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RESUMO

Neste trabalho avaliamos as interagbes farmaco-receptor responsaveis pela
atividade antimicrobiana do Timol, composto majoritario presente no 6leo essencial
(OE) de Lippia thymoides (L. thymoides) Mart. & Schauer (Verbenaceae). Foi
relatado anteriormente que este OE possui atividade antimicrobiana contra Candida
albicans (C. albicans), Staphylococcus aureus (S. aureus) e Escherichia coli (E.
coli). Sendo assim, usamos docking molecular, simulagdes de dindmica molecular e
célculos de energia de afinidade para investigar a interagdo do Timol com receptores
farmacoldégicos de interesse terapéutico para combater esses
patégenos. Descobrimos que o Timol interagiu favoravelmente com os locais de
ligacdo dos alvos moleculares dos micro-organismos. Os resultados do MolDock
Score para sistemas formados com CYP51 (C. albicans), Diidrofolato Redutase (S.
aureus) e Diidropteroato Sintase (E. coli) foram -77,85, -67,53 e -60,88,
respectivamente. Durante todas as simulacbées de dinamica molecular, o Timol
continuou interagindo com o local de ligacdo do alvo molecular de cada micro-
organismo. O valor das intera¢des de van der Waals (AEvaw=—-24,88, —26,44, -21,71
kcal/mol) energias de interacbes eletrostaticas (AEee = -3,94, -11,07, -12,43
kcal/mol) e as energias de solvatagdo ndo polar (AGne = -3,37, — 3,25, -2,93
kcal/mol) foram os principais responsaveis pela formac&o de complexos com CYP51

(C. albicans), Diidrofolato Redutase (S. aureus) e Diidropteroato Sintase (E. coli).

Palavras-chaves: Oleos essenciais, modelagem molecular, antimicrobiano, modo
de interacao



ABSTRACT

In this paper, we evaluated the drug-receptor interactions responsible for the
antimicrobial activity of thymol, the major compound present in the essential oil (EO)
of Lippia thymoides (L. thymoides) Mart. & Schauer (Verbenaceae). It was previously
reported that this EO exhibits antimicrobial activity against Candida albicans (C.
albicans), Staphylococcus aureus (S. aureus), and Escherichia coli (E. coli).
Therefore, we used molecular docking, molecular dynamics simulations, and free
energy calculations to investigate the interaction of thymol with pharmacological
receptors of interest to combat these pathogens. We found that thymol interacted
favorably with the active sites of the microorganisms’ molecular targets. MolDock
Score results for systems formed with CYP51 (C. albicans), Dihydrofolate reductase
(S. aureus), and Dihydropteroate synthase (E. coli) were -77.85, —67.53, and
—-60.88, respectively. Throughout the duration of the MD simulations, thymol
continued interacting with the binding pocket of the molecular target of each
microorganism. The van der Waals (AEvwiw = -24.88, -26.44, -21.71 kcal/mol,
respectively) and electrostatic interaction energies (AEele = -3.94, -11.07, -12.43
kcal/mol, respectively) and the nonpolar solvation energies (AGne = —3.37, —3.25,
—-2.93 kcal/mol, respectively) were mainly responsible for the formation of complexes
with CYP51 (C. albicans), Dihydrofolate reductase (S. aureus), and Dihydropteroate
synthase (E. coli).

Keywords: Essential oils, molecular modeling, antimicrobial, mode of interaction
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1. INTRODUGAO

Por muitos séculos os compostos de origem natural foram umas das poucas
alternativas para o tratamento de doencas. Essas substancias podem ser
encontradas em plantas, bactérias, fungos, organismos marinhos e insetos. A
utilizacdo desses compostos para tratamento terapéutico € conhecida como
medicina tradicional, inicialmente praticada por civilizagbes do oriente médio, pelos
egipcios, chineses, povos da Grécia antiga e indigenas das Américas (PANG et al.,
2021).

Os registros mais antigos sobre o uso medicinal de plantas foram encontrados
na Mesopotamia (onde atualmente estdo localizados o lIraque, Ird e Jordania,
Oriente Médio) e datam do ano de 2600 antes de Cristo (A.C.). Esses registros
foram encontrados em tabuletas de argila com escritas cuneiformes que relatam o
uso medicinal de Oleos de espécies de Cupressus sempervirens (Cipreste) e
Commiphora myrrha (Mirra) (CRAGG; NEWMAN, 2005). O Papiro de Ebers é um
dos registros Farmacéuticos e Meédicos mais importantes do mundo, sendo
encontrado ocasionalmente a venda numa banca de papiros pelo monge Georg
Ebers em 1873 na cidade de Luxor (antiga Tebas, capital do Egito). Neste papiro ha
descricdo de mais de 700 medicamentos a base de plantas medicinais, além de uma
rica descri¢gao do sistema circulatério humano (HALLMANN-MIKOLAJCZAK, 2004).

O médico grego, Dioscorides, (100 D.C.), registrou a coleta, armazenamento
e 0s usos de ervas medicinais, enquanto o filésofo grego, Teofrasto (~300 A.C)
tratou de ervas medicinais. Durante a Idade Média, os mosteiros da Inglaterra,
Irlanda, Franga e Alemanha preservaram esse conhecimento ocidental, enquanto os
arabes preservaram o conhecimento greco-romano e expandiram 0s usos de seus
proprios recursos naturais, juntamente com ervas chinesas e indianas
desconhecidas dos greco-romanos (CRAGG; NEWMAN, 2005). Foram os arabes os
primeiros a possuir farmacias privadas (século VIII) com farmacéutico, médico e
filbsofo, contribuindo muito para as ciéncias farmacéuticas e médicas através de
obras como o Canon Medicinae (HALLMANN-MIKOLAJCZAK, 2004).

