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Abstract

Chronic wounds are a big challenge in contemporary society, as they lead to a decrease in life-quality,
amputations and even death. Infections and biofilm formation might occur with chronic wounds, due to the
higher susceptibility to antibiotic multi-resistant bacteria. In this situation, novel wound dressing biomaterials
are needed for treatment. Thus, the aim of this research was to evaluate a possible BNC interaction with
tucumd oil/butter-derived fatty acids, as this system could be a promising biomaterial for wound treating.
The interaction between cellobiose (BNC basic unit) and four fatty acids was evaluated by ab initio simulations
and density functional theory (DFT), through SIESTA code. Molecular docking was also used to investigate the
effect of a possible releasing of the studied fatty acids to the quorum-sensing proteins of Pseudomonas
aeruginosa (gram-negative bacterium) and Staphylococcus aureus (gram-positive bacterium). According to
ab initio simulations, the interaction between cellobiose and fatty acids derived from tucumd oil/butter was
suggested due to physical adsorption (energy around 0.17-1.33 eV) of the lipidic structures into cellobiose. A
great binding affinity (AG ranging from 4.2-8.2 kcal.mol?) was observed for both protonated and
deprotonated fatty acids against P. aeruginosa (Lasl, LasA and Rhir) and S. aureus (ArgA and ArgC) quorum-
sensing proteins, indicating that these bioactive compounds might act as potential antimicrobial and/or
antibiofilm agents in the proposed system. Hence, from a theoretical viewpoint, the proposed system could

be a promising raw biomaterial in the production of chronic wound dressings.
Keywords: bacterial cellulose; tucuma; Astrcaryum vulgare, ab initio, DFT, docking.

1. Introduction

Skin is the largest organ of the human body and is responsible for several biological functions, such as: (i)
serving as an external barrier for pathogens, (i7) the maintenance of humidity and temperature of adjacent
tissues, (ii7) water secretion, and so forth (Bacakova et al., 2020). In this sense, chronic wounds are known to
affect about 70 million people worldwide, thus being a major problem in contemporary society (Xiao, Ahadian,
& Radisic, 2017), as they can lead to a decrease in life-quality, amputations, and even death (Homaeigohar &
Boccaccini, 2020). Hence, chronic wounds are commonly associated with expensive costs in healthcare

systems (Olsson et al., 2019). In brief, a chronic wound is defined as a wound that heals in an unpredictable
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time span, which can result in improper healing and further complications, such as infections (Nethi, Das,
Patra, & Mukherjee, 2019). Some common chronic wounds are pressure ulcers, vascular ulcers (which include
venous and arterial ulcers) and diabetic ulcers (Frykberg & Banks, 2015). Chronic wounds are caused by
persistent diseases and aging (L. Gould et al., 2015; X. Zhang et al., 2020).

The wound healing process has three main phases: haemostasis, inflammation and proliferation (Kanikireddy,
Varaprasad, Jayaramudu, Karthikeyan, & Sadiku, 2020). The aim of haemostasis is to stop bleeding by platelet
accumulation and cloth formation. The inflammation is guided by vasodilatation in the wound area and by
macrophage action to attack pathogens and remove apoptotic cells. During proliferation, a new connective
tissue, composed of extracellular matrix (ECM) and collagen, is formed, followed by tissue remodelling and
tensile strength improvement (Nethi et al., 2019). However, all these physiological processes tend to take more
time than usual and are more susceptible to complications in a chronic wound (Cai et al., 2018; Shahi, Singh,
Kumar, Gupta, & Singh, 2013).

When a patient has a chronic wound, they are highly susceptible to infections and complications associated
with drug-resistant bacteria (Y. Wang et al., 2019), thus needing novel approaches to the treatment. The main
bacteria responsible for chronic wound infections are Pseudomonas aeruginosa, Staphylococcus aureus,
Acinetobacter baumannii and Klebsiella pneumoniae (Moghadam, Khoshbayan, Chegini, Farahani, & Shariati,
2020). Among these microorganisms, P. aeruginosa and S. aureus are classified as critical and high priority
by the World Health Organization (Asokan, Ramadhan, Ahmed, & Sanad, 2019), respectively, as they require
novel effective antimicrobial agents.

In addition to infections, bacteria can normally produce biofilms (polysaccharide-based barriers) on the wound
as a protection mechanism, which is guided by a process called quorum-sensing (QS) (Subramani &
Jayaprakashvel, 2019). It is estimated that these biofilms are present in about 60% of chronic wounds (Teixeira,
Paiva, Amorim, & Felgueiras, 2020). QS refers to the way in which bacteria communicate with each other to
increase populational density and to produce biofilms (Gnanendra, Anusuya, & Natarajan, 2012; Papenfort &
Bassler, 2016). This communication occurs through signalling substances, known as auto-inducers, such as
N-acyl-homoserine lactones (AHL), autoinducing peptides (AIP) and auto-inducers II (A-2) mainly (An et al.,
2019; Huang et al., 2016). Therefore, the often-investigated approaches to combat bacterial infections and
biofilm production rely on what is called quorum-quenching (QQ), that is, mechanisms able to interfere or
even interrupt the QS process (Rehman & Leiknes, 2018).

