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Introduction
In recent years, the growing number of new, more resistant microbial 

species has increased the spectrum of mortality and comorbidity, as 
well as increasing pharmaceutical costs in the development of new 
therapeutic methods against microbial infections.1 Thus, it became 
necessary to search for new therapeutic alternatives in the treatment 
of these microbial infections, whether based on commercially sold 
bioactive compounds, or on the synthesis of new chemotherapeutic 
agents based on these.2,3

Many of the drugs sold commercially are designed based on 
bioactive biomolecules that have pharmacological potential.4,5 Thus, 
Reddy et al.6 performed a spectroscopic characterization study of 
new bioactive compounds, commercially available Anacardic Acid 
Derivatives (AAD), with the addition of an alkyl side chain and 
substitutions in the terminal sulfonamide groups (Figure 1). The 
study comprises a series of tests for cultures of Gram positive and 
negative bacteria for antibacterial bioactivity against Escherichia coli, 
Pseudomonas aeruginosa, Staphylococcus aureus and Streptococcus 
pyogenes. However, its pharmacokinetic properties have not been 
reported.

In the therapeutic context, bioinformatics plays a fundamental role 
in the design of new drugs, as well as virtual screening techniques for 
medicinal properties and the discovery of new bioactive compounds.7 
One of these techniques is the in silico predictive method of 
absorption, distribution, metabolism and excretion (ADME), where a 

high precision and reliable theoretical screening of physicochemical 
and pharmacokinetic properties is performed, with the objective of 
promoting small molecules as new drugs of oral administration;8,9 
another technique is molecular docking, a method used to predict 
and design new drugs, which simulate intermolecular combinational 
patterns between target ligands and receptors to predict possible 
modes and affinities of binding.10

The growing number of complex synthetic structures has 
emphasized the discovery of new drugs. These complexities are 
presented in structural limitations or by not fitting biological targets, 
resulting from unwanted side effects.11,12 Thus, in silico predictive 
methods constitute libraries of molecular substructures that help 
in the identification of toxic activity in similarity tests,13 as well 
as the optimization of the arrangement of compounds with the 
ideal physicochemical properties for synthesis and predicted oral 
bioavailability.14

In this context, the present study shows the predicted “drug-like” 
and pharmacokinetic properties of AADs through the calculated 
theoretical physicochemical properties, as well as their bioactivities 
with the different classes of biological targets, in order to consider 
the physicochemical limits that refine compounds as oral drugs with 
the lowest toxicological risk. The study also shows the binding site 
of derivatives (AADs) through molecular docking and analysis of 
molecular interactions with three target receptors of Staphylococcus 
aureus.
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Abstract

Sulfonamide of anacardic acid derivatives (AAD) are promising bioactive compounds and 
have reported antibacterial biological activity. However, until now its physicochemical and 
pharmacokinetic properties have not been reported. In this study, the series of synthetic 
AAD compounds were subjected to pharmacokinetic and drug-like predictions from the 
absorption, distribution, metabolism and excretion (ADME) models. To predict the “drug-
like” physicochemical properties of a series of synthetic compounds, computational 
techniques and a series of criteria based on Lipinski and Veber rules are used. In the results, 
it was possible to observe that the AAD6 derivative has the lowest oral bioavailability. 
Therefore, the AAD1 compound has the highest intestinal absorption and is easily 
eliminated because it does not inhibit CYP450 1A2, 2D6 and 3A4, while the AAD2 
compound executes its antibacterial active ingredient with the lowest toxicological risk 
of this test. From the results of the antimicrobial activity of AADs with Staphylococcus 
aureus, in silico studies of ADME and toxicity analyses, four AAD derivatives (2, 8, 11 and 
12) were selected for pharmacodynamic analysis, in which the interactions of the selected 
AADs were evaluated using the in silico molecular docking method. The results obtained 
showed that AAD12 presented the best affinity energy values ​​with the three target receptors 
used (Penicillin Binding Protein, Isoleucyl-tRNA synthetase and DNA Gyrase). The results 
also showed that derivatives 8, 11 and 12 showed interactions with residues from the 
catalytic site of Isoleucyl-tRNA synthetase, and can be considered potential antibacterial 
agents against Staphylococcus aureus.

Keywords: virtual screening, anacardic acid derivatives, staphylococcus aureus, ADME, 
molecular docking
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Figure 1 Antibacterial sulfonamide derivatives of anacardic acid (AADs1-12) used in this study. 

Source: Reddy et al., 2012 (Addapted).

Materials and methods
Obtention and preparation of the antibacterial 
Anacardic Acid Derivatives (AADs)

The molecular structures of Anacardic Acid Derivatives (AADs) 
with antibacterial activity were obtained in the spectroscopic 
characterization study by Reddy et al.6 (Figure 1) and designed for 
theoretical calculations in the software Marvin JS version 21.3, 
ChemAxon (https://chemaxon.com/products/marvin).

Physicochemical propeties and evaluation of “drug-
like” and bioavailability of the AADs

The SMILES of the AADs were submitted to the in silico “drug-
like” test according to the criteria of Lipinski et al.15 and Veber et 
al.16 from the SwissADME web server (http://www.swissadme.ch/). 
The bioavailability radar in Figure 1(A) was adapted from reference17 
for the physicochemical limits of the filter that combines the criteria 
of the Lipinski and Veber rule: LIPO (0 < MlogP < 5),18 SIZE (MW 
< 500), POLAR (TPSA < 140),19  INSOLU (-6 < logS (ESOL) < 
0),20 INSATU (0.25 < Csp3 < 1), FLEX (Nrot < 10) to determine the 
bioavailability score (ABS) proposed by21 for oral bioavailability 
in rats > 10% and permeability in colorectal adenocarcinoma cells 
(Caco-2). The theoretical calculation of the mean physiological load 
was performed using the Marvin JS version 21.3 software, ChemAxon 
(https://chemaxon.com/products/marvin/ ).

Evaluation of the ADME predicted properties

The SMILES of the AADs were submitted to the SwissADME 
web server (http://www.swissadme.ch/) for in silico prediction of the 
absorption, distribution, metabolism and excretion (ADME) models. 
Absorption in the human intestine (HIA) and access to the central 
nervous system (CNS) by penetration of the blood-brain barrier 
(BBB), as well as P-glycoprotein (Pgp) substrates, were estimated 

using the statistical graph method of Brain Or IntestinaL EstimateD 
permeation (BOILED-Egg) through the calculated values of 
lipophilicity (WlogP)22 and polarity (TPSA).19 The phase I metabolism 
and excretion route of the compounds were predicted by the similarity 
test of molecules from the potentially inhibitory cytochrome P450 
(CYP450) isoenzyme inhibitors database 1A2, 2C19, 2C9, 2D6 and 
3A4.