O uso de produtos naturais como alternativa terapéutica tem sido descrita ao
longo da histéria como remédios, pomadas, porgcdes e 6leos com muitos desses
compostos bioativos ainda nao identificados. A fonte dominante de conhecimento

sobre 0 uso de plantas medicinais é resultado do homem experimentando por



tentativa e erro, durante centenas de anos, os efeitos farmacolégicos de diversas
plantas (HOLZMEYER et al., 2020). A utilizagao de plantas do género Salvia € um
exemplo desse fato. Essas plantas crescem em toda a regido sudoeste dos Estados
Unidos e noroeste do México, e foram usadas por tribos indigenas do sul da
Califérnia. Nessas tribos os bebés recém-nascidos do sexo masculino eram
‘cozidos” nas cinzas quentes de Salvia, pois acreditava-se que esses bebés
cresciam mais fortes e saudaveis, sendo imunes a todas as doencgas respiratérias
(GHORBANI; ESMAEILIZADEH, 2017).

Atrelado ao uso terapéutico dos produtos naturais, cada cultura ao redor do
mundo atribuiu crengas e costumes religiosos. Ao longo do tempo, todo esse
conhecimento gerado permitiu, a partir de estudos etnoboténicos e
etnofarmacolégicos, que muitos produtos naturais pudessem ser avaliados
cientificamente quanto as suas propriedades terapéuticas (HUSSEIN; EL-
ANSSARY, 2018).

Em particular, os compostos de origem vegetal, possuem uma ampla riqueza
de estruturas quimicas privilegiadas de grande valor para a industria farmacéutica.
Essas estruturas foram descobertas a partir do conhecimento terapéutico empirico
de populagdes locais que serviram de apoio para a investigagao cientifica, realizada
por pesquisadores de diversas areas do conhecimento (VINET; ZHEDANOV, 2011).

Esses compostos sdo oriundos do metabolismo secundario das plantas e
recebem, de forma geral, a nomenclatura de metabdlitos secundarios. Esses
metabolitos nao sao essenciais, apesar de influenciarem no crescimento,
desenvolvimento ou reprodugao de um organismo e sao produzidos como resultado
da adaptacdo do organismo ao ambiente circundante ou sdo produzidos para atuar
como um possivel mecanismo de defesa contra predadores auxiliando a
sobrevivéncia da planta (MAPLESTONE; STONE; WILLIAMS, 1992).

Os compostos vegetais podem ser categorizados como compostos fixos e
volateis. Os fixos sdo substancias que possuem uma cadeia carbénica formada por
varios atomos que devido seu peso molecular ndo sio volateis a temperatura de 100
°C. Contudo, os compostos volateis, sdo capazes de volatilizar nessa temperatura,
devido serem estruturas quimicas de baixo peso molecular. Sendo compostos
principalmente, mas nao exclusivamente, por cadeias com 11, 12 ou 13 atomos de
carbonos (ALZOMAN et al., 2021).
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As substancias volateis podem ser encontradas em diferentes partes das
plantas como folhas, ramos e frutos, sendo moléculas obtidas como 6leo essencial a
partir de métodos de extragdo como hidrodestilagdo, arraste a vapor, extracdo por
micro-ondas e extragao por fluido supercritico (BEZERRA et al., 2020).

O oleo essencial pode ser utilizado na industria para a produgdo de
cosméticos e perfumes, producédo de embalagens inteligentes com propriedades
antimicrobianas, mas também podem ser investigados quanto as suas propriedades
fitotdxicas e terapéuticas utilizando métodos in vitro, in vivo e in silico (DA COSTA et
al., 2019; NETO et al., 2020; PINTO et al., 2019).

A planta que serviu de inspiracéo para esse trabalho faz parte da familia das
Verbenaceae, género Lippia tendo sua espécie denominada como Lippia thymoides
(Figura 1). Essa planta possui reconhecida propriedade medicinal para o combate de
doencas como bronquite, reumatismo e febre, sendo comumente encontrada nos
cerrados e campos rupestres do Brasil. Suas propriedades farmacologicas estao
associadas a presenca de compostos fixos pertencentes a classe dos terpenos,
flavonoides e alcaloides, mas seu uso medicinal, também ¢é investigado devido a
presenga do Timol como composto majoritario do dleo essencial obtido dessa
espécie (ESCOBAR et al., 2020).

HERD. HORT-KEW. WIE;}}@@TIIM @

Figura 1. Exsicata de L. thymoides (Fonte: Royal Botanic Gardens).
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O Timol (Figura 2) € um monoterpeno volatil oriundo do metabolismo
secundaria de varias plantas. Na espécie de L. thymoides, o Timol pode ser
encontrado como composto majoritario do 6leo essencial extraido a partir de suas
folhas. Esse oleo essencial (rico em Timol) e o composto isolado, possuem
diversificadas aplicagcdes medicinais no combate a disturbios que afetam os
sistemas respiratério e digestivo (SALEHI et al., 2018; WAN et al., 2018), atividade
contra doencas bucais como carie (FLAMEE et al., 2015), além de apresentar
capacidade cicatrizante (MOLLARAFIE et al., 2015), antioxidante (NIKOLIC et al.,
2014; SILVA, F. S. et al., 2016), anti-inflamatéria (OLIVEIRA et al., 2017) e
antimicrobiana (JAFRI; AHMAD, 2020; MEMAR et al., 2017).

CH,

OH

HsC CHs

Figura 2. Estrutura molecular do Timol (Fonte: O autor).

