studies are needed on the
binding ability of popular natural compounds on proteins associated with mucopolysaccharide
biosynthesis [32,33].

The aforementioned is important because it is known that changes in the intrinsic
stiffness or flexibility of a protein due to the effect of an external agent, such as a drug, can be
decisive in altering the biological activity of a said protein, which could represent a potential
inhibitory effect of interest at the biomedical level [34-36]. In this sense, we sought to
determine the in silico interaction ability of various phytochemicals on proteins associated with
mucopolysaccharide biosynthesis in P. aeruginosa by applying predictive docking and coarse-
grained molecular dynamics analyses (elastic network models) to study changes at the level of
intrinsic structural flexibility of the considered protein targets after binding.

2. Materials and Methods

2.1. Selection and preparation of protein structures from databases.

Protein crystallographic structures related to the mucoid phenotype in P. aeruginosa
were selected. The structures selected were LasR (PDB: 31X3), Lasl (PDB: 1RO5), LasB
(PDB: 6FZX), and LasA (PDB: 3IT5). These structures were obtained from the RCSB-protein
data bank in PDB format (https://www.rcsb.org/). The Molegro Molecular package was
utilized for viewing and preparing the files.
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2.2. Selection and preparation of phytochemicals from databases.

After conducting a literature review, we examined eighteen phytochemicals with
known antiviral properties, including Allicin [37], Capsaicin [38], Carvacrol [39], Cinnamic
acid [40], Curcumin [41], Eucalyptol [42], Gallic acid [43], Piperine [44], Quercetin
[45,46,47], and Epigallocatechin [48]. The 3D structures of these drugs were obtained from the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/) in SDF format [49] and converted to
PDB format using the Online SMILES Translator (https://cactus.nci.nih.gov/translate/).

2.3. Molecular docking and redocking.

We used CB-DOCK2 (https://cadd.labshare.cn/cb-dock2/) [50,51] to perform
molecular docking analysis to determine the binding of phytochemical compounds to LasR
(PDB: 31X3), Lasl, LasB, and LasA. The most favorable position of each predicted complex
by CB-DOCK2 was analyzed using Molegro Molecular Viewer (MMV) by calculating the
MolDock Score and Plants Score functions [52]. In addition to using the CB-DOCK?2 scoring
function, we also conducted a comparative analysis using other scoring functions included in
the MMV package. Specifically, we considered the MolDock Score, a new hybrid heuristic
search algorithm that combines differential evolution with a cavity prediction algorithm and
uses an extension of the Piecewise Linear Potential (PLP) as its scoring function. This
extension takes into account directionality, hydrogen bond charges, and electrostatic
interactions. It has proven to be one of the most accurate for rapid screenings because the best-
ranked poses are re-ranked using a more complex scoring function that adds an sp2-sp2 torsion
term to the hydrogen bond calculation and a Lennard-Jones potential term to the score [53]. In
parallel, to obtain an approximate evaluation of the best-ranked poses, we also used a binding
affinity estimation, so we also considered the Plants Score (Protein-Ligand ANT System)
algorithm, which is based on a stochastic optimization algorithm called ant colony optimization
(ACO) and whose empirical scoring function is similarly based on a PLP similar to that used
by MolDock but integrates more interaction types (repulsive, attractive, non-polar, hydrogen
bonds, and metallic), making it more conservative than MolDock and recommended as a
subsequent re-ranking strategy [53,54].

2.4. Molecular dynamics of ligand-protein complexes.

The PDB files of the target proteins, which were static and lacked H-atoms, were
modified and optimized to better understand their dynamic and functional behavior after being
conjugated with ligands. We used the UNRES online server [55-60] to perform molecular
dynamics (MD) simulations of the best protein-ligand interactions and analyze the dynamic
stability of the protein systems when docked with the best ligands. This recently developed
server uses physics-based coarse-grain simulations to predict protein dynamics and
thermodynamics. It can accurately predict protein structure, dynamics, and interactions over
longer periods [55-60]. The MD method based on coarse-grain was carried out at 300K using
the Berendsen thermostat for conformational search. Each MD trajectory had an integration
time of 48.9fs, and other parameters were set to default values for better system simulation.
We performed MD runs to predict root mean square deviation (RMSD), potential energy,
radius of gyration (Rg), and root mean square fluctuation (RMSF). The final simulation time
was 100ns, and output files were retrieved from the UNRES server and visualized using MMV
software.
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3. Results and Discussion