Evaluation of toxicity predicted properties

The SDF file of the AADs were submitted to the in silico test 
for similarity of potentially toxic molecular fragments from the 
ProTox-II web server (https://tox-new.charite.de/protox_II/index.
php?site=home). The server performs instant calculations to determine 
acute oral toxicity by oral dose (LD50), where toxic classes range 
from I (fatal if ingested) to VI (non-toxic), as well as liver organic 
toxicity and end points of carcinogenic, immunogenic toxicity, AMES 
mutagenic23 and cytotoxic, where the most reliable results are in a 
degree of probability higher than 70% for active and inactive classes 
of toxicity models.24,25 Measured activity coefficients (pAct) were 
calculated in the online graphic tool Playground, ChemAxon (https://
disco.chemaxon.com/calculators/demo/playground/) to predict 
cardiotoxic activity, where pAct values > 6.00 indicate potential 
inhibition of hERG (human Ether-a-go-go Related Gene) channels.

Evaluation of the structural alerts, “lead-like” and 
target classes interaction

The problematic and chemically reactive substructures of 
the AADs were evaluated by the combined filter of Pan-Assay 
Interference Structures (PAINS)26 and library by Brenk et al.27 as well 
as the prediction of optimization of chemical-medicinal properties 
by the “Leadlikeness” filter28 and synthetic accessibility score in the 
“Medicinal Chemistry” section of the SwissADME web server (http://
www.swissadme.ch/).
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The interaction biological target classes were predicted in the 
Molinspiration web server bioactivity predictor (https://www.
molinspiration.com/cgi-bin/properties), for GPCR (G-protein coupled 
receptor), nuclear receptor interactions, chanel ion modulation and 
inhibition of enzymes, proteases and kinases, where scores below 
0.2 indicate low activity and scores above 0.5 indicate high activity. 
Interactions with potentially toxic targets by metabolic activation 
were predicted on the ProTox-II server (https://tox-new.charite.de/
protox_II/index.php?site=home), where interactions with nuclear 
receptors and receptors were evaluated response to stress by metabolic 
activation, through the Tox21 database built into the server, where the 
results with a high degree of reliability are among the possibilities 
above 70% for the active and inactive classes of the evaluated toxic 
models.

Molecular docking

Based on the results of antimicrobial activity of AADs with 
Staphylococcus aureus published by Reddy et al.6 in silico ADME 
studies and toxicity analyses, four anacardic acid derivatives (AAD2, 
AAD8, AAD11 and AAD12) were selected for analysis molecular 
docking. From the protein database (https://www.rcsb.org/) three 
targets described as fundamental in the life cycle of Staphylococcus 
aureus29 were obtained, being a penicillin binding protein, PBP (PDB 
ID : 1MWT) identified as “Structure of penicillin G acyl-Penicillin 
binding protein 2a from methicillin resistant Staphylococcus 
aureus strain 27r at 2.45 A”, deposited with a resolution of 2.45 Å, 
determined by X-Ray Diffraction, classified as biosynthetic protein, 
Staphylococcus aureus organism and expressed in the Escherichia coli 
system;30 an isoleucyl-tRNA synthetase, Iso-TyRS (PDB ID: 1JZS) 
identified as “Isoleucyl-tRNA synthetase Complexed with mupirocin”, 
deposited with 2.50 Å resolution, determined by X-Ray Diffraction, 
classified as ligase, Thermus thermophilus organism and expressed in 
the Escherichia coli system31 and a DNA gyrase, DNA Gyr (PDB ID: 
2XCQ) identified as “The 2.98A crystal structure of the catalytic core 
(B’A’ region) of Staphylococcus aureus DNA Gyrase”, deposited with 
resolution of 2.98 Å, determined by X-Ray Diffraction, classified as 
isomerase, organism Staphylococcus aureus subsp. aureus N315 and 
expressed in the Escherichia coli BL21(DE3) system.32

In the present study, the Blind docking parameters were combined 
with assessment of free energy of binding and RMSD (root mean 
square deviation),33 in which the free energy of binding/binding 
affinity is predicted by scoring functions through of the evaluation 
of interaction energies between the ligand and the target receptor,34 
being considered as ideal parameters affinity energy less than or 
equal to -6.0 kcal/mol35 and RMSD of up to 2.0 Å.36 Blind docking 
is a method of detecting possible sites and modes of binding 
ligands by scanning the entire surface of protein targets, being the 
method used for unbiased mapping of the binding patterns of drug 
candidate molecules.33 Thus, the molecular docking simulations 
were performed using the AutoDockVina code (version 1.1.2),37 
3-way multithreading and grid box centered on the entire enzyme 
with parameters 124Åx80Åx126Å and dimensions (x, y, z) = (0.83, 
37,049, 43,274) with PBP, 124Åx82Åx126Å and dimensions (x, y, 
z) = (-27,888, 6,343, -19,465) with Iso-TyRS and 126Åx114Åx126Å 
and dimensions (x, y, z) = (- 26,658, 101,484, 32,891) with the DNA 
Gyr, 20 poses being generated per simulation. The same protocols 
used in the AAD simulations were used in the molecular docking 
simulations with the mupirocin, norfloxacin and oxacillin controls29 
to obtain comparative data. The simulations that showed the best fit 
scores were analyzed using Discovery Studio Visualizer,38 Pymol39 
and UCSF Chimera codes.40

Results and discussion
Evaluation of “drug-like” and bioavailability

Table 1 lists the physicochemical properties filtered by the “drug-
like” criteria. The “rule of five” of Lipinski et al.15 is defined by the 
physicochemical limits between molecular weight (MW) ≤ 500 g/
mol, logP ≤ 5 (MlogP ≤ 4.15), binding acceptors hydrogen (HBA) 
≤ 10 and hydrogen bond donors (HBD) ≤ 5 where the probability of 
a compound being an oral drug is reduced in the presence of two or 
more violations of this rule. The experimental parameters observed by 
Veber et al.16 (GSK) consider the influence of polarity and molecular 
flexibility on the oral bioavailability of a drug candidate, defined by 
the limits of TPSA ≤ 140 Å² and number of bonds rotations (Nrot) 
≤ 10 of compounds that had good oral bioavailability in rats. The 
bioavailability radar in Figure 2 (A) shows that Anacardic Acid 
Derivatives (AADs) are more flexible (Nrot > 10) than the ideal 
predicted by Veber criteria, while, with the exception of AAD1, they 
are sparingly soluble in water by ESOL classification (-10.0 < logS < 
-4.0). The radar also shows that AAD6, AAD10, AAD11 and AAD12 
derivatives have a higher molecular weight (MW > 500) than the ideal 
predicted by Lipinski’s rule, where it is worth highlighting the triple 
violation of AAD6 of type MW > 500, MlogP > 4.15 and Nrot > 10 
and therefore has the greatest number of physicochemical limitations 
to be an oral drug. At the same time, AAD1 presents a single violation 
of the Nrot > 10 type, being, therefore, the derivative with the most 
physicochemical properties within the spectrum predicted by the filter 
that combines the Lipinski and Veber criteria (Figure 2A).