A investigagdo in silico realizada nesta dissertacdo foi apoiada pelos
resultados experimentais previamente publicados por Silva e colaboradores (2021)
(SILVA, S. G. et al., 2021), onde foi investigada a capacidade antimicrobiana do 6leo
essencial de L. thymoides rico em Timol. Esses autores obtiveram o 6leo essencial
por fluido supercritico, nas condigdes de 50 °C de temperatura e 200 bar de pressao,
apresentando o Timol como composto majoritario que correspondendo a 88.56 *
0.65 % da composicao total do 6leo essencial. Esses autores demonstraram que
Candida albicans, Escherichia coli e Staphylococcus aureus foram sensiveis ao 6leo
essencial. O composto Timol isolado foi utilizado como controle positivo e os halos
de inibicdo para os micro-organismos sensiveis ao 6leo essencial foram

semelhantes aos obtidos para os testes realizados com o Timol.
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A partir disso, para compreender como o Timol é capaz de interagir com alvos
moleculares essenciais para a sobrevida desses micro-organismos, utilizamos
algumas abordagens de modelagem molecular como docking, simulagbes de
dindmica molecular e energia de afinidade. Buscamos na literatura proteinas
previamente descritas como alvos moleculares de produtos naturais e sintéticos que
combatem esses parasitas. Assim, foram selecionadas as proteinas CYP51 (C.
albicans), Dihydrofolate reductase (S. aureus), and Dihydropteroate synthase (E.
coli) que sao essenciais para as vias metabdlicas desses micro-organismos, dessa
forma, se a inibicdo dessas proteinas por realizada pelo Timol, as interrupgdes de
suas vias metabodlicas podem comprometer a sobrevida desses micro-organismos,

contribuindo assim para o combate da patogenia causada por esses parasitas.
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2. OBJETIVOS

2.1 Objetivo geral

Avaliar o modo de interagdo do Timol com alvos moleculares importantes para
a sobrevida de micro-organismos patogénicos como Candida albicans,

Staphylococcus aureus e Escherichia coli.

2.2 Objetivos especificos

e Analisar o modo de interagao do Timol como o local de ligacdo de proteinas
importantes para a viabilidade de bactérias e fungos;

e |dentificar as interacbes quimicas estabelecidas entre o Timol e os residuos
do local de ligagéo de proteinas presentes em bactérias e fungos;

e Avaliar ao longo do tempo a formagao e a estabilidade dos sistemas timol-

proteinas;

e Quantificar a energia de afinidade dos complexos timol-proteinas.
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Abstract: In this paper, we evaluated the drug-receptor interactions responsible for the antimicrobial
activity of thymaol, the major compound present in the essential ofl (EO) of Liya thymoides (L Hryanoides)
Mart. & Schauer (Verbenaceae). It was previously reported that this EC exhibits antimicrobial activiey
against Candida aibicoes (C allbécans), Sapdooeccis aurens (5. merens), and Eschericliia coli (E- coli). Therefore,
we used maolecular docking, molbecular dynamics simulations, and free energy caloulations to investigate
the interaction of thymol with pharmacological receptors of interest to combat these pathogens. We
found that thymol interacted favorably with the active sifes of the microorganisms’ molecular targets,
MolDock Seore results for systems formed with CYP51 (C albionns), Ditvdeodolate redusctase (5. aures), and
Dihydropternate synthase (E. coli} were —77.85, —67.53, and —6(1.58, respectively. Throughout the duration
of the M simmulations, thymol continued interacting with the binding pocket of the molecular targed of
each microorganism. The van der Waals (AE,qw = —24.88, —26.44, —21.71 kecal/mol, respectively) and
electrostatic inferaction energies (AEy, = —3.84, —11.07, —12.43 keal /mod, respectively) and the nonpolar
solvation energies (AGyp = —3.37, —3.25, —293 keal /mol, respectively) were mainly responsible for the
feernation of complexes with CYFP51 (C. albiamns), Dihydrofolate reductase (5. aurens), and Dilwdropternats
synthase (E. coli).

Keywords: molecular modeling; natural products; biological activity; interaction mechanism

L Introduction

Essential oils (EOs), formed as secondary metabolites of aromatic plants, are biosyn-
thesized in different plant organs such as flowers, leaves, and stems, among others [1,2].
These EQs chemical composibions and vields can change due to natural factors such as
physiological, environmental, geographic, genetic, and plant evolution [34]. These oils
play essential roles in plant protection and communication [5,&].

In the industry, EOs have been widely studied, mainly because of their potential
applications as antimicrobials [7]. Cwver the years, the volatile compounds present in
them have been emploved for several pharmacological achivities, such as antioxidant,
anticancer, antiprotozoal, antimicrobial, anti-inflammatory, phvtotoxic, and neuroprotective
activities [5~1Z]. In a recent study, Tannkulu et al. [13] demonstrated that species such as
Oeimum basilicim and Thymivg spicita show good anboxidant and antimicrobial activities
against Shyphylococcus aurens, Skrepfonyces murinus, Microcoocws Tufeus, Bacillus subiilis,
Klebsiella prienmone, Pseudononas agruginesa, Yersina enterocolitica, Protens algihis tuilgars,
and Candida algilis, demonstrating the importance of EOs in the industry:

Modecnles 2022 27, 4768, https:/ fdoiorgy 10,3390/ molecules2 7154768

hittps/ f www.mdpicom fjoumal fmaolecules

14



Molecwles 2022, 37, ATHE

2ok 10

Although the antimicrobial action of EOs is not vet fully understood, it can be at-
tributed to their ability fo permeate the cell wall of microorganisms, which arises from their
diverse and synergistic chemical compositions. The hydrophobic nature of EOs enables
the partitioning of lipids from the cell membrane and mitochondria, making them more
permeable; consequently, ions and crifical cellular components (lipids, proteins, and nucleic
acids} are extravasated from the cells, leading to eventual cell death. Generally, EOs have
maore achion on gram-negative than on gram-posibive bacterium, owing to the hydrophobic
components of these oils interacting with the cell membranes of the former [14-16].

Dhfferent methods have been used to assess the antibacterial and antifungal properties
of EOs. The most commonly used methods are the agar disk diffusion, minimum inhibition
concentration {MIC), mintmum bacterial concentration (AMBC), and minimum fungicidal
concentration (MBC) methods. Because the agar disk diffusion method is limited by the
hydrophobic nature of EOs and plant extracts, preventing their uniform diffusion through
the agar medium, most authors report their obtained results via the MIC, MBC, and MFC
methods [17].