All the phytochemical compounds studied showed thermodynamically favorable bonds
against all the proteins considered in this study (Table 1). The overall thermodynamic mean
for all the predicted interactions for the proteins was -51.06 + 13.39kcal/mol, with less
favorable minimum values for Eucalyptol and maximum or more favorable for curcumin of -
30.17kcal/mol and -69.98kcal/mol, respectively. Specifically, for the LasA protein, the
thermodynamic mean was -48.50 + 12.37kcal/mol, also with less favorable values for
Eucalyptol (-26.08kcal/mol) and more favorable for curcumin (-65.52kcal/mol). For the LasB
system, the predicted thermodynamic mean was -52.89 + 16.63kcal/mol, with less favorable
values for Eucalyptol (-21.86kcal/mol) and more favorable for Epigallocatechin (-
73.35kcal/mol). For Lasl, the trend was similar to that predicted against LasB, with a
thermodynamic mean of -43.09 = 9.90kcal/mol, with less favorable values for Eucalyptol (-
27.28kcal/mol), and more favorable for Epigallocatechin (-60.31kcal/mol). While for the LasR
system, the predicted thermodynamic mean was -59.76 + 16.93kcal/mol, with less favorable
values for Allicin (-38.73kcal/mol) and more favorable for curcumin (-85.71kcal/mol). These
results show that Epigallocatechin and Curcumin were the phytochemical compounds with the
most thermodynamically favorable relative binding energies in all cases, with Eucalyptol being
the compound with the least number of favorable interactions.

Table 1. Phytochemical compounds and relative binding energy correspond to the scoring functions considered.

Kcal/mol

Phytochemical* CB-Dock2/Vina Score MolDock Score PLANT Score
LasA | LasB | Lasl | LasR | LasA | LasB Lasl LasR | LasA | LasB | Lasl | LasR
Epigallocatechin | -85 | -83 | -7.0 | -9.0 | -123.4 | -1456 | -132.0 | -173.2 | -60.1 | -66.1 | -42.0 | -60.0
Quercetin -7.9 -8.2 -6.9 | -10.3 | -1045 | -124.2 | -89.6 | -116.7 | -68.6 | -71.2 | -61.7 | -69.2
Curcumin -7.5 -8.1 -6.3 | -10.1 | -127.2 | -116.8 | -90.3 | -155.9 | -61.9 | -66.6 | -53.7 | -91.2
Piperine -7.5 -8.2 -6.7 | -109 | -79.3 | -1147 | -75.0 | -1196 | -52.4 | -76.4 | -55.3 | -83.0
Capsaicin -6.8 -7.7 -6.3 -9.6 -91.1 | -122.1 | -84.3 | -122.6 | -43.1 | -64.8 | -50.4 | -77.9
Cinnamic acid -65 | 64 | -59 | -70 | -66.0 | -67.1 | -60.6 | -71.7 | -63.9 | -59.6 | -54.1 | -61.1
Carvacrol -6.1 -6.2 -5.6 -7.3 -60.6 -58.3 -52.7 -74.3 -64.6 | -624 | -54.0 | -644
Gallic acid -60 | -55 | -52 | -68 | -830 | -722 | -548 | -87.2 | -62.6 | -56.9 | -48.3 | -56.1
Eucalyptol -4.8 -4.3 -5.0 -6.7 -27.6 -18.7 -31.7 -54.5 -45.8 | -42.6 | -45.1 | -60.4
Allicin -4.1 -4.1 -4.6 -5.1 -53.1 -59.5 -46.7 -55.4 -50.3 | -54.0 | -50.8 | -55.7

*, The structures of these drugs were obtained from the PubChem database (https://pubchem.ncbhi.nlm.nih.gov/)
in SDF format [49].

When studying the three most favorable poses or the first three places predicted for
each compound, it was observed that Epigallocatechin was the phytochemical that presented
the most favorable predictions for all the proteins studied, represented by 50% of favorable
complexes both in the poses located in the first place of the rankings and in the poses predicted
in second place, also gathering 50% of favorable complexes (Table 2). Followed by curcumin,
with = 66% of favorable complexes in the first poses and the rest only from the poses predicted
in third place (Table 2). Quercetin gathered ~ 66% of its most favorable complexes in poses
located in second place and the rest in third place (Table 2). Finally, Piperine was the last
compound to enter within the first three predicted favorable poses, but it concentrated 100% of
its complexes in the third place of the poses (Table 2).
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Table 2. Ranking of the most favorable ligand interactions.

. # of most favorable poses/protein system with favorable interaction
Ranking - - - - —
Epigallocatechin Curcumin Quercetin Piperine
1° 2/ LasB and Lasl 2/ LasA and LasR -
2° 2/ LasR and LasA - 2/ LasB and Lasl -
3° - 1/ Lasl 1/LasA 2/ LasB and LasR

All predicted interactions for protein complexes with Epigallocatechin and Curcumin
had a minimum of minus 2 hydrogen bonds and more than 6 van der Waals interactions. The
highest number of hydrogen bonds and van der Waals interactions were predicted for
complexes with curcumin (see Figure 1). Specifically, the Epigallocatechin + LasB complex
had 15% (2/13) hydrogen bond interactions, followed by 46% (6/13) van der Waals interactions
(see Figure 1A). The nature of most of the interactions of the Epigallocatechin + Lasl complex
were 11% (2/18) hydrogen bonds and 66% (12/18) van der Waals interactions (see Figure 1B).
On the other hand, for the Curcumin + LasA complex, 17% (3/17) hydrogen bonds were
predicted, and 70% (12/17) van der Waals interactions (see Figure 1C), while most of the
interactions of the curcumin + LasR complex were 12% (3/25) hydrogen bonds and 48%
(12/25) van der Waals interactions (see Figure 1D).
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Figure 1. 2D diagram and secondary structures of the most favorable molecular docking of a) Epigallocatechin
+ LasB; b) Epigallocatechin + Lasl; ¢) Curcumin + LasA; d) Curcumin + LasR.