Liposolubility is a fundamental parameter in predicting 
bioavailability after intestinal absorption of a drug candidate. As 
a general rule of drugs, good oral bioavailability is associated 
with compounds that do not violate Lipinski’s rule criteria and are 
not loaded at physiological pH (approximately pH 7.4),21,42–44  The 
graph in Figure 2 (B) shows that compounds AAD6 and AAD10 
have the highest biological loads, evaluated at -0.094 and -0.156, 
respectively. However, AAD6 “rule of five” violations resulted in 
a lower bioavailability score (ABS) of the compound evaluated 
at 0.17, indicating a low probability of having at least 10% oral 
bioavailability or permeability in colorectal adenocarcinoma cells 
(Caco-2) measurable, being, therefore, a compound poorly absorbed 
in humans, while the other derivatives have good oral bioavailability 
(ABS = 0.55) (Table 1).

Evaluation of predicted ADME and toxicity properties

Adapted from Egan’s multi-statistical graph model44 the Brain 
Or Intestinal EstimateD permeation (BOILED-Egg) is an in silico 
method of predicting human intestinal absorption (HIA) and access to 
the central nervous system (CNS) by penetration into the blood-brain 
barrier (BBB) through the mathematical descriptors of lipophilicity 
(WlogP) and polarity (TPSA). In this way, the crossed boundaries 
between lipophilicity and polarity profiles form an ellipse that follows 
a linear trend and considers highly and poorly absorbed compounds 
in the human intestine. Thus, the ellipse formed between the limits of 
WlogP between −2.3 and 6.8 and TPSA lower than 142 Å² indicates 
the most populated region of compounds with high HIA, including 
the subset formed between WlogP values between 0.4 and 6.0 and 
TPSA lower than 79 Å² associated with access to the CNS.17,45 In the 
radar graph of Figure 2 (C) it is possible to observe the scores of 
derivatives AADs1-5 and AAD7 in the region of high gastrointestinal 
absorption (GIA), where WlogP values vary between 3.99 and 6.04 
and TPSA values in the order of 90.08 Å², while AAD8-12 derivatives 
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are poorly absorbed in the lumen of the GI tract, where WlogP values 
vary between 5.49 and 6.58 and TPSA values vary between 90.08 Å² 
and 120.79 Å², while the AAD8 compound has its transport through 
epithelial pathways is facilitated by being a potential substrate of 
P-glycoprotein (Pgp). Thus, the AADs1-5 and AAD7 compounds 
make up the class of compounds with high GIA, with the lowest 

lipophilicity and polarity indices and the highest oral bioavailability 
score, while the AADs8-12 compounds are poorly absorbed, where 
the lipophilicity indices and polarity are higher but still have a good 
oral bioavailability score. However, it is worth noting that the AAD6 
derivative is the most lipophilic in the test and therefore has limited 
oral bioavailability (Table 1).

Table 1 Predicted “drug-like” properties and estimated properties of absorption and distribution of the Anacardic Acid Derivatives (AADs)

Compound Lipinski drug-
like

Veber drug-
like Solubility Charge ABS Absorption and 

distribution

MW MlogP HBA HBD TPSA Nrot class 
(ESOL)

at pH 
7.4 WlogP GIA Pgp BBB

AAD1 371.49 2.19 6 1 90.08 13 Soluble 0 0.55 3.99 High No No

AAD2 433.56 3.34 6 1 90.08 14 Moderately -0.002 0.55 5.42 High No No

AAD3 447.59 3.55 6 1 90.08 14 Moderately -0.001 0.55 5.73 High No No

AAD4 447.59 3.55 6 1 90.08 14 Moderately -0.001 0.55 5.73 High No No

AAD5 461.61 3.76 6 1 90.08 14 Poorly -0.001 0.55 6.04 High No No

AAD6 502.45 4.29 6 1 90.08 14 Poorly -0.094 0.17 6.73 Low No No

AAD7 447.59 3.28 6 1 90.08 15 Moderately 0 0.55 5.41 High No No

AAD8 483.62 3.98 6 1 90.08 14 Poorly -0.002 0.55 6.58 Low Yes No

AAD9 439.59 2.55 6 1 118.32 14 Moderately -0.038 0.55 5.49 Low No No

AAD10 518.48 3.14 6 1 118.32 14 Poorly -0.156 0.55 6.25 Low No No

AAD11 518.6 2.67 9 1 120.79 15 Moderately -0.024 0.55 5.56 Low No No

AAD12 517.61 3.25 8 1 107.9 15 Moderately -0.022 0.55 6.17 Low No No

Drug lead- ≤ 500 ≤ 4.15 ≤ 10 ≤ 5 ≤ 140 ≤ 10

like proper- ties

Note: MW (Molecular weight in g/mol), MlogP (Partitioning coefficient calculated by the Moriguchi et al., method used in the Lipinski drug-like criteria), 
HBA (Hydrogen bond acceptors), HBD (Hydrogen bond donors), TPSA (Topological polar surface area in Å²), Nrot (Number of rotatable bonds), ABS (A 
bioavailability score in > 10% F), WlogP (Partitioning coefficient calculated by the Wildman et al., method used in BOILED-Egg), GIA (Gastrintestinal absorption), 
Pgp (P-glycoprotein substrate) and BBB (Blood-brain barrier permeation)

In silico characterization methods use similarity testing with 
database substructures to predict the adverse metabolic effects of 
oral administration of drug candidates, as well as their half-life in 
the organism and excretion route.46 Cytochrome P450 isoenzymes 
(CYP450) are oxidases that interact with drugs in order to decrease 
their plasma concentration and reduce the risks of toxicity by 
metabolic activation, as well as making them more water soluble 
for elimination.47–50 In addition, molecular substructures can make 
negative contributions to final toxicity pathways, such as inhibition 
of hERG ion transport channels (human Ether-a-go-go Related Gene) 
resulting in cardiotoxicity.13,51 Table 2 shows that all AADs inhibited 
the CYP450 isoenzymes 2C19, 2C9 and 3A4, which suggests an 
increase in their plasma concentrations and a slow elimination route, 
while it is observed that the derivatives AADs1-5, AAD7, AAD8 and 
AAD10 are not inhibitors of CYP450 1A2, which mediates the rate 
of metabolism of these compounds. In addition, the compound AAD1 
is metabolized by O-demethylation reactions as it is not an inhibitor 
of CYP450 2D6, reducing the risk of liver toxicity due to metabolic 
activation. In Figure 2 (D) it is possible to observe the distribution 
of the lethal dose (LD50) of the AADs, where it is worth highlighting 
the risk of immunotoxicity predicted for the minimum oral dose of 
300 mg/kg of substances AAD6 and AAD12, classified as toxic by 