Silva et al. [15] evaluated the antimicrobial activity of ECs from Lippin thymodides Mart.
& Schauer (Verbenaceae) against C. albicans, 5. aurens, and E. coli. In this study, we used
molecular modeling approaches to further analyze the investigations performed by Silva
et al. We decided to conduct these investigations in silico to deepen our understanding
of the nteractions of volatile compounds with molecular targets that are vital for the
viability of these microorganisms. Previous publications have shown that these approaches
successfully reveal how drug-receptor interactions occur [19-22]. Therefore, we used
malecular docking, molecular dynamics (MD) simulations, and affinity energy calculations
to investigate how thymol (Figure | }—the major compound of the EO from L. Hhymoades—
interacts with the molecular targets from C. alluicans, 5. aurens, and E. ool

CHy

OH

HyC CH;

Figure 1. The malecular structure of thymol.
2. Results and Discussions
2.1. Modecudar Binding Mode

According to the molecular docking results, the thymol interacted favorably wath the
binding sites of the proteins (Table 1),

15
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Table 1. Scoring funchions obtained with the MolDock soore.

Drug Target MolDwock Score (Kcalimol)
CYDS1 (C. albicans) 7785
Dihydrofolate reductase (5. aurens) —67.53
Dihydropteroate synthase (E. coif) —il.88

We tdentified the residues with which the ligand interacted and the chemical nature
of these interactions (Figure 2).

A B

i .
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| i
b md
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Figure 2. Intermolecular interactions of the drug-receptor svstems. Molecular binding mode of
thymaol interacting with the active site residues of (A) CYP51 (C. albicans), (B) dihydrodfolate reductase
(5. murens), and (C) dihydropteroate synthase (E. cofi).

After molecular docking, we performed MD simulations of 100 ns to evaluate how thymol
can interact with the active site of the molecular targets. We then performed per-residue free
energy decommposition using the MM /GBSA approach to evaluate the energetic comtnbution of
the residues to the formation of the receptor-ligand complex, as shown in Figure 2.

EOs target the membrane of microorganisms such as C. albicans, 5. aureus, and E.
coli [23]. The total or partial rupture of the membrane allows the extravasation of intra-
cellular laiquid, causing a hydroelectrolytic imbalance capable of causing the death of the
microorganism [24]. In addibion, after passage through the membrane, EQ compounds
are free to interact with molecular targets essential for bacterial and fungal viability [25].
Thymiol, for example, in our results, was shown to be able to interact with CYP51, Dihy-
drofolate reductase, and dihvdropteroate synthase proteins that are critical for parasite
viahbility. But in addition to these molecular targets, there are reports that this same com-
pound can mnteract with other proteins. Dutta et al. concluded that the thymol in the EQ
of Trachyspermum ammi interacted with the pocket binding of glucosamine-f-phosphate
synthase. The observed moelecular interactions were essentially hydrophobic [26]. Some
authors have dentified that thymel can interact with dihydro-folate reductase from 5.
auirens [27,25]. Barbosa et al. (2021) determined that thymol can also mhibit NorA efflux
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pump inhibition in multdrog-resistant (MDE) 5. dureus strains. In this paper, the authors
evaluated that thymol establishes hydrophobic, hydrophilic, and electrostatic molecular
interactions in the binding site [29]. Nagle et al. used thymol as a scaffold to perform a
computer-aided drug design. Thymol and analogous compounds were investigated for
their antimicrobial properties against E. coli and 5. aurens. The molecular target chosen
for the in silico studies was glooosamine-&-phosphate synthase GleM-6-F synthase. The
docking results showed that thymol and analogous showed a favorable interaction with

the active site of the protein and thetr interactions were hydrophobic and electrostatic [30].
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Figure 3. Per-resadue free energy decomposition: (A} CYPS1 (C. albicans), (B} dihydrofolate reductase
{5, merens), and (C) dihydroptercate synthase (E. coli).

At the active site of CYP51 {C. albicans), the thymol established interactions with the
heme group and Leu352. The interactions with the heme group were hydrophobic; one
was of the = type and the other two were of the m-alkyl bype. In addition o these three
interactions, the heme group participated in the binding of the compound with the binding
pocket, contributing with an energy value of =2.5 Kcal /mol. With Len352, the interaction
was of the alkyl type, and throughout the simulations, this residue provided an energy
value of =1.24 Kcal/fmol.

In the binding pocket of dihydrofolate reductase (5. airéis), thymol established a
hydrogen bond with Phet2, and the energy value of its interaction was =3.1 Keal/mol.
Alkyl hydrophobic interachons were formed with He2(, [e31, and [e50 with energy
contributions of =0.98, =083, —0.67 Kcal /mol, respectivelyv. The docking simulations
demonstrated that MAPH established n-m interaction with thymol reaching energy value
of =2.33 Keal /mol throughout the MD stmulations.

At the active site of dihvdropteroate synthase (E. coli), the ligand formed alkyl type
hydrophobic interactions with Argh3, Ilel117, and Met139 with energy contribution values
for a compost binding of =005, =58 e (L6l Kaal/mol, respectively. With Arg225, the
interaction oocurred with energy value of =1.12 and a 7-m interaction was established
between the benzene ring and the guanidine group of the amino acid. Another m—mn
interaction was formed between the thymol and Phel90 side chain, exhibiting an energy
value of =1.2 Kcal /mol.

17



Molecwles 2022, 37, ATHE

3of 10

2.2, DM Trafeckory Stabiity

We used root-mean-square deviation (RMSD) calculations to assess each protein’s
structural changes in the ligand and backbone. The RMSD of the higand was calculated
using its heavy atoms, while the Ca atoms were used for the RMSD plot of the protein

backbone {Figure 4).
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Figure 4. Intermolecular interactions of the drug-receptor svstems. Mobecular binding mode of
thymal interacting with the active site residues of (A) CYPS1 (. aflicans), (B) dihydrofolate reductase
(5. murens), and (C) dihydropteroate synthase (E. colf).