At the same time, bacterial nanocellulose (BNC) is an exopolysaccharide produced by acetic bacteria that can
be used as a dressing intended for chronic wounds (Cavalcanti et al., 2017; Portela, Leal, Almeida, & Sobral,
2019). Due to its nanofibrous structure (fibre diameters ranging from 20-100 nm (Abol-Fotouh et al., 2020;
Jozala et al., 2016; Norrrahim et al., 2021; Oviedo et al., 2021)), BNC displays unique properties, such as: (i)
the absence of lignin, pectin and hemicellulose phases; (i7) a high degree of crystallinity; (ii7) biocompatibility;
(iv) no toxicity; (v) a high surface to mass ratio; and (vi) a high water absorption ability, among others (Choi
& Shin, 2020; Gorgieva, 2020; SALIHU et al., 2019). Due to its outstanding properties, BNC-based wound
dressings can serve as mechanical barriers to external microorganisms, maintain the humidity of the target

area, absorb a great amount of wound exudate, present gas/liquid permeation, and display a suitable tensile
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strength (Azeredo, Barud, Farinas, Vasconcellos, & Claro, 2019). Also, when applied to treat severe burns,
BNC provides pain relief to patients, due to the protection of the nerve endings (Pang et al., 2020). Despite
the features of BNC, it lacks antimicrobial activity in the pristine form (El-Wakil, Hassan, Hassan, & El-Salam,
2019); to solve this, several antimicrobial agents could be attached to the BNC structure by ex situ or in situ
modifications (Stumpf, Yang, Zhang, & Cao, 2018).

Both synthetic and natural antimicrobial agents have been investigated in the literature (Varier et al., 2019).
The preference for naturally-derived antimicrobial agents in biomedical applications relies on the fact that
microorganisms cannot generate resistance to them as they are natural substances (Kumar, Lee, Beyenal, &
Lee, 2020). Naturally-derived antimicrobial agents include vegetal and essential oils, antimicrobial peptides
and fatty acids (Aslanli, Lyagin, Stepanov, Presnov, & Efremenko, 2020; Casillas-Vargas et al., 2021;
Lalouckova et al., 2021; Pereira dos Santos et al., 2019; Sekar, Paul, Srinivasan, & Rajasekaran, 2021). In this
respect, tucuma (Astrocaryum vulgare), an Amazon fruit from which an oil or a butter can be extracted, and
its derivatives have been investigated for biomedical applications (Baldissera et al., 2017; Bressa et al., 2021;
Cordenonsi et al., 2020; Fernandes, 2015; Rossato et al., 2020, 2021). The high fatty acids content of tucuma
is the main feature that can provide either antimicrobial or antibiofilm activity to its derivatives (Casillas-
Vargas et al., 2021).

Besides the structural role of fatty acids, they are also known to play a protective role in both humans and
plants (Badhe, Gupta, & Rai, 2019; Cartron et al., 2014; Lim, Singhal, Kachroo, & Kachroo, 2017; Santos et
al., 2021). Moreover, fatty acids have been found to display antibiofilm properties in low concentrations and
antimicrobial activity in high concentrations (Kumar et al., 2020). It is also worth mentioning that fatty acids
are amphiphilic substances that form and/or can mimic the QS structures of pathogenic bacteria, such as
diffusive signal factors (DSF) and AHL, for example (Dow & Naughton, 2017; Espinosa-Urgel, 2016). The
main hypotheses of the antimicrobial/antibiofilm activity of fatty acids are: (i) the undesirable release of
metabolites of intracellular pathogens by cellular membrane disruption; (i7) nutrient absorption blockage, as
well as a negative influence on the electron transport chain; and (iii) toxicity caused by their oxidation by-
products (Kumar et al., 2020).

Tucuma oil and tucuma butter have already been evaluated in the literature and presented good
biocompatibility, an ability to modulate the inflammatory process and a 60-day storage stability, as well as
antimicrobial and antibiofilm activity against pathogenic bacteria (Rossato et al., 2021). In addition, the
combination of tucuma oil and butter together resulted in an improved healing activity of HFF-1 cells (human
fibroblasts) using scratch in vitro tests (Rossato et al., 2020). These interesting properties make tucuma oil and
butter suitable for applications involving chronic wound dressings. Also, the abundance of tucuma and the
presence of other components in its structure that are known to be responsible for anti-inflammatory and
antioxidant properties, such as beta-carotene, polyphenols and tocopherols, can be beneficial for the purpose
of chronic wound dressings. To the best of our knowledge, tucuma oil and butter impregnation into BNC has
not been studied yet, either in silico or in vitro.

In silico methods, such as ab initio simulations and molecular docking, could be useful during the proposition

of novel wound dressing materials, as these simulations are in accordance with the 3R principles (replacement,
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reduction and refinement) (Jean-Quartier, Jeanquartier, Jurisica, & Holzinger, 2018). The interaction of
biopolymers and hydrogels with other chemical compounds has already been investigated through ab initio
simulations based on the density functional theory (DFT) (Cortes et al., 2019; De Salvi et al., 2014; Deka &
Bhattacharyya, 2017; Pontoh, Rarisavitri, Yang, Putra, & Anugrah, 2022), which can provide useful insights
concerning the mechanisms of the possible modification of BNC with tucuma oil and butter.

Pontoh et al. evaluated the interaction between cellulose and amylum through DFT/ab initio simulations, in
which an interaction occurred by hydrogen bond formation that could be attributed to a physical adsorption
(Pontoh et al., 2022). Deka and Bhattacharyya also studied the interaction of chitosan (a biopolymer with
analogous monomers of cellulose) and its derivatives with amino acids, based on DFT and ab initio
simulations, focusing on a protein-carrier system (Deka & Bhattacharyya, 2017). In this study, the interactions
between the structures were strong, being indicative of chemical adsorption, due to the amine groups present
in the dimer instead of only hydroxyl groups, as in cellobiose. Likewise, Cortes et al. studied the interaction
of acrylamide hydrogels and anti-malaria drugs through DFT/ab initio simulations, with a focus on drug
delivery (Cortes et al., 2019). Their findings suggested a physical adsorption of the primaquine, amodiaquine
and chloroquine drugs in the polymeric matrix, which was interesting for the treatment of malaria.