ingestion (class III), with probability > 70% in the test, while the 
potential activity (pAct) of AAD12 evaluated at 6.03±0.78 suggests 
that the compound has cardiotoxic activity as it is a potential inhibitor 
of hERG channels (Table 2).  The compounds AAD3, AAD4, AAD9 
and AAD10 are of the class of harmful compounds if ingested (class 
IV) with predicted LD50 values between 1000 and 1600 mg/kg, with 
immunotoxic risk of the AAD3 derivative, with probability < 70% in 
the test. Derivatives AAD1, AAD7 and AAD8 are from the class of 
compounds that can be harmful if ingested (class V), with LD50 values 
evaluated at 2500 mg/kg, where the probability of being immunotoxic 
is greater than 70%, at the same time in that the pAct value of AAD1 
evaluated at 6.29±0.89 indicates cardiotoxic activity. In this test, no 
compound showed carcinogenic, mutagenic and cytotoxic activity by 
metabolic activation and only the compounds AAD11 and AAD12 
present a relative risk of hepatotoxicity. As a final observation, the 
AAD5 obtained the highest LD50 value evaluated at 3000 mg/kg, 
where the risk of immunotoxicity has only a 52% probability, being 
classified as the compound with the lowest toxic risk by ingestion, 
but its calculated value of pAct in the order of 6.29±0.89 indicates 
a cardiotoxic potential by potential inhibition of hERG, while the 
AAD2 substance showed negative activity for all the final toxicity 
pathways evaluated (Table 2).

https://doi.org/10.15406/japlr.2021.10.00384
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Figure 2 (a) Bioavailability radar adapted by the Lipinski and Veber “drug-like” filter: LIPO (0 < MlogP < 5), SIZE (MW < 500), POLAR (TPSA < 140),  INSOLU 
(-6 < logS < 0), INSATU (0.25 < Csp3 < 1), FLEX (Nrot < 10); (b) Distribution of the molecular charge as a function of the pH variation; (c) BOILED-Egg used 
to estimate human intestinal absorption (HIA) and blood-brain barrier permeation (BBB) through the WlogP and TPSA descriptors; (d) Distribution of the letal 
dose (LD50) in mg/kg of the AADs.

Table 2 Metabolism and excretion by the CYP450 isoenzymes inhibition and toxicity end points of the AADs

 
Compd.

Metabolism and 
Excretion

Toxicity end 
points

CYP450 
inhibitor

1A2 2C19 2C9 2D6 3A4 LD50 Hepato Carcino Immuno Mutagen Cito pAct

AAD1 No Yes Yes No Yes 2500 -0.8 -0.63 0.92 -0.58 -0.7 6.29±0.89

AAD2 No Yes Yes Yes Yes 2500 -0.74 -0.65 -0.88 -0.7 -0.74 5.95±0.67

AAD3 No Yes Yes Yes Yes 1000 -0.75 -0.64 0.67 -0.69 -0.73 5.94±0.70

AAD4 No Yes Yes Yes Yes 1600 -0.75 -0.64 -0.87 -0.69 -0.73 5.94±0.71

AAD5 No Yes Yes Yes Yes 3000 -0.75 -0.64 0.52 -0.69 -0.73 6.33±0.77

AAD6 Yes Yes Yes Yes Yes 300 -0.69 -0.67 0.94 -0.72 -0.7 5.93±0.72

AAD7 No Yes Yes Yes Yes 2500 -0.81 -0.61 0.86 -0.64 -0.7 5.95±0.74

AAD8 No Yes Yes Yes Yes 2500 -0.73 -0.65 0.77 -0.61 -0.71 5.78±0.80

AAD9 Yes Yes Yes Yes Yes 1000 -0.69 -0.63 -0.8 -0.71 -0.71 5.81±0.79

AAD10 No Yes Yes Yes Yes 1000 -0.63 -0.63 -0.54 -0.71 -0.64 5.71±0.79

AAD11 Yes Yes Yes Yes Yes 2000 0.61 -0.58 0.81 -0.7 -0.75 5.65±0.66

AAD12 Yes Yes Yes Yes Yes 300 0.58 -0.6 0.75 -0.71 -0.74 6.03±0.78

Note: CYP450 (Cytochrome P450 isoenzymes inhibition), LD50 (Letal dose in mg/kg), pAct (measured activity coefficient), - (Inactive toxic class (probability 
score)) and + (Active toxic class (probability score))
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Evaluation of the structural alerts, “lead-like” and 
multitarget prediction

Unknown synthetic molecular structures often present setbacks in 
experimental tests, as well as side effects caused by the modulation 
of the activity of biological targets of therapeutic importance.52–54 The 
filter that combines the in silico predictive method of the Pan-Assay 
Interference Structures (PAINS) assay26 and the structural alerts from 
the Brenk et al.27 library of substructures, was applied to identify 
the potentially molecular fragments toxic and chemically reactive. 
An extension of Lipinski’s rule, called “lead-like”, was adapted to 
optimize the delivery of new drugs by medicinal chemists, based on 
the median “rule of five” intervals defined by 250 ≤ MW ≤ 350, logP ≤ 
3.5 and Nrot ≤ 7.14,18 Thus, the prediction did not identify the presence 

of harmful or interfering structures. However, AADs are chemical 
entities where their molecular size, lipophilicity and flexibility 
relatively limit their synthetic accessibility, with scores assessed 
between 3.02 and 4.04, on a scale ranging from 1.0 (very easy) to 
10.0 (very difficult) (Table 3). Bioactivity scores with biological 
multivalves less than 0.2 shows that AADs do not have potential 
inhibition of enzyme, protease and kinases activity, in addition to 
not interacting with GPCR (G-protein coupled receptor) and nuclear 
receptors or presenting potential channel modulating activity of ionic 
transport (Table 3). The prediction of bioactivity with toxic targets 
showed, with a degree of probability > 70%, that AADs do not show 
activities in the final pathways of nuclear receptors or active response 
to cellular stress receptors (Table 4).

Table 3 Structural alerts and bioactivity scores of the AADs

Compd. Structural alerts Bioactivity score

PAINS Brenk Lead SA GPCR Nuclear Ion chanel Enzyme inibition Protease inhibition Kinase inhibition

AAD1 0 alert 0 alert No 3.02 0.04 0.06 -0.26 0.03 0.07 -0.2

AAD2 0 alert 0 alert No 3.4 -0.02 -0.08 -0.28 0 0 -0.25

AAD3 0 alert 0 alert No 3.55 -0.05 -0.09 -0.34 -0.05 -0.05 -0.3

AAD4 0 alert 0 alert No 3.55 -0.05 -0.1 -0.32 -0.05 -0.05 -0.27

AAD5 0 alert 0 alert No 3.71 -0.07 -0.1 -0.37 -0.07 -0.08 -0.33

AAD6 0 alert 0 alert No 3.52 -0.02 -0.07 -0.27 -0.03 -0.07 -0.26

AAD7 0 alert 0 alert No 3.65 0.01 0.02 -0.23 0.02 0.09 -0.2

AAD8 0 alert 0 alert No 3.64 0.01 -0.06 -0.25 0.02 0.05 -0.19

AAD9 0 alert 0 alert No 3.57 -0.01 -0.14 -0.41 -0.03 -0.01 -0.41

AAD10 0 alert 0 alert No 3.74 -0.1 -0.16 -0.38 -0.06 -0.04 -0.52

AAD11 0 alert 0 alert No 4.04 0.02 -0.26 -0.21 0.07 -0.2 -0.15

AAD12 0 alert 0 alert No 3.79 -0.11 -0.18 -0.31 -0.09 -0.14 -0.24

Note: PAINS (Pan-Assay Structures Interference), SA (Synthetic accessibility score), GPCR (G-protein coupled receptor)