The RMSD values of the ligands in all systems showed minor variations along the
trajectories. Thus, the ligand was accommuodated in its binding site, preserving ibs interac-
tipms with the catalytic residues. The three-dimensional structures of the proteins did not
undergn any change that would compromise the maintenance of the systems formed with
thymol. Throughout the entire trajectory, the inhibitors remained in interaction with the
proteins.

2.3 Free Energy Calculation of fe Thymol-Receptor Complexes
In this study, the free energies of the thymol-receptor complexes were calculated to

assess whether thymol interacts favorably with the target protein of each microorganism.

For this, we used the MM/ GESA method, and the free energy and its energetic components
were calculated using the last 500 frames of the MD trajectonies. The results are presented
in Table 2.
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Table 2. Binding energy values (AGpng) of the drug-receptor systems. AEqw, van der Waals
comtributions: AF e ireatatic. electrostatic energy; AGeg, polar solvation energy; AGygpql. Ronpolar
solvation energy. All values are in keal /mol.

System AE v AE,, AGoE AGyp Al .

CYPSUC. albicars) —24.R8 e | 1215 —3.37 — 24
dihydrotolate reductase (5. awreus) =264 =107 16.03 —3.25 =273
dihydroptensate synithase (£, coli) =21.71 —12.43 1923 —293 =17 584

The main contributions to the formation of the complexes were the van der Waals
(AE aw). electrostatic (AEgerastatic ), and nonpolar solvation {ﬁf',,mpm} energies. The
negative values of AlGpamg demonstrated that the interaction of the ligand with these
molecular targets 1s favorable. Based on all our results, we can state that thymol 15 capable
of interacting with and thereby mhibiting these molecular targets.

3. Materials and Methods
3.1 Muolecular Docking

For the molecular docking study, thymol was selected since it was the major compound
from the essential il isolated from the leaves of L. thywordes Mart. & Schawer (Verbenaceae).
Muolecular docking was used to investigate the interaction between thymol and essential
proteins of C. allicans, 5. aurens, and E. coli. The proteins used as a molecular target
are essential for the metabolic pathways of such microorganisms, in addition to being
reparted in the literature as targets for natural and synthetic products that combat these
pathogens [31-34].

Thymol (2-[sopropyl-5-methylphenol) is a volatile substance present in the essential
oil of several species. This substance is a monoterpenoid belongs being derived from a
hydrde of a p-cymene [35]. Thymol was drawn in GaussView 6 [36], and its structure
was optimized via B3LYT/6-316 * [37] using the Gausstan quantum chemistry software
16 [38]. The three-dimensional structures of the proteins used as molecular targets were
obtained from the Protein Data Bank (www.resboorg {1 January 2022). The corresponding
PDB IDs are 5V5E (C. afticans—5C5314) [39], 2ZWIH (5. awrens—ATCC) [33], and 1AJ2
(E. coli—ATCC) [34]. To study the interaction mode of this molecule with target proteins
for drug action, the software Molegro Virtual Docker 5.5 [40]. The MolDock Score (GRID)
function was used with a Grid resolution of 0,30 A and radius of 7 A, EnCompassing
the entire crystallographic ligand-binding cavity found in the PDB of each protein. The
MolDock SE algorithm was wsed with the number of runs equal to 10; 1500 max interactions,
and max population size equal to 50 The full evaluation of 300 steps with neighbor distance
factor equal to 1 and energy threshold equal to 100 was used during the molecular docking
simulation. The RMSD limit for multiple cluster poses was set to <1.00 A

3.2, MD Sionulations

The charges of the thymol atoms were calculated wsing the restrained electrostatic
potential protocel using HE /6310 * [41]. Parameter files were built using the Antechamber
and General Amber Force Field [42]. The protonation states of the protein residues were
studied from the results obtained using the PROPEA server [43].

The proteins were described by the (1458 force field [44] in all simulations, with
exphicit water molecules described by the TIPAP model [45]. Each systemn was solvated in
an octahedron periodic box with a 12 A cutting radius in all directions from the solute. An
adequate number of counterions were added to neutralize the partial charge of the systems.

The MD simulations were performed using the Amber 16 software [46,47]. Energy
mintmizations were performed with the sander module, while the heating, balance and
production steps were performed with pmemd. CUDAL

The system’s energy minimization took place in three steps. In the first stage, 2000
cveles were executed using the steepest descent method and conjugate gradient algorithms,
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applying a harmonic force constant of 50 keal-mol~'-A~? about the solute. In the second
stage, the harmonic force constant applied to the solute was 25 keal-mol =8 A =2, and 1000
muore cycles were run using the steepest descent method and conjugate gradient algorithms.
In the last step, the comstraints were removed, and 1000 cycles were run using the steepest
descent method and conjugate gradient algorithm.

A ps simulations were run bo increase the system femperatiore from 0 & 300 k.
Warming up was carried out in three steps. In the first, the solute was constrained with a
harmonic force constant of 25 keal-mol='-A=2, in this way, only the solvent and counterions
were free to move. In the next two steps, the harmonic force constant was removed. To
balance the complexes, we run 2 ns simulations at constant temperature and without
restrichions. Then, for each complex; 100 ns of MD simulation with NVT ensemble were
generated:

The particle mesh Ewald method [45] was used for calculating the electrostatic interac-
tHon energies, and the bonds involving hydnogen atoms were restricted with the SHAKE
algorithm [49]. The temperature was controlled using a Langevin thermostat [50] with a
collision frequency of 2 ps~L.