Since the phytochemicals Epigallocatechin and Curcumin were the compounds that
showed the most favorable couplings, each with a different pair of proteins, the stability of the
Curcumin + LasA and Curcumin + LasR complexes (see Figure 2) were studied, as well as the
Epigallocatechin + LasB and Epigallocatechin + Lasl complexes (see Figure 3) as a function
of time after molecular dynamics at 100ns of simulation.
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Figure 2. RMSD, Rg and RMSF of LasA (a, b, ¢), LasR (d, e, f) in the presence and absence of curcumin,
respectively.
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After the simulations, it was observed that all the complexes studied were stable as a
function of the simulation time considered at the level of conformational fluctuations
(RMSD, Rg, and RMSF) and energetic (potential energy of the system). Specifically, an

RMSD < 6A was predicted for all complexes, with a difference of only =~ 0.5A between

protein systems in the presence and absence of ligands. Regarding Rg, all protein systems
were predicted to be stable with few fluctuations in trajectories in the presence and absence
of ligands, just as predicted for RMSD, with a difference in minimum energy structures
obtained between 0.1 — 0.5A. The stability of the complexes as a function of simulation time
was validated at the level of local fluctuations of each one in terms of RMSF, showing an

average for all systems in the presence and absence of ligands < 3A. On the other hand,

concerning the potential energy of protein systems in the presence and absence of ligands
after MD simulation, it was predicted that all systems are thermodynamically favorable
throughout the time considered in this study (Figure 4). Specifically, protein systems that
interacted with curcumin had an average potential energy of = -560kcal/mol, with slightly
more favorable systems in the presence of ligands.
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Figure 3. RMSD, Rg and RMSF of LasB (a, b, c); Lasl (d, e, f) in the presence and absence of
Epigallocatechin, respectively.

While with Epigallocatechin’s thermodynamic average at the end of MD simulation was
~ -770kcal/mol for all systems. The Curcumin + LasA complex was the one that presented the
greatest difference at potential energy level after 100ns of simulation, with a decrease in system
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energy in the presence of ligand by ~ -50kcal/mol, indicative of a thermodynamically more
favorable system compared to free protein.
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Figure 4. The potential energy of (a) LasA; (b) LasR in the presence and absence of curcumin, respectively;
and of (c) LasB; (d)Lasl in the presence and absence of Epigallocatechin, respectively.

The results obtained in this study are consistent with other molecular docking studies
that have found that the phytochemicals Epigallocatechin and Curcumin tend to have very
favorable relative binding energies, as well as stable MD bonds against clinically relevant
pathogens related to P. aeruginosa [61], and pandemic-causing pathogens [62]. In addition, the
interaction of these types of compounds with the potential inhibitory activity of proteins of
interest associated with pathogens such as P. aeruginosa has already been studied [63]. The
fact that Epigallocatechin and Curcumin were the phytochemical compounds with the most
thermodynamically favorable relative binding energies in all cases is not a coincidence. It
corresponds to including these compounds in clinical trials against unrelated clinically relevant
pathogens [64]. Our observations hold great importance due to the increasing prevalence of
multi-drug resistant bacteria, which has made it necessary to develop new strategies for
studying potential microbial targets and thus contribute to the fight against bacterial invasion
and colonization. Quorum sensing (QS) is a communication system used by bacteria such as
P. aeruginosa that involves signaling molecules to control virulence, bioluminescence, and
survival. QS also plays a role in biofilm formation, protecting conventional antimicrobial
compounds. Biofilms create specific environments that allow bacteria to tolerate antibiotics.
This is why seeking QS inhibition through alternative compounds can improve the
effectiveness of traditional antibiotics, prevent the spread of resistant strains, and reduce
biofilm formation [63]. However, the search for effective phytochemicals against pathogens
continues, and safety concerns loom over the application of phytomedicines, especially due to
the scarcity of available data on the safety, efficacy, and quality of most of these plants.
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Uninvestigated use of purified compounds is not recommended, and these phytochemicals
must first undergo adequate safety and efficacy testing, although it has been noted that
phytochemicals are inherently safe to use because of their biocompatibility, ecology and lower
toxicity compared to xenobiotics [63].

4. Conclusions

All the phytochemical compounds studied showed thermodynamically favorable bonds
and stability over time in dynamic terms (at the level of distance and residue fluctuation)
against all the proteins studied. Epigallocatechin and curcumin were the phytochemicals with
the most thermodynamically favorable and stable relative binding energies in all cases, with
Eucalyptol being the least favorable compound. In this sense, the fact that Epigallocatechin and
Curcumin were the phytochemical compounds with the most thermodynamically favorable
relative binding energies in all cases corresponds to including these compounds in clinical trials
against unrelated clinically relevant pathogens. Therefore, more studies are necessary to
continue understanding the mechanism of action of these promising compounds against such
important pathogens at a global public health level.
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