Table 4 End points of nuclear receptor and stress response by the Tox21 target filter

Compd. Tox21-Nuclear receptor signalling pathways Tox-21Stress response pathways

AhR AR AR-LBD Aromatase ER ER-LBD PPAR ARE HSE MMP p53 ATAD5

AAD1 -0.93 -0.94 -0.95 -0.9 -0.92 -0.96 -0.96 -0.96 -0.96 -0.86 -0.94 -0.97

AAD2 -0.93 -0.92 -0.91 -0.95 -0.96 -0.98 -0.87 -0.97 -0.97 -0.79 -0.95 -0.96

AAD3 -0.91 -0.91 -0.9 -0.94 -0.96 -0.98 -0.88 -0.96 -0.96 -0.76 -0.95 -0.96

AAD4 -0.91 -0.91 -0.9 -0.94 -0.96 -0.98 -0.88 -0.96 -0.96 -0.76 -0.95 -0.96

AAD5 -0.91 -0.91 -0.9 -0.94 -0.96 -0.98 -0.88 -0.96 -0.96 -0.76 -0.95 -0.96

AAD6 -0.93 -0.93 -0.91 -0.91 -0.95 -0.97 -0.76 -0.98 -0.98 -0.78 -0.94 -0.95

AAD7 -0.94 -0.9 -0.93 -0.94 -0.94 -0.98 -0.89 -0.95 -0.95 -0.8 -0.95 -0.95

AAD8 -0.84 -0.92 -0.93 -0.94 -0.92 -0.97 -0.85 -0.96 -0.96 - (0.76 -0.92 -0.96

AAD9 -0.91 -0.96 -0.95 -0.95 -0.92 -0.96 -0.91 -0.97 -0.97 -0.84 -0.93 -0.95

AAD10 -0.91 -0.95 -0.94 -0.94 -0.88 -0.95 -0.87 -0.96 -0.96 -0.83 -0.92 -0.93

AAD11 -0.93 -0.96 -0.91 -0.93 -0.96 -0.98 -0.89 -0.96 -0.96 -0.84 -0.94 -0.98

AAD12 -0.91 -0.95 -0.93 -0.92 -0.95 -0.97 -0.87 -0.96 -0.96 -0.8 -0.92 -0.98

Note: Ahr (Aryl hydrocarbon Receptor), AR (Androgen Receptor), AR-LBD (Androgen Receptor Ligand Binding Domain), ER (Estrogen Receptor Alpha), 
ER-LBD (Estrogen Receptor Ligand Binding Domain), PPAR (Peroxisome Proliferator Activated Receptor Gamma), ARE (Nuclear factor (erythroid-derived 
2)-like 2/antioxidant responsive element), HSE (Heat shock factor response element), MMP (Mitochondrial Membrane Potential), p53 (Phosphoprotein (Tumor 
Supressor) p53), ATAD5 (ATPase family AAA domain-containing protein 5), - (Inactive toxic class (probability score)) and + (Active toxic class (probability 
score))
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Molecular docking

Molecular docking is a computational tool that seeks to predict 
the conformation and binding mode of ligands in protein sites.55 
Binding energy (affinity) and RMSD criteria were used to evaluate 
molecular docking results and analyze the interactions of anacardic 
acid derivatives that exhibited better antibacterial activity AADs (2, 8, 
11 and 12) against Staphylococcus aureus6 at the binding sites of three 
target receptors, penicillin binding protein (PBP), isoleucyl-tRNA 
synthetase (Iso-TyRS) and DNA gyrase (DNA Gyr).29

Molecular docking simulations showed affinity energy ranging 
from -8.3 kcal/mol to -5.6 kcal/mol (Figure 3A). All ligands showed 
binding affinity value lower than -6.0 kcal/mol with PBP, Iso-TyRS 

and DNA Gyr targets (except for AAD2 and AAD8 which presented 
values of -5.6 and -5.9 kcal/mol respectively), indicating the stability 
of the receptor-ligand complexes formed (Figure 3B). The lowest 
affinity energy value was observed with AAD12 (-8.3 kcal/mol) and 
Iso-TyRS.

Figure 4 shows the structural differences of the R1 group in AADs 
from the major sulfonamide, one being benzene in AAD2, naphthalene 
in AAD8, pyrazol and 3-fluoropyridine in derivative AAD11, pyrazol 
and fluorobenzene in AAD12. These structural differences may 
be related to the affinity energy of AAD12 being better in the three 
targets used compared to the other evaluated derivatives (AAD2, 
AAD8 and AAD11).

Figure 3 Results of molecular docking AADs and controls with PBP, Iso-TyRS and DNA Gyr. Affinity energy (a); Receptor-ligand complexes formed (b).
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Figure 4 Chemical structures of sulfonamids from anacardic acid mixture. Structures majority of sulfonamid (a), AAD2 (b), AAD8 (c), AAD11 (d) and AAD12 (e).

Penicillin binding protein (PBP2a)

Analysis of the interactions of the AAD2-PBP complex (Figure 
5A) showed two hydrophobic interactions between the aromatic 
ring of methoxybenzene with PRO370A (π-Alkyl) and LEU383A 
(π-Sigma); a hydrophobic interaction between the benzene group and 
PRO370A; a hydrogen bond between the carbonyl of the ester group 
and LYS382A; two hydrogen bonds between sulfonyl and LYS218A 
and LYS219A.

The AAD8-PBP complex (Figure 5B) showed three interactions 
with the aromatic ring of methoxybenzene, one being π-Sulfur with 
MET375A and two hydrophobic (π-Alkyl) with PRO370A and 
LEU383A; two hydrogen bonds between sulfonyl and LYS218A and 
LYS219A; four interactions with the naphthalene group, two being 
π-Anion with ASP221A, one π-Alkyl with LEU224A and one π-π 
T-shaped with TYR223A.

The AAD11-PBP complex (Figure 5C) showed five interactions 
with the methoxybenzene group, being a hydrogen bond between 
the methyl and the amino acid THR165B, four interactions with 
the aromatic ring, one being π-Cation with HIS293B and three 
hydrophobic (π -Alkyl) with ARG151B, ARG241B and VAL277B; 
four hydrogen bonds, one between the ester carbonyl and LYS148B, 
one between the amine and TYR373B, one between the sulfonyl 
and THR216B and one between the pyrazol and TYR196B; a π-π 
Stacked interaction was also observed between the aromatic ring of 
the 3-fluoropyridine group and TYR196B.