3.3, Free Eneryy Calculations

The free energy calculabions were performed using the molecular mechanic’s general-
ized boron surface area (MM /GBSA) method [51-53]. For these calculabions, we used the
last 5 n= of the M} simulation trajectories. The free energy was calculated as follows:

Alpng = AH = TAS == AEypg + AGe, — TAS (1)

where Alging 15 the free energy of the complex, resulting from the sum of the molecular
mechanics energy {AEypy), desolvation free energy (AGo ), and entropy (=TAS).

ABypg = AEjema + AEppostane + AE aw i2]

The energy of molecular gas phase mechanics (AEMM) can be described by the sum
of the internal energy comtributions (AEiyema % sum of the connection, angle, and dihedral
energies; electrostatic contributions (AEgecroetanc )i and van der Waals terms (AE, gqw ).

ﬂ{-_":a]v - -&GGE o ﬂi-_"mmpal {3]

The desolvation free energy (AG_ ;) is the sum of the polar (AGgg) and nonpolar
(A, ne) contributions. The polar desolvation term was calculated using the implicit
generalized bom (GB) approach.

4. Conclusions

According to our results for the binding energies obtained using the MM/GBSA
method, thymol interacts favorably with the molecular targets of microorganisms. The
binding free energies {AlGging ) for thymel interacting with CYP51, dihydrofolate reductase,
and dihydropteroate synthase proteins demonstrate that the formation of the complexes is
favorable; the AGging values obtained were: =30004, =24.73, =17.84 keal/mol, respectively.
During the 100 ns of MD simulations, thymaol remained in interaction with the binding
pockets of the eneymes. The EMSD values obtained over 100 ns of MD simulation showed
that the thymol are stable in the binding pocket. The main interactions established by the
ligand with the active site residues were found to be hydrophobic.

Author Contributions: Comceptualization, | N.C; methodology. I.N.C.; software, |.IN.C.; validation,
5.6.5; formal analysis, M.5.d.0.; investigation, |.N.C.; resources, D.SF and A Pd 55.F; data curation,
DSFE and A PASS5E; writing—otiginal draft preparation, [.N.C.; writing—seview and editing, D5F
and A.F.d.55F; visualization, M54 .0 supervision, B.E.L. and EH.d A_A; project administration,
REL and EH.d.A A funding acquisition, RE.L and EH 4. AA. All authors have read and agreed
tor the published version of the manuscripl

20



Molecules 2023, 17, 4768 Bod 1D

Funding: This study was financed in part by the Coordenagae de Aperfeigoamento de Pessoal de

MNivel Superior-Brasil (CAPES)-Finance Code (0. Universidade Federal do Para / Pr SPROGEAMA
T OpEsp

DE APOIO A PUBLICACAD QUALIFICADA-PAPQ-EDITAL 2002,
Institutional Review Board Stalement: Mot applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Not applicable.

Acknowledgments: The author MS.d.0x, thanks PCFMCTIC/MPEG, as well as CNPq for the
scholarship process number: 301194 ,/2021-1.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the L. thymoides Mart. & Schauer (Verbenaceas) are available from
the Museu Emilio Geeldi.

References

10k

12

13

14

15.

1.

Ferreira, (.0, Neves da Cruz, |.; de Jesus Pereira Franco, C; Silva, 5.G.; da Costa, WA de Oliveira, ML.5.; de Aguiar Andrade,
EH. First Report on Yield and Chemical Composition of Essential (hl Extracted from Myrcia Eximia DC {Myrtaceae) from the
Brarilian Amazon. Molecules 2020, 25, 783, [CrossRef] [PubbMad]

Hartmann, T. From Waste Products o Ecochernicabs: Fifty Years Research of Plant Secondary Metabolism. Phytochentistry 2007,
68, 28312846, |CrossHed] [Pubied]

Figusiredn, A.C.; Barroso, .G, Pedro, LG.; Scheffer, |.1.C. Factors Affecting Secomdary Metabolite Production in Flants: Volatile
Components and Essential Ofls. Fleoour Fragr. [. 2008, 23, 213-226. [CrossRef]

Ferreira, 0.0 Cruz, [.N.; de Moraes, A A.: de Jesus Pareira Franco, C.; Lima, RR_; Anjos, TO.; Siquedra, GAL; Nascimento, LD
Cascaes, MLM.; de (Miveira, MLS.; et al. Essential Ofl of the Plants Growing in the Brazifian Amazon: Chemical Composition,
Antioxidants, and Biological Applications. Mafecules 2022, 27, 4373, [CrossRed]

Do Mascimento, LD.; de Moraes, A_AB.; da Costa, K5, Galicio, |.M._F; Taube, PS5 Costa, CM.L; Cruz, [ Andrade, EH.d A
de Faria, LJ.G. Bipactive MNatural Compounds and Antioxidant Activity of Essential Oils from Spice Plants: New Findings and
Potential Applications. Biomplecules 2020, 10, 988, [CrossRel]

Sodeifian, G.; Sajadian, 5. A, Saadati Ardestani, N, Experimental Optimdeation and Mathematical Modeling of the Supercritical
Fluid Extraction of Essential (il from Eryngium Billardieri: Application of Simulated Annealing (SA) Algorithm. |. Supercril.
Fluids 2017, 127, 146-157. [CrossRef]

Cascaes, MM, Dos, O Camaeiro, S; Diniz Do Nascimento, L) Anténio Barbosa De Moraes, A_: Santana De Oliveira, M_; Neves
Cruz, [.; Skelding, G.M.; Guilhon, F.; Helena De Aguiar Andrade, E.; et al. Essential Oils from Annonaceae Species from Brazil: A
Syatematic Review of Their Phytochemistry, and Biological Activities. If. | Mol Sci. 2021, 22, 12140 [Cros=Red]