Besides these studies, other investigations were also published in literature involving ab initio simulations to
study cellulose I and fatty acid properties separately. For example, Li evaluated the structural properties of
cellulose I, which is the major crystalline phase of BNC (Kondo, Rytczak, & Bielecki, 2016; Y. Li, Lin, &
Davenport, 2011). In an equivalent manner, Mohammed investigated the structural properties of date palm
seed (DPS) extract through DFT/ab initio simulations using its major fatty acids (lauric, myristic, oleic,
phthalic, caprylic and palmitic acids), with the goal of proposing a green anti-corrosive material. In this context,
other studies have also investigated the interaction of carbon-based structures with chemical compounds
through ab initio simulations (de Moraes, Tonel, Fagan, & Barbosa, 2019; Turi M. Jauris, Fagan, Adebayo, &
Machado, 2016; Machado et al., 2016; Ramos et al., 2018; Tonel, Gonzalez-Durruthy, Zanella, & Fagan, 2019;
K. Wang et al., 2020).

Additionally, molecular docking has been used to infer the antimicrobial or antibiofilm activity of potential
bioactive substances due to the binding affinity of these chemical compounds to QS proteins of pathogenic
bacteria (Aslanli et al., 2020; Chemmugil, Lakshmi, & Annamalai, 2019). Structures like L-tryptophan have
demonstrated a binding affinity to four QS proteins of P. aeruginosa, which was accomplished with reduced
in vitro gene expression (Chakraborty et al., 2018). Hence, assuming the releasing of BNC-modifier
substances (e.g., tucuma oil and butter major fatty acids), the potential antimicrobial/antibiofilm activity of
the proposed system could be assessed.

In this sense, the investigation and analysis of the proposed system could be enhanced by combining ab initio
and docking simulations. This was previously shown in studies involving functionalized graphene interacting
with glutamate, in which the interactions of graphene/glutamate (modifying the involved structures) were
attributed to a physical adsorption regime and confirmed both by ab initio and molecular docking (Tonel et
al., 2019).

Thereby, the aim of this paper was to investigate the interaction of BNC with tucuma oil and butter from an
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in silico viewpoint, to propose a possible antimicrobial and/or antibiofilm system that could be used as the
raw biomaterial for chronic wound dressing production. The investigation was based on ab initio simulations
and molecular docking, with the hypothesis that the major fatty acids contained in the tucuma oil and butter
could be used to impregnate the BNC structure and that their release might interfere with the QS process of

two pathogenic bacteria, P. aeruginosa (gram-negative) and S. aureus (gram-positive).

2. Methods

First, it is important to mention that all the chemical structures were obtained from the PubChem database.
Cellobiose (CID: 10712), which is the repeating unit of BNC, and the major fatty acids that compose the
tucuma oil and butter precursors (~ 10% wt.) were used during simulations, due to computational limitations
and to reduce computational costs. The choice of cellobiose was possible due to DFT-based studies that use
this dimer to estimate interactions of nanocellulose oligomers or crystal structures with other chemical
compounds (De Salvi et al., 2014; Y. Li et al., 2011; Vilela et al., 2020; Zarei, Niad, & Raanaei, 2018). Also,
DFT studies involving polymers normally use dimers during the simulations (Deka & Bhattacharyya, 2017;
Pontoh et al., 2022; Rahmawati, Radiman, & Martoprawiro, 2018), as it is known that the interaction between
dimers and other compounds is extendable to oligomers and macromolecules (Cortes et al., 2019). The fatty
acids used were: lauric acid (CID: 3893), myristic acid (CID: 11005), oleic acid (CID: 445639) and palmitic
acid (CID: 985), all of which are the major components of tucuma butter, while oleic and palmitic acids for
the major components of tucuma oil (COSTA, SANTOS, CORREA, & FRANCA, 2016; Leonardi, Arauz, &
Baruque-Ramos, 2019).

Ab initio simulations showed the electronic nature of the interaction between each fatty acid and the cellobiose.
Such investigations might serve as an indication of BNC impregnation/modification with tucuma oil and butter.
Likewise, molecular docking was used to assess the interaction of the studied fatty acids (the bioactive
compounds of the proposed system) against three QS proteins of P. aeruginosa and two QS proteins of S.
aureus. By confirming the binding affinity of the bioactive compounds of the proposed system against these

macromolecules, it is anticipated that they can act as antimicrobial or antibiofilm agents.

2.1 Ab initio simulations

It is worth pointing out that ab initio simulations were implemented through SIESTA computational code

(Soler et al., 2002) and based on the DFT, Born-Oppenheimer approximation, Hohenberg-Kohn theorems, and

self-consistent Kohn—Sham equations (Born & Oppenheimer, 1927; Hohenberg & Kohn, 1964; Kapil, Shukla,

& Pathak, 2020; Kohn & Sham, 1965). Also, the following parameters were used: double ( plus a polarized

function (DZP) as the numerical basis set, the local density approximation (LDA) approach to express the

exchange and correlation potential (Vxc) (Perdew & Zunger, 1981), and the basis set superposition error (BSSE)
correction (Boys & Bernardi, 1970). The LDA approximation and BSSE correction were selected due to: (i)

both having already been used in similar works (de Moraes et al., 2019; Hernandez Rosas, Ramirez Gutiérrez,

Escobedo-Morales, & Chigo Anota, 2011; I. M. Jauris et al., 2016; Turi M. Jauris et al., 2016; Machado et al.,