The AAD12-PBP complex (Figure 5D) showed three interactions 
with the methoxybenzene group, one hydrophobic (π-Sigma) between 
the aromatic ring and VAL277B and two hydrogen bonds, one with 
methyl and SER149B and the other between O7 and HIS293B; the 
ester group showed five interactions, two being hydrophobic (Alkyl) 

with ARG151B and ARG241B and three hydrogen bonds with 
ARG151B, THR165B and ARG241B; the complex also showed a 
hydrophobic interaction (π-Alkyl) between the aromatic ring of the 
fluorobenzene group and the amino acid LYS215B.

The mupirocin-PBP complex (Figure 5E) showed three hydrogen 
bonds with LYS148A, VAL277A and MET372A; two hydrophobic 
interactions (Alkyl) with ARG241A and VAL256A; two “Unfavorable” 
interactions with THR216A (Donor-Donor) and SER240A (Acceptor-
Acceptor); two interactions with HIS293A, one π-Anion and the other 
Attractive Charge.

The norfloxacin-PBP complex (Figure 5F) showed four hydrogen 
bonds with ARG110A, ASN111A, HIS311A, THR312A and two 
π-Cation interactions with ARG110A.

The oxacillin-PBP complex (Figure 5G) showed six hydrophobic 
interactions, two of the Alkyl type with LEU224B, PRO370B and 
four of the π-Alkyl type with VAL217B, LYS219B, PRO370B and 
TYR373B; the complex also showed a hydrogen bond with VAL217B 
and an “Unfavorable Negative-Negative” interaction with GLU189B.

All the evaluated ligands were in binding sites different from the 
active site (SER403, LYS406, TYR446, SER462, ASN464, SER598 
and THR600) of the PNM inhibitor (open form-Penicillin G) co-
crystallized in the target.30 AAD2 and AAD8 bound in the same region 
of the enzyme, showing interactions with the same residues (LYS218, 
LYS219, PRO370 and LEU383). AAD11 and AAD12 bound in the 
same region as PBP2a, showing interactions with the same residues 
(ARG151, THR165, ARG241, VAL277 and HIS293). Mupirocin, 
norfloxacin and oxacillin bound in isolation at different sites from 
each other and compared to AADs. The interaction distances of the 
complexes formed with the penicillin-binding protein can be seen in 
Table 5.
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Figure 5 Molecular interactions Penicillin binding protein (PBP) with AAD2 (a), AAD8 (b), AAD11 (c), AAD12 (d), mupirocin (e), norfloxacin (f) and oxacillin (g).

Table 5 Types of interactions and distances (Å) of ligands with amino acid residues of penicillin binding protein

Ligand Binding Affinity (kcal/mol) RMSD (Å) Residue Interaction Distance (Å)

AAD2 -6.5 1.377 LYS218A H-Bond 2.18

LYS219A H-Bond 2.25

LYS382A H-Bond 2.66

PRO370A Hydrophobic 4.83

PRO370A Hydrophobic 5.36

LEU383A Hydrophobic 3.9
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Ligand Binding Affinity (kcal/mol) RMSD (Å) Residue Interaction Distance (Å)

AAD8 -7 1.286 LYS218A H-Bond 2.46

LYS219A H-Bond 2

LEU224A Hydrophobic 5.27

PRO370A Hydrophobic 4

LEU383A Hydrophobic 5.13

TYR223A π-π T-shaped 5.53

ASP221A π-Anion 4.65

ASP221A π-Anion 4.72

MET375A π-Sulfur 5.17

AAD11 -6.8 1.782 LYS148B H-Bond 2.47

THR165B H-Bond 3.35

TYR196B H-Bond 2.7

THR216B H-Bond 2.04

TYR373B H-Bond 2.77

ARG151B Hydrophobic 5.24

ARG241B Hydrophobic 4.81

VAL277B Hydrophobic 4.94

TYR196B π-π Stacked 4.05

HIS293B π-Cation 4.91

AAD12 -7.1 1.961 SER149B H-Bond 3.71

ARG151B H-Bond 3.79

THR165B H-Bond 3.71

ARG241B H-Bond 2.81

HIS293B H-Bond 2.82

ARG151B Hydrophobic 4.94

LYS215B Hydrophobic 5.19

ARG241B Hydrophobic 4.37

VAL277B Hydrophobic 3.97

Mupirocin -6.8 1.54 LYS148A H-Bond 3.03

VAL277A H-Bond 1.94

HIS293A H-Bond 2.68

MET372A H-Bond 2.67

ARG241A Hydrophobic 4.17

VAL256A Hydrophobic 5.2

HIS293A Attractive Charge 3.86

HIS293A π-Anion 4.19

SER240A Unfavorable Acceptor-Acceptor 2.87

THR216A Unfavorable Donor-Donor 2.24

Table Continued...
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Ligand Binding Affinity (kcal/mol) RMSD (Å) Residue Interaction Distance (Å)

Norfloxacin -7.1 1.572 ARG110A H-Bond 2.82

ASN111A H-Bond 2.41

HIS311A H-Bond 2.47

THR312A H-Bond 1.81

ARG110A π-Cation 3.71

ARG110A π-Cation 3.72

Oxacillin -7.7 1.804 VAL217B H-Bond 3.31

VAL217B Hydrophobic 4.4

LYS219B Hydrophobic 5.32

LEU224B Hydrophobic 3.73

PRO370B Hydrophobic 3.99

PRO370B Hydrophobic 4.62

TYR373B Hydrophobic 5.01

GLU189B Unfavorable Negative-Negative 3.3

Table Continued...

Isoleucyl-tRNA synthetase (Iso-TyRS)

The analysis of the interactions of the AAD2-IsoTyRS complex 
(Figure 6A) showed a π-π T-shaped interaction between the aromatic 
ring of methoxybenzene and PHE27A; three hydrogen bonds, two 
between the ester group with LYS22A, GLN28A and one between 
the sulfonyl group and TYR77A; three interactions between the 
benzene group and the amino acids PHE27A (π-π T-shaped), VAL31A 
(π-Sigma) and ASP142A (π-Anion).

The AAD8-IsoTyRS complex (Figure 6B) showed three hydrogen 
bonds, two between the methyl of the methoxybenzene group with 
PRO46A, ASP85A and one between the amine group and ASP553A; 
three interactions with the naphthalene group were also observed, two 
being π-Cation with HIS54A and one π-Sulfur with MET592A.