Santana de Oliveira, M.; Pereira da Silva, V.M.; Cantao Freitas, L) Gomes Silva, 5.; Nevez Cruz, |.; de Aguiar Andrade, EH.
Extraction Yield, Chemical Composition, Preliminary Toxicity of Bignonia Nocturna (Bignoniaceae) Essential Oill and in Silico
Evaluation of the Interaction. Chew. Biadiners. 2021, 18, cbdv. 202000982 [CrossHef]

Benavides, 5.; Villalobos-Carvajal, K. Reyes, |.E. Physical, Mechanical and Antibacterial Properties of Alginate Film: Effect of the
Crosslinking Degree and Oregano Essential O Concentration. |- Food Eng. 2002, 1140, 232335, I_L_H'lri.'i-RL'iI

Leal, 5.M.; Pino, M. Stashenkao, EE.; Martinez, |.R.; Escobar, F. Antiprotozoal Activity of Essential Oils Derived frorn Piper Spp.
Grown in Colombia. [ Essent. OFf Res. 2013, 25, 512-519. [CrossRef]

Silva, EV.; Guimaraes, A_G.; Silva, E.R.5; Sousa-Neto, B.F; MacHado, FDUF; Quintans-fanior, L.].; Arcanjo, D.D.E.; Oliveira,
FA Oliveira, R.C M. Anti-Inflammatory and Anti-Ulcer Activities of Carvacrol, a Monoterpens Present in the Essential Oil of
Oregano. [ Med. Food 2012, 15, 984991, [CrossRel]

Da Silva Juinior, O.5.; Franco, C.d.].P; de Moraes, A_A_B.; Cruz, |.M.; da Costa, K.5; do Mascimento, L.D.; Andrade, EH.d A In
Silico Analyses of Toxicity of the Major Constituents of Essential Oils frorm Two Ipomoea L Spectes. Toxicon 2021, 135, 111-118.
[Criss Ref]

Tannkuly, G i; Ervitrk, ©.; Yavuz, ©.; Can, Z.; Cakar, HE Chemical Compositions, Antioxddant and Antimicrobial Activities of
the Essential 01l and Extracts of Lamiaceae Family (Ocimum Basilicum and Thymbra Spicata) from Turkey. Inl. |. Second. Metab.
207, 4, 340-HE. [CrossRel]

Calo, . E.; Crandall, PG O'Bryan, C.A.; Ricks, 5.C. Essential Oils as Antimicrobials in Food Systems—A Review. Food Control
2015, 54, 111-119. [CrossRef]

Akthar, M.5.; Degaga, B.; Azam, T. Antimicrobial Activity of Essential Oils Extracted from Medicinal Plants against the Pathogenic
Microorganisms: A Review. fsapes Biol. Sci. Plurm. Res. 2004, 2, 1-7.

Solarzanc-Santos, F; Miranda-Nowvales, MG, Essential Oils from Aromatic Herbs as Antimicrobial Agents. Curr. Opin. Biofechnm.
2012, 23, 136-141. [CrossRel]

21



Molecules 2022, 37, 4768 W ok 10

17.

18

19.

21,

24

9.

3L

3

33

35

RSR

349

41.

Bilia, AR Santomaure, E; Sacco, C; Bergonzi, M.C.; Donato, B Essential Oil of Artemisia Annua L. An Extraordinary
Component with Mumerous Antimicrobial Properties. Evid. Based Complement. Alfern. Med, 2004, 2014, 159819, [CrossHei]
Silva, 5.G.; de (Miveira, M5 ; Cruz, | N.; da Costa, WA da Silva, S H.M.; Barreto Mala, AA.; de Sousa, B L. Carvallho Jumior,
RN de Aguiar Andrade, E.H. Supercritical CC% Extraction to Obtain Lippia Thymobdes Mart. & Schauer (Verbemaceae) Essential
(il Rich in Thymol and Evaluation of Its Antimicrobial Activity. | Supercrif. Fluits 2001, 168, 105064 [CrossRef]

Costa, E.B.B.; Silva, R.C.C.; Espejo-Romain, |.M.M.; Neto, M.F.d A Fd. A Cruz, | N.N; Leite, FH A H A ; Silva, CHTPHTPE;
Pinheiro, J.C.C; Macédo, WJ.CLC; Santos, C.B.RBE. Chemometric Methods in Antimalarial Drug Design from 1,245
Tetranxanes Analognes. SAR QSAR Enmirom. Res. 2020, 31, 677-695. [CrossRel]

Castro, A L.G.; Cruz, [N, Sodré, DLE; Correa-Barbosa, |.; Azonsivo, R.; de Oliveira, M.5,; de Sousa Siqueira, [.E.; da Rocha
Galucio, N.C.; de (iveira Bahia, M. Burbanc, MK et al. Evaluation of the Genetoxicity and Mutagenicity of lsoeleutherin
and Eleuthernin Isolated from Eleutherine Flicata Herb. Using Binassayvs and in Silico Approaches. Arab. [. Chewe. 2021, 14, 103054,
[Crosskef]

Galucio, N.C.4.R.; Moysds, D.d.A Pina, JRS.; Marinho, PSB.; Gomes Junior, BC.: Cruz, [N Vale, VIV Khayat, A.S.; Mar-
inho, A M.d R Antiproliferative, Genotoxic Activities and Quantification of Extracts and Cucurbitacin B Obtained from Luffa
Operculata (L) Cogn. Arab. J. Chem. 2023, 15, 103589, [CrossRef]

Rego, C ML A Francisco, AF.; Boeno, C.N; Paloschi, M.V, Lopes, LA Silva, MLD.5.; Santana, H M.} Serrath, SN Eodrigues,
J-E.; Lemos, CTL; et al. Inflammasome NLRP3 Activation Induced by Convulxin, a C-Type Lectin-like Isolated from Crotalus
Dhurissus Terrificus Snake Venom. Sci. Rep. 2022, 12, 4706, [CrossRef]

Xu, I.; Zhou, F; Ji, B.F; Pei, R.5; Xu, N. The Antibacterial Mechanism of Carvacrol and Thymol against Escherichia Coli. Lalt.
Appl. Microbiol. 2008, 47, 174179, [CrossRef]