2016); (ii) the LDA shows suitable agreement of bonding energies and bond distances in comparison with
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experimental data; and (iii) LDA also displays good agreement for weak interacting systems, particularly in
materials which present n-m interactions (Arrigoni & Madsen, 2019; Cresti, Lopez-Bezanilla, Ordejon, &
Roche, 2011; B. Li, Ou, Wei, Zhang, & Song, 2018; Tournus & Charlier, 2005; Tournus, Latil, Heggie, &
Charlier, 2005). Other relevant simulation parameters were grid cut-off = 200 Ry, residual forces < 0.05 eV.A"
!, and cell dimensions of 50 A in all directions. The structures were optimized at first; thus, their local density
of states (LDOS) information was used as a basis to produce possible configurations for fatty acids/cellobiose
interactions. The following were obtained in each interacting system: (i) BSSE-corrected interaction energys;
(i) distance of closed interacting atoms; (iii) Highest Occupied Molecular Orbital (HOMO) -Lowest
Unoccupied Molecular Orbital (LUMO) difference (AHL); and (iv) charge transfer between the structures.
The BSSE-corrected interaction energy was calculated through Equation 1 and expressed in eV. This type of
methodology has been used in recent studies within our research group (de Oliveira et al., 2020; Ramos et al.,
2018; Tonel et al., 2019). The subscript ghost in Equation 1 means the atomic basis set for atomic positions of
A and B, but without representing the atomic potentials in such positions (Ramos et al., 2018). It is worth to

mention that all the fatty acids were used in the protonated state.
Epsse = ESystem - E(A + B(ghost)) — E(A(ghost) +B) (1)

2.1 Molecular docking

Molecular docking was used to investigate the interaction between the major fatty acids of tucuma oil and
butter and the proteins that participate in QS of P. aeruginosa (gram-negative bacterium) and S. aureus (gram-
positive bacterium). The following macromolecules were obtained from the Protein Data Bank (PDB): Lasl
(PDB ID: 1ROS), LasA (PDB ID: 31T7) and RhIR (PDB ID: 6CCO0) — P. aeruginosa; AgrA (PDB ID: 4G4K)
and AgrC (PDB ID: 4BXI) — S. aureus. During docking simulations, AutoDock Tools was used for protein
and ligand preparation, and AutoDock Vina was used to perform the docking itself. In the case of 4BXI, which
presented missing amino acid residues, protein homology modelling was used through the Swiss-Model
platform before docking. The modelled protein was validated through a Ramachandran plot (Hema, Ahamad,
Joon, Pandey, & Gupta, 2021), in which more than 96% of protein amino acid residues were located in
favourable regions. The Ramachandran plot for 4BXI homologue protein and the grid box information are
available in the Supplementary Material.

Notably, Lasl and LasA proteins play active roles in the Las and Rhl QS-systems of P. aeruginosa, in which
Lasl and LasA are responsible for the bacterial gene transcription associated with biofilm production (A.
Gould et al., 2004). Likewise, AgrA and AgrC also play active roles in the Agr QS-system of S. aureus, being
the two proteins responsible for virulence factor expression, extracellular toxin release and repression of
adhesins (Leonard, Bezar, Sidote, & Stock, 2012).

The molecular docking protocol developed by Forli and colleagues (Forli et al., 2016) was used with
adaptations, such as: (i) the platform DeepSite was used to predict the active site of the QS proteins; and (if)
the eBoxSize script was used to calculate the box dimensions according to ligand sizes (Feinstein & Brylinski,

2015; Lopreiato et al., 2021; Schopf et al., 2021). The visualization steps and the analysis of results were
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performed using PyMol (3D visualization) and LigPlus (2D visualization). The binding affinity (which
approximates to the free energy of binding (FEB) of each interaction) between protein-ligand was calculated
using Equation 2 and expressed in kcal.mol™!, where more negative values indicate great protein-ligand
complex affinity (due to the spontaneity to bind), while positive values indicate the absence of affinity,
characteristic of an unfavourable docking result.

AG = FEB = AGyqy + AGy + AG, + AGjy, (2)
where:
AG: protein-ligand complex binding aftinity.
AGvaw: chemical potentials related to Van der Waals interactions.
AGH: chemical potentials related to hydrogen bonding.
AGe: chemical potentials related to electrostatic interactions.
AGint: chemical potentials related to intramolecular interactions.
Another import docking metric, the Root Mean Squared Deviation (RMSD), was used together with the
binding affinity during the analysis of results. The RMSD is given by Equation 3, and the docking results in
which RMSD < 2.0 A and RMSD # 0 A were considered favourable docking runs, serving as a validating
approach (Schweiker & Levonis, 2020; Trott & Olson, 2009).

2
Zn(atom(ug) - atomirec) 3)
n

RMSD (Poseilig' POSeirec) = \/

where:

atomgilig): mean ligand atomic position.

atom(irec): mean receptor (protein) atomic position.

n: mean system atomic position.

It 1s important to mention that the docking analyses were validated by applying the same protocol for L-
tryptophan (CID: 6305) and anethol (CID: 637563), which were used as control compounds, as they were
already capable of eliciting the QQ on proteins of P. aeruginosa and S. aureus (Chakraborty et al., 2018;
Kwiatkowski et al., 2019), respectively, from an in silico and/or in vitro viewpoint. After that, the influence of
using the fatty acids in the protonated and deprotonated forms were evaluated, where the latter tends to occur
with pH values above 7.4 (Shoemark et al., 2021). Studying the two fatty acid protonation states is pertinent
to the clinical viewpoint. Succinctly, a healthy skin pH (pH = 4.0 — 6.0) is characterized as slightly acidic,
while chronic wounds normally present pH = 7.15 — 8.30, which tend towards alkalinity (Gethin, 2007; Jones,
Cochrane, & Percival, 2015). In this context, the protonation state of the bioactive compounds of the proposed
system is indispensable in molecular docking simulations, as wound dressings do not elicit skin pH changes
in normal conditions, while pH changes are possible in chronic wound treatment and might be beneficial to
the patient (Jones et al., 2015).