The AAD11-IsoTyRS complex (Figure 6C) showed three 
interactions with the methoxybenzene group, being a π-Alkyl 
interaction with PRO90A, a hydrogen bond and a π-Anion interaction 
with ASP85A; three hydrogen bonds with the sulfonyl group 
(GLY56A, GLN59A and GLY551A); three interactions with pyrazole, 
being a hydrogen bond with VAL55A, a π-Alkyl with LEU583A and 
a π-Cation with HIS54A; two interactions with the 3-fluoropyridine 
group were also observed, one π-Sulfur with MET592A and one π-π 
Stacked with HIS54A.

The AAD12-IsoTyRS complex (Figure 6D) showed a π-Anion 
interaction between the aromatic ring of methoxybenzene and 
ASP85A, a π-Sigma interaction between the methyl ester group and 

TRP518A, two hydrogen bonds between the sulfonyl group and the 
amino acids GLY551A and GLN554A; a hydrogen bond between 
the amine group and GLU550A; two interactions with pyrazole, 
one hydrogen bond with HIS54A and one π-Anion ASP553A; two 
interactions with fluorobenzene were also observed, one π-Alkyl with 
LEU583A and a Halogen-type (Fluorine) interaction between the 
fluorine atom and ILE584A.

Mupirocin is a secondary metabolite that inhibits protein synthesis 
through binding to bacterial isoleucyl-tRNA synthetase, its prolonged 
use leads to resistance among S. aureus isolates.56 The mupirocin-
IsoTyRS complex (Figure 6E) showed four hydrogen bonds, two 
with GLY56A, one with THR48A and one with GLN554; an Alkyl 
interaction with PRO47A and an π-Alkyl interaction with HIS57A; 
an interaction “Unfavorable Negative-Negative” with ASP85A was 
also observed.

The norfloxacin-IsoTyRS complex (Figure 6F) showed three 
hydrogen bonds with GLN28, GLU135, TRP140; two “Salt 
Bridge;Attractive Charge” interactions with ASP142A and GLU144A; 
two π-π T-shaped interactions with PHE27A and one Alkyl interaction 
with LEU143A.

The oxacillin-IsoTyRS complex (Figure 6G) showed two hydrogen 
bonds with TRP227A and THR230A, three hydrophobic interactions, 
two of the π-Alkyl type with TRP227A and one of the Alkyl type with 
ALA321A; the complex also featured an “Unfavorable Negative-
Negative” interaction with ASP313A.
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Figure 6 Molecular interactions Isoleucyl-tRNA synthetase (Iso-TyRS) with AAD2 (a), AAD8 (b), AAD11 (c), AAD12 (d), mupirocin (e), norfloxacin (f) and 
oxacillin (g).

The catalytic site of Isoleucyl-tRNA synthetase is formed by 
residues PRO46, HIS54, HIS57, TRP518, GLU550, ASP553, 
GLN554, TRP558, HIS581, LEU583 and MET592.31 Derivatives 
AAD8, AAD11, AAD12 and mupirocin control bound at the catalytic 
site of the enzyme, showing interactions with some residues belonging 
to the site, and these interactions are highlighted with an asterisk (*) 

in Table 6. Derivative 2 (AAD2) and norfloxacin bound the same 
binding site, but distant from the catalytic site. Oxacillin bound in 
isolation at another site of the enzyme, which was different from the 
catalytic site and from the binding site of AAD2 and norfloxacin. The 
interaction distances of the complexes formed with isoleucyl-tRNA 
synthetase (Iso-TyRS) can be found in Table 6.
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Table 6 Types of interactions and distances (Å) of ligands with amino acid residues of Isoleucyl-tRNA synthetase

Ligand Binding Affinity (kcal/mol) RMSD (Å) Residue Interaction Distance (Å)

AAD2 -6.9 1.714 LYS22A H-Bond 3.69

GLN28A H-Bond 1.9

TYR77A H-Bond 2.29

PHE27A Hydrophobic 4.92

PHE27A Hydrophobic 5.08

VAL31A Hydrophobic 3.72

ASP142A π-Anion 4.34

AAD8 -7.3 1.567 *PRO46A H-Bond 3.7

ASP85A H-Bond 3.49

*ASP553A H-Bond 2.41

*HIS54A π-Cation 4.16

*HIS54A π-Cation 4.48

*MET592A π-Sulfur 5.35

AAD11 -7.3 1.925 VAL55A H-Bond 3.73

GLY56A H-Bond 3.44

GLN59A H-Bond 2.69

ASP85A H-Bond 3.45

GLY551A H-Bond 3.42

PRO90A Hydrophobic 4.98

*LEU583A Hydrophobic 4.86

*HIS54A π-Cation 4.33

ASP85A π-Anion 3.92

*MET592A π-Sulfur 5.21

*HIS54A π-π Stacked 4.16

AAD12 -8.3 1.258 *HIS54A H-Bond 2.31

*GLU550A H-Bond 2.2

GLY551A H-Bond 2.31

*GLN554A H-Bond 2.66

*TRP518A Hydrophobic 3.82

*LEU583A Hydrophobic 4.81

ASP85A π-Anion 4.73

*ASP553A π-Anion 4.82

ILE584A Halogen (Fluorine) 3.03

Mupirocin -7.4 1.848 THR48A H-Bond 2.43

GLY56A H-Bond 1.99

GLY56A H-Bond 2.39

*GLN554A H-Bond 2.85

PRO47A Hydrophobic 4.36

*HIS57A Hydrophobic 5.28

ASP85A Unfavorable Negative-Negative 3.59
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Ligand Binding Affinity (kcal/mol) RMSD (Å) Residue Interaction Distance (Å)

Norfloxacin -7.7 1.65 GLN28A H-Bond 2.56

GLU135A H-Bond 3.67

TRP140A H-Bond 2.72

LEU143A Hydrophobic 4.51

PHE27A π-π T-shaped 5.2

PHE27A π-π T-shaped 5.82

ASP142A Salt Bridge 3.2

GLU144A Salt Bridge 2.38

Oxacillin -8.1 1.967 TRP227A H-Bond 1.89

THR230A H-Bond 2.43

TRP227A Hydrophobic 4.98

TRP227A Hydrophobic 5.8

ALA321A Hydrophobic 3.95

ASP313A Unfavorable Negative-Negative 5.01

* Residues from the catalytic site of Isoleucyl-tRNA synthetase

Table Continued...

DNA gyrase (DNA Gyr)

The analysis of the interactions of the AAD2-DNA gyrase 
complex (Figure 7A) showed two interactions with the aromatic 
ring of methoxybenzene, one π-Alkyl with LYS1130A and one π-π 
T-shaped with PHE1480A; a hydrogen bond between the amine group 
and ASP1105A; a π-Alkyl interaction between the benzene group and 
PRO1102A.

The AAD8-DNA gyrase complex (Figure 7B) showed three 
interactions with methoxybenzene, being a hydrogen bond with 
ARG1127A, a π-Anion with ASP1105A and a π-Cation with 
LYS1130A; a hydrogen bond between the O11 of the ester group and 
TYR1064A; a hydrogen bond between sulfonyl and ARG1485A and a 
π-Alkyl interaction between naphthalene group and PRO1102A.