The statistical methods used a 95% confidence interval and involved: (i) descriptive statistics and contingency
tables (expressed in heatmaps), used to deal with more punctual investigations (e.g., the influence of fatty acid

deprotonation on the residual amino acids involved in the interaction with QS proteins, as well as the changes
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in the nature of the interactions); (if) Chi-Squared test, intended for hypothesis testing validation. All statistical

analyses were performed through Python 3.8 using the Google Colab platform.

3. Results and discussion

3.1 Ab initio simulation

As mentioned previously in the Methods section, the LDOS information was obtained for all the studied
structures; that is, their HOMO and LUMO information, as well as the HOMO/LUMO difference (AHL).
Table 1 shows the quantitative results obtained for isolate structures. Likewise, Figure S1 (Supplementary

Material) presents the LDOS plots for the studied structures.

Table 1. HOMO and LUMO difference (AHL) for isolated structures.

AHL found in
Structure AHL (eV) . Reference
literature (eV)

Cellobiose 5.44 5.40 [59]
Lauric Acid 5.29 5.28 [102]
Myristic 102

'y 5.28 5.29 [102]
Acid
Oleic Acid 472 4.55 [102]
Palmitic [102]
) 5.27 5.29
Acid

As can be seen in Table 1, the overall results were close to those of the literature studies (Y. Li et al., 2011;
Mohammed, Othman, Taib, Samat, & Yahya, 2021), although oleic acid presented a difference to the literature,
which could be attributed to the unsaturated carbon chain and the fact that Mohammed et al. used a GGA
approximation in their study (Mohammed et al., 2021). According to Figure S1, the LDOS plot of the
cellobiose HOMO presented charges mainly distributed on the first glucopyranose ring, as well as on the
hydroxyl groups along the structure. Meanwhile, the cellobiose LUMO displayed charges on the second
glucopyranose ring and along the carbons and hydroxyls. Also based on Figure S1, the saturated fatty acid
(lauric, myristic and palmitic acid) charges were mainly located at the carboxylic acid function group (COOH)
in both the HOMO and LUMO. On the other hand, oleic acid had the charges distributed on the unsaturated
region (C=C) of the carbon chain in the HOMO plot, and distributed between the COOH and C=C regions in
the LUMO plot. These results were in accordance with literature studies involving DFT and these fatty acids
(Ituen, Essien, Udo, & Oluwaseyi, 2014; Mohammed et al., 2021; K. Wang et al., 2020).

The LDOS plots illustrated in Figure S1 served as the basis for the evaluation of the possible interactions
between cellobiose and each fatty acid. Based on the LDOS plots, several configurations were elaborated to

investigate possible interactions between cellobiose and fatty acids. Figure 1 shows one example for these
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configurations: the cellobiose-lauric acid interaction. Other configurations for cellobiose interaction with

myristic acid, palmitic acid and oleic acid are available in the Supplementary Material (Figure S2).
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Figure 1. Configurations for the interaction of cellobiose-lauric acid. (CBL refers to cellobiose-lauric acid
system, while the numbers refer to configuration id).

Table 2 shows the results obtained for all cellobiose-fatty acid systems. It is important to observe that the
absolute values for AHL were less than those for the isolated structures, shown in Table S1. This behaviour
suggests that these structures might interact when in contact with each other, as compounds with low AHL
have low thermodynamic stability and high reactivity (Miar, Shiroudi, Pourshamsian, Oliaey, & Hatamjafari,
2021; Pontoh et al., 2022; G. Zhang & Musgrave, 2007). This happens because removing an electron from the
HOMO and adding it to the LUMO is an energetically favourable process in a compound with low AHL and
is energetically unfavourable in compounds with higher AHL (Ruiz-Morales, 2002). Looking at the obtained
(7) binding energy, (ii) distances of the closed atoms, and (iii) charge transfer values, a physical adsorption
could be seen between the cellobiose unit and each fatty acid in all configurations [56-58, 65, 81]. In practical
terms, the physical adsorption indicates that these cellobiose-fatty acid configurations might occur at room
temperature, and they can be broken by physical stimuli, like an increase in temperature, pressure conditions,
humidity, pH, contact with other compounds and so forth (Kecili & Hussain, 2018). Furthermore, the physical
interaction is pertinent to the research purpose, once it seeks to release the bioactive compounds incorporated
into the polymeric cellulose matrix.

Overall, it was noted that the binding energies were greater when the LDOS regions with high charges were
closer together. Similarly, when these regions moved apart, a lower binding energy was obtained. Lauric,

myristic and palmitic acids interacted with cellobiose in a similar manner, as they are saturated fatty acids that
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differ in the size of their carbon chain. Oleic acid was the only unsaturated fatty acid in this research, and the
two regions of the LDOS plots led to different configurations when compared to the cellobiose-saturated fatty
acid systems. However, in the cellobiose-oleic acid interactions, the values for (i) binding energies, (if)
distances between the closed interacting atoms, and (7ii) charge transfer also suggest an interaction based on
physical adsorption [56-58, 65, 81]. Figure 2 illustrates the energy level plot and the LDOS plot for the most
stable cellobiose-lauric acid and cellobiose-oleic acid systems. It can be inferred that the difference in AHL in
relation to the isolated structures ranged from 0.28-1.50 eV, which is in accordance with literature studies that

also attributed the interactions to physical adsorption [53, 57, 59, 60, 72].

Table 2. Results for cellobiose-fatty acid interacting systems.

Binding Molecular Charge
Configuration AHL (eV)
energy* (eV) distance** (A) transfer®** (e)
CBL1 -0.55 2.04 4.47 0.04
CBL2 -0.78 1.70 3.94 0.05
CBL3 -0.67 2.01 4.25 0.03
CBL4 -0.17 2.18 4.97 0.11
CBL5 -0.27 2.25 4.39 0.08
CBMI1 -0.49 1.57 3.74 -0.03
CBM2 -0.57 1.76 4.27 -0.01
CBM3 -1.09 1.84 4.04 0.01
CBM4 -0.96 1.79 4.85 0.05
CBM5 -1.33 1.89 4.77 0.03
CBP1 -1.21 1.94 4.92 0.13
CBP2 -0.27 2.14 491 0.03
CBP3 -0.41 2.08 4.99 0.03
CBP4 -0.33 1.96 4.98 0.02
CBP5 -0.33 2.13 4.50 0.02
CBOl1 -0.25 2.42 4.63 0.04
CBO2 -0.43 1.84 4.52 0.03
CBO3 -0.38 2.02 4.70 0.02
CBO4 -0.48 1.93 4.34 0.01

* The negative sign indicates attractiveness between the structures.

** Distances are in relation to the closest atoms of the two structures interacting.

*** In relation to cellobiose. Positive values indicate charge receipt; negative value indicate charge
donation.

All the fatty acids were in the protonated state.
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Figure 2. Energy levels and LDOS plots for the most stables systems of cellobiose-lauric acid and cellobiose
oleic acid (isosurface values of 0.001 e/Borh?).

Based on the ab initio results and the suggested physical adsorption, the studied fatty acids were then used to
investigate their own effect against macromolecules of P. aeruginosa and S. aureus through molecular docking.
It is noteworthy that this effect could be beneficial to the proposed system due to the hypothesis that these
fatty acids could be desorbed from cellobiose and possibly promote the QQ of pathogenic bacteria.

3.2 Molecular docking

The binding affinities obtained from favourable molecular docking runs (RMSD < 2.0 A and RMSD # 0 A)
for the tucuma oil and butter major fatty acids against the QS proteins of P. aeruginosa and S. aureus are
shown in the Supplementary Material (see Tables S2 and S3). It is interesting to note that all the ligands
presented interesting AG values during interaction with the QS proteins, either in the protonated or
deprotonated form, in which more negative signs indicates good spontaneity of binding (Schweiker & Levonis,
2020). Figure 3 exemplifies two complexes obtained during docking simulations: 6CC0-oleic acid (P,

aeruginosa) and 4BXI-myristic acid (S. aureus), respectively. A hydrogen bond could be seen in the 6CCO-
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oleic acid interacting complex between oleic acid and the Val78 amino acid residue (bond length 2.89 A), as
well as hydrophobic contacts with other amino acid residues of the 6CCO protein. Correspondingly, a hydrogen
bond between myristic acid and the Thr21 amino acid residue (bond length 3.22 A) and hydrophobic contacts

with other amino acid residues of the 4BXI protein were observed in the 4BXI-myristic acid interacting
complex.
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Figure 3. 6CCO-oleic acid (top) and 4BXI-myristic acid (bottom) complexes.

The validation of molecular docking simulations is shown in Table 3. As mentioned in the Methods section,
the binding affinities and amino acid residues involved in the interaction between each protein and the studied
fatty acids were compared to the best pose of the controls (Nogueira et al., 2021). Based on Table 3 and the
Supplementary Material (Tables S2 and S3), it was possible to note that the binding affinities of the fatty acids
against P. aeruginosa and S. aureus proteins were close to those of the controls. Moreover, the percentage of
amino acid residues that were common to both the fatty acids and the controls suggest a similar behaviour
compared to L-tryptophan and anethol, despite the 4G4K protein presenting a lower percentage (50%) of

amino acid residues in common between the studied fatty acids and the controls. This percentage was relevant
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for the other proteins, which suggests that the interacting site was similar for the tucuma oil/butter major fatty

acids and the control compounds (Nogueira et al., 2021). As the majority of the amino acid residues involved

in the fatty acid/QS protein interactions are practically the same as the controls, it is inferred that these

structures could present antibiofilm or antimicrobial activity against P. aeruginosa and S. aureus from a

practical viewpoint (Chakraborty et al., 2018; Kwiatkowski et al., 2019). However, in some cases, such as

1ROS, an amino acid residue (e.g., Ile107) might still interact through a nonpolar contact rather than a polar

one, which was found in the L-tryptophan ligand and also happened in the case of 6CCO, where the Tyr66

residue also appeared in the fatty acid/6CCO interactions, but by a nonpolar contact instead of a polar one. For

these two situations, as well as in the case of protein 4G4K, it is supposed that the inhibition of the QS protein

might still happen, but due to a mechanism not fully understood yet.

Binding . . Residues involved  %Residues
Aminoacid
Protein affinity Contact ) in the interaction
residues
(kcal.mol ™) with all fatty acids common*
Polar Ile107
Alal06,
Alal06,
Arg30, Phe27,
1R05 -5.8 Arg30, I1e107, 70%
Apolar Phel05, Phell7,
Phe27, Phel05,
Thr144, Thr145,
Phel17, Thr144
Trp33, Vall26
Asp36, )
Polar . Asp36, His81
His81
Asn20,
31T7 -6.0 _ ) Asn20, 88%
His120, His122, ) )
Apolar His120, His122,
Thr117, Trp4l,
Thr117, Trp41l
Tyr80
Polar Tyr66
Asp75, 1le77,
Asp75, 1le77,
Ile110, Met127,
Ile110, Met127,
6CCO -7.3 Phe54, Ser38, 92%
Apolar Phe54, Ser38,
Ser129, Thr72,
Thr72, Trp90,
Trp62, Trp90,
Tyr58, Tyr66, Val78
Tyr58, Val78
Polar
Aspl58, Aspl358,
4G4K -5.0 50%
Apolar  Aspl76, Glul63, Aspl76, Leul75,

His174, His227,

Tyr229
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Leul75, Phel6l,

Tyr229
Polar
Ile3, Ile8,
Ile3, Ile8,
4BXI1 -5.1 I1e20, I1e24, Ile36, 88%
Apolar I1e20, 11e24, Leus,
Leu5, Leull,
Leull, Lys17
Lys17

*Fatty acids versus control

Table 3. Validation of molecular docking.