The AAD11-DNA gyrase complex (Figure 7C) showed three 
interactions with pyrazole, being a hydrogen bond with THR1129A, 
a π-Anion with ASP1105A and a π-Alkyl with PRO1102A; two 
interactions with 3-fluoropyridine, one being π-Anion with ASP1096A 
and a hydrogen bond between N and GLY1106A.

The AAD12-DNA gyrase complex (Figure 7D) showed three 
interactions between the aromatic ring of methoxybenzene and the 
amino acid residues LYS1130A (π-Alkyl), ARG1479A (π-Alkyl) and 
PHE1480A (π-π T-shaped); two hydrogen bonds between the sulfonyl 
and PRO1102A and ARG1485A residues; a π-Sigma interaction 

between the aromatic ring of the fluorobenzene group and THR1129A 
and a Halogen (Fluorine) type interaction between the fluorine atom 
and ASP1105A.

The mupirocin-DNA gyrase complex (Figure 7E) showed seven 
hydrogen bonds, two with ASP1096A, PRO1102A residues, one 
with ASP1105A, GLY1106A, ARG1485A and an Attractive Charge 
interaction with ARG1485A.

The norfloxacin-DNA gyrase complex (Figure 7F) showed 
six hydrogen bonds, two with ALA1118A, one with GLU1088A, 
ARG1092A, GLN1095A and GLY1115A; a π-Cation interaction and 
a “Salt Bridge; Attractive Charge” interaction with ARG1092A.

The oxacillin-DNA gyrase complex (Figure 7G) showed three 
hydrogen bonds, one with ASP1105A, GLY1106A and THR1129A; 
two π-Alkyl interactions with PRO1102A and PHE1480A residues; 
an Alkyl interaction with ILE1131A; a π-Cation interaction with 
ARG1485A and an “Unfavorable Negative-Negative” interaction 
with ASP1096A.

AADs (2, 8, 11 and 12), mupirocin and oxacillin bound at the same 
binding site, all of which showed interactions with the PRO1102A 
and ASP1105A residues. Norfloxacin coupled in a different site from 
the other evaluated ligands. The distances of the interactions of the 
complexes formed with DNA gyrase (DNA Gyr) can be found in 
Table 7.
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Figure 7 Molecular interactions DNA gyrase (DNA Gyr) with AAD2 (a), AAD8 (b), AAD11 (c), AAD12 (d), mupirocin (e), norfloxacin (f) and oxacillin (g). 

Table 7 Types of interactions and distances (Å) of ligands with amino acid residues of DNA gyrase

Ligand Binding Affinity (kcal/mol) RMSD (Å) Residue Interaction Distance (Å)

AAD2 -5.6 1.73 ASP1105A H-Bond 2.23

PRO1102A Hydrophobic 4.9

LYA1130A Hydrophobic 5.06

PHE1480A π-π T-shaped 4.79

AAD8 -5.9 1.615 TYR1064A H-Bond 2.99

ARG1127A H-Bond 2.45

ARG1485A H-Bond 6.53

PRO1102A Hydrophobic 5

LYS1130A π-Cation 3.27

ASP1105A π-Anion 3.28
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Ligand Binding Affinity (kcal/mol) RMSD (Å) Residue Interaction Distance (Å)

AAD11 -6 1.519 GLY1106A H-Bond 2.26

THR1129A H-Bond 3.56

PRO1102A Hydrophobic 5.49

ASP1096A π-Anion 4.41

ASP1105A π-Anion 3.68

AAD12 -6.5 1.585 PRO1102A H-Bond 3.75

ARG1485A H-Bond 2.14

ARG1485A H-Bond 3.09

PRO1102A Hydrophobic 4.17

THR1129A Hydrophobic 3.72

LYS1130A Hydrophobic 5.16

ARG1479A Hydrophobic 4.83

PHE1480A π-π T-shaped 5.21

ASP1105A Halogen (Fluorine) 3.17

Mupirocin -6.2 1.512 ASP1096A H-Bond 2.2

ASP1096A H-Bond 3.43

PRO1102A H-Bond 3.28

PRO1102A H-Bond 3.78

ASP1105A H-Bond 2.13

GLY1106A H-Bond 2.38

ARG1485A H-Bond 2.37

ARG1485A Attractive Charge 4.09

Norfloxacin -6.1 1.554 GLU1088A H-Bond 3.7

ARG1092A H-Bond 1.76

GLN1095A H-Bond 2.19

GLY1115A H-Bond 3.09

ALA1118A H-Bond 2.48

ALA1118A H-Bond 3.3

ALA1118A Hydrophobic 5.44

ARG1092A Salt Bridge; Attractive Charge 5.68

ARG1092A π-Cation 4.19

Oxacillin -6.9 1.943 ASP1105A H-Bond 3.36

GLY1106A H-Bond 2.29

THR1129A H-Bond 3.76

PRO1102A Hydrophobic 4.98

ILE1131A Hydrophobic 4.73

PHE1480A Hydrophobic 4.94

ARG1485A π-Cation 4.19

ASP1096A Unfavorable Negative-Negative 5.59

Table Continued...
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 Conclusion
The previously calculated mathematical models constituted in 

silico prediction filters in the determination of oral bioavailability, 
solubility and permeability of synthetic antibacterial AADs from the 
explored literature. The “drug-like” criteria Lipinski and Veber refined 
the compounds regarding their pharmacological potential, where it 
was possible to observe that only the AAD6 derivative violates two or 
more criteria of the rules, being the compound less likely to perform 
its antibacterial activity as a drug of the oral route. As a conclusion of 
the toxicity analysis, the compound AAD2 performs its antibacterial 
active principle as an oral drug with the lowest toxicological risk due 
to metabolic activation, constituting a very promising therapeutic 
method.

The molecular docking results showed that the evaluated AADs (2, 
8, 11 and 12) presented affinities within the ideal parameters described 
in the literature with the PBP, Iso-TyRS and DNA Gyr targets (except 
for AAD2 and AAD8), with emphasis on the AAD12, which had the 
best affinity energy values with the three target receptors used, and, 
combined with oxacillin, which had excellent affinities compared 
to the other controls used (mupirocin and norfloxacin), may have a 
synergistic effect, potentiating its action against PBP and Isoleucyl-
tRNA synthetase, as they do not compete for the same site. Compared 
to the Gyr DNA target, all molecules evaluated bound at the same 
enzyme site, except for norfloxacin, which suggests a possible 
synergistic effect between norfloxacin and AAD12 (derivative that 
showed better affinity value). In addition to AAD12, AAD8 and 
AAD11 also showed interactions with residues from the catalytic site 
of Isoleucyl-tRNA synthetase (Iso-TyRS), so they can be considered 
potential antibacterial agents against Staphylococcus aureus, since the 
prolonged use of mupirocin generates bacterial resistance.
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