Figure 4 shows the binding affinities for the docking complexes due to the protonation states for each ligand
(e.g., protonated fatty acid versus deprotonated fatty acid) and with respect to the 1ROS5, 31T7, 6CCO0, 4G4K
and 4BXI proteins. As noted in Figure 5, in most situations, there is a decrease in binding affinity when the
fatty acid is deprotonated, except in the analysis involving the 1ROS5 protein, where the docking related to
1ROS5 displayed greater values for the deprotonated states of oleic and palmitic acids. Such exceptions might
be related to the carbon chain size and its influence on the interaction with the 1ROS5 protein, as these fatty
acids have a greater quantity of carbon compared to the others. In the case of the 4G4K protein, fatty acid
deprotonation also led to decreased binding affinities in the protein-ligand complexes. This tendency also
happened in the case of the 4BXI protein, with the exception of the interaction with oleic acid (which differs
from the other fatty acids as it has an unsaturated carbon chain). For the 4BXI-oleic acid interaction, fatty acid

deprotonation led to an increase in binding affinities.
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Figure 4. Binding affinities for the studied docking complexes due to fatty acid’s protonation state.

Table 4 — Descriptive statistics for the aminoacid residues involved in docking.

Total
Unique Fatty acid
Protein number of . Mode Frequency
. residues state
residues
137 18 Val143 13 Protonated
1R05
111 18 Phel05 11 Deprotonated
121 15 Trp41l 12 Protonated
31T7
95 19 Tyrl51 10 Deprotonated
192 28 Tyr66 12 Protonated
6CCO
186 27 Asp75 11 Deprotonated
119 18 Tyr229 12 Protonated
4G4K
98 16 Aspl58 11 Deprotonated
113 13 Leu25 11 Protonated
4BXI
111 12 Lys17 12 Deprotonated

Based on the previous results, Table 4 shows some descriptive statistics for the amino acid residues involved
in the molecular docking analyses. From a broad viewpoint, it is possible to note alterations in the nature of

the protein-ligand interactions, justifying the differences in binding affinity values. The fatty acid
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deprotonation interferes with the interacting amino acid residues during docking, which is exemplified by the
change in the most frequent amino acid residue (the statistical mode) in each state (protonated versus
deprotonated) — also shown in Table 4.

Although the majority of amino acid residues stayed constant during the interaction with each protein, the
ligand deprotonation might induce differences in the type of interaction between the ligand and protein’s
amino acid residues (e.g., polar and nonpolar contacts). As the binding affinity of the protein-ligand complexes
depends on polar and nonpolar contacts (seen earlier in Equation 2), differences in the nature of the interaction
could result in differences in binding affinity values. Figure 5 shows the influence of the fatty acid protonation
state on the protein-ligand interactions, where the influence was evaluated through contingency tables, visually
expressed as heatmaps.

The Chi-Squared test was used to statistically validate such a hypothesis, with a 95% confidence interval.
Basically, the Chi-Squared test served to verify whether there was a relationship between the fatty acid
protonation state and the change in proportion of the polar/nonpolar contacts to the amino acid residues of the
studied proteins. In the case of 1RI5 (p = 0.02520), 6CCO (p = 0.00399), 4G4K (p = 0.02809) and 4BXI (p =
0.02888) proteins, deprotonation of the fatty acids led to an increase in nonpolar interactions and, consequently,
a decrease in polar interactions. However, for the 31T7 protein, there was no relationship between the change
in polar/nonpolar interactions and the protonation state of the fatty acids (p = 0.22301). Thus, the decrease in
binding affinities of the protein-ligand complex when the fatty acid is deprotonated is explained by a
modification of the nature of interactions in the analyses involving the 1ROS5, 6CC0, 4G4K and 4BXI proteins,
but this does not apply to the 31T7 protein.

1RO5 3177 6CCO
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Figure 5 — Influence of fatty acid’s protonation state on the protein-ligand interactions.
It is assumed that the binding affinity differences between the protein-ligand complexes for the 3IT7 protein

were due to the contribution of five new amino acid residues (Gly27, Gly118, Pro42, Thr26 and Tyr117),
which only occurred when the ligands were deprotonated. In the case of 6CCO0, 4G4K and 4BXI proteins, only
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a few new amino acid residues arose when the ligands were deprotonated, with one (Vall26), two (Asp58,
Cys228) and one (Ile38) new contributing amino acid residues for the deprotonated ligands of 6CC0, 4G4K
and 4BXI proteins, respectively. There were no new contributing amino acids for the 1ROS5 protein when the
ligands were deprotonated.

In view of the results obtained from molecular docking, it is expected that the major fatty acids of tucuma oil
and butter might present antimicrobial and/or antibiofilm activity against P. aeruginosa and S. aureus bacteria
due to their binding affinity to the QS proteins of these microorganisms (Chakraborty et al., 2018;
Kwiatkowski et al., 2019). Despite differences, these affinities occur for both protonated and deprotonated
fatty acids. Oleic acid displayed the greatest binding affinities among all the studied fatty acids when

considering the proteins of both bacteria.

4. Conclusion

The interaction of BNC with the major fatty acids of tucuma oil and butter was investigated through ab initio
and molecular docking simulations in this paper. According to the simulation results, it is possible to
modify/impregnate the BNC with tucuma oil and butter, and these modifying substances could potentially
promote QQ of P. aeruginosa and S. aureus. The ab initio results suggest that the interaction of BNC with the
tucuma oil and butter was through the physical adsorption of tucuma oil/butter major fatty acids over the
cellulose matrix (represented by a cellobiose unit, in accordance with other DFT studies). The physical
adsorption between cellobiose and each fatty acid is characterized as a reversible process, which could be
reverted by physical stimuli, like temperature, pressure, humidity, pH and so forth. Moreover, the release of
these major fatty acids might be used as a potential antimicrobial and/or antibiofilm agent, as the binding
affinity to QS proteins of P. aeruginosa (gram-negative) and S. aureus (gram-positive) bacteria was observed
through molecular docking. Both protonated and deprotonated forms of the fatty acids presented good binding
affinity to 1ROS5, 31T7, 6CCO0, 4G4K and 4XBI QS proteins. The deprotonation of the studied fatty acids
tended to decrease the binding affinity between the protein-ligand complexes in mostly cases, and this was
related to changes in the polar and nonpolar contacts during docking or to the rise of new interacting amino
acid residues in the deprotonated state of the studied fatty acids. Among the fatty acids involved in this research,
oleic acid displayed the greatest binding affinities when taking all the bacteria and proteins into account and
its deprotonation had less influence on the binding affinity. In view of all this, a system composed of BNC
and tucuma oil/butter could be used as raw biomaterial to produce chronic wound dressings. As a future

perspective, the authors aim to experimentally validate the computational results of this research.
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Appendix

Figure S1. LDOS charge density plots for the isolated structures (isosurface values of 0.001 e/Borh?).
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Figure S2. Configurations for the interaction of cellobiose-myristic acid (CBM), cellobiose-palmitic acid
(CBP) and cellobiose-oleic acid (CBO) systems.
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Figure S3. Energy levels and LDOS plots for the most stables systems of cellobiose-myristic acid and
cellobiose palmitic acid (isosurface values of 0.001 e/Borh?®).
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Figure S4. Ramachandran plot for 4BX1 homologue protein (modeled through Swiss-Model).
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Table S1 — Docking grid box dimensions.

Protein/Ligand Coordinates (X, y, z) — units in A Parameter

International Journal for Innovation Education and Research Vol. 10 No. 12 (2022), pg. 246



https://scholarsjournal.net/index.php/ijier

Bacterial nanocellulose and long-chain fatty acids interaction: an in silico study

1ROS5 (43.7,-14.1, -13.0) Grid box center
31T7 (26.2, 2.93, -5.57) Grid box center
6CCO (-77.1,-10.1, 13.5) Grid box center
4G4K (25.5, 28.3, 40.5) Grid box center
4BXI (-19.7,-3.7, -4.5) Grid box center
Lauric acid (21.252,21.252, 21.252) Grid box size
Myristic acid (24.651, 24.651, 24.651) Grid box size
Oleic acid (19.236, 19.236, 19.236) Grid box size
Palmitic acid (27.988, 27.988, 27.988) Grid box size
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Table S2. Binding affinities of tucuma oil and butter major fatty acids against QS proteins of Pseudomonas

aeruginosa.
Protonated Deprotonated
. Fatty
Protein . ) Affinity , Affinity
acid Conformation Conformation
(kcal.mol ™) (kcal.mol ")
] 1 -5.8 1 -5.7
Lauric
) 2 -5.7 2 -5.5
acid
3 -5.6 3 -5.4
.. 1 -5.8 1 -5.5
Myristic
) 2 -5.7 2 -5.4
acid
3 -5.7 3 -5.4
1RO5
) 1 -5.8 1 -5.9
Oleic
) 2 -5.6
acid 2 -5.8
3 -5.5
o 1 -5.5 1 -5.7
Palmitic
) 2 -5.5 2 -5.7
acid
3 -5.4 3 -5.6
) 1 -4.8 1 -4.3
Lauric
] 2 -4.7 2 -43
acid
3 -4.7 3 -43
o 1 -4.8
Myristic
) 2 -4.8 1 -4.2
acid
3 -4.7
31T7
) 1 -5.0 1 -4.7
Oleic
) 2 -4.9 2 -4.6
acid
3 -4.9 3 -4.6
o 1 -4.6 1 -4.4
Palmitic
) 2 -4.6 2 -4.4
acid
3 -4.5 3 -4.4
) 1 -7.0 1 -6.7
Lauric
) 2 -6.7
acid 2 -6.6
6CCO 3 -6.6
o 1 -7.3 1 -7.1
Myristic
] 2 -7.1
acid 2 -7.0
3 -6.9
Oleic
) 1 -8.2 1 -7.9
acid
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2 -7.2 2 -7.0
-6.9 3 -6.6
Palmitic
] 1 -7.5 1 -7.3
acid
2 -7.5 2 -6.7
3 -7.4 3 -6.3

Table S3 — Binding affinities of tucuma oil and butter major fatty acids against QS proteins of Staphylococcus
aureus.

Protonated Deprotonated
. Fatty
Protein . Affinity Affinity
acid Conformation Conformation
(kcal.mol™?) (kcal.mol ™)
) 1 -5.1 1 -4.8
Lauric
] 2 -4.9
acid 2 -4.7
3 -4.9
o 1 53 1 -5.2
Myristic
) 2 5.2 2 -5.2
acid
3 -5.2 3 -5.2
4G4K
] 1 -5.5 1 -5.5
Oleic
) 2 -5.4 2 -5.4
acid
3 -5.4 3 -5.3
o 1 -5.4 1 -5.3
Palmitic
) 2 5.4 2 -5.2
acid
3 53 3 -5.1
) 1 -5.1 1 -4.8
Lauric
) 2 -4.9 2 -4.8
acid
- 3 -4.8
o 1 53 1 -4.9
Myristic
) 2 5.2 2 -4.9
acid
3 -5.1 3 -4.9
4BXI
) 1 -5.1 1 -5.4
Oleic
) 2 -5.1 2 -5.4
acid
3 -5.1 3 -5.4
o 1 -5.1 1 -4.9
Palmitic
] 2 -5.0
acid 2 -4.9
3 -4.9
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