Mazzar, F; Fratianni, F; De Marting, L; Coppala, B De Feo, V. Effect of Essential Oils on Pathogenic Bacteria. Pharmacenticals
2013, 6, 1451-1474. [CrossBef]

Chouhan, 5; Sharma, K; Guleria, 5. Antimicrobial Activity of Some Essential Oils—FPresent Status and Future Perspectives.
Medicines 2017, 4, 58. |CrossRei]

Dhatta, 5.; Kundu, A.; Saha, 5.; Prabhakaran, F.; Mandal, A Characterization, Antifungal Properties and in Silico Modelling
Perspectives of Trachyspermum Ammi Essential Oil. LWT 2020, 137, 109786, [CrossBef]

Arokivaraj, 5.; Chaoi, 5. H.; Lee, Y.; Bharanidharan, K.; Hairul-Islam, VI.; Vijayakumae, B.; Oh, Y.K.; Dinesh-Kumar, V., Vincent, 5.;
Kim, K_H. Characterization of Ambrette Seed Oil and Its Mode of Action in Bacteria. Molecules 205, 20, 384-395. [CrossHef]
[Pulsbded]

Bishovi, AK.; Mahapatra, M.; Paidesetty, 5.K_; Padhy, E.N. Design, Molecular Docking, and Antimicrobial Assessment of Newly
Synthesized Phytochemical Thymol Mannich Base Derivatives. J. Mol Struct. 2021, 1244, 130908, [CrossRef]

Dios Santos Barbosa, CR.; Scherf, 1R de Freitas, T.5.; de Menezes, L A Pereira, R1LS.; dos Santos, | ES.; de Jesus, 5.5 F; Lopes,
T.F; de Sousa Silveira, Z.; de Morais Oliveira-Tintino, C D et al. Effect of Carvacrol and Thymol on NorA Efflux Pumyp Inhibiticn
in Multidrug-Resistant (MDR) Staphylococcus Aurens Strains. [ Bivenerg. Biosrembr, 3021, 53, 489498, [CrossRel] [Pubbded]
Magle, F: Pawar, Y.; Sonawane, A_; Bhosale, 5.; More, D. Docking Simulation, Synthesis and Biological Evaluation of Movel
Pyridazinone Containing Thymol as Potential Antimicrobial Agents. Med. Chem. Res. 2014, 23, 918926, [CrossHef]

Dos Santos, K.LB.; Cruz, | N.; Silva, LB.; Ramos, B.5.; Neto, MUEA; Lobato, C.C; Ota, 55.B.; Leite, EH A ; Borges, R5.; da Silva,
CH.TF; et al. Identification of Novel Chemical Entities for Adencsine Receptor Tvpe 2a Using Molecular Modeling Approaches.
Molecules 2020, 25, 1245. [CrossRel]

Keniya, M.V.; Sabherwal, M.; Wilson, BEK; Woods, M.A.; Sagatova, A A Tyndall, . DLA; Monk, B.C. Crystal Structures of
Full-Length Lanosternl 14ax-Demethylases of Prominent Fungal Pathogens Candida Albicans and Candida Glabrata Provide
Toaols for Antifungal Discovery. Antimicrob. Agents Chemptier. 2018, 62, e01134-18. [CrossFei]

Heaslet, H.; Harris, M.; Fahnoe, K. Sarver, R.; Putz, H.; Chang, |.; Subramanyam, C.; Barreiro, G Miller, J.E. Strucrural
Comparison of Chromosomal and Exogenous Dihydrofolate Reductase from Staphylococcus Aurens in Complex with the Potent
Inhibitor Trimethoprim. Proteins Struct. Funct. Bivinfornia 2009, 76, 706717, [Crossker]

Achari, A.; Somers, D0, Champness, .M. Bryant, PK; Rosemond, |.;: Stammers, D.K. Crystal Structure of the Anti-Bacterial
Sulfomamide Drug Target Dihydropteroate Synthase. Mot Steuct. Biol. 1997, 4, 490497 [CrossRed]

Escobar, A.; Pérez, M.; Romanelli, G.; Blustein, G. Thymaol Bioactivity: A Review Focusing on Practical Applications. Arab. [.
Chem. 2020, 13, 9439268 [ CrossRel]

Dennington, B.; Keith, T.; Millam, | GaussView, Version 5; Semichem Inc.: Shawnee Mission, KS, USA, 2009,

Becke, A.D. Density-Functional Thermochemistry. 11 The Role of Exact Exchange. J. Chem. Phys. 1993, 38, 56485652 [CrossTef]
Frisch, M.].; Trucks, G.W.; Schilegel, H B.; Scuseria, G.E ; Robb, M A Cheeseman, J.E_; Scalmani, G.; Barone, V_; Petersson, GA;
Makatsuji, H.; et al. Gawessien 16 Revision 16.4.03; Gaussian Inc.: Wallingford, CT, USA, 2016.

Monk, B.C; Keniya, M.V Sabherwal, M.; Wilson, R.E.; Geaham, [0 Hassan, H.F; Chen, [; Tvndall, |.1UA. Azole Resistance
Reduces Susceptibility to the Tetrazole Antifungal VT-1161. Awtinicrob. Agents Clemother. 2019, 63, e02114-18. [CrossHef]
Thomsen, B Christensen, M.H. MaolDock: A New Technique for High-Accuracy Molecular Docking,. [ Med. Chem. 2006, 49,
3315-3321. [CrossHel]

Wang, [.; Cieplak, I'; Kollman, F.A. How Well Does a Restrained Electrostatic Potential (RESF) Model Perform in Calculating
Conformational Energies of Organic and Biological Molecules? [ Conrput. Chem. 2000, 21, 1H8-1074. [CrossFet]

22



Molecueles 2023, 37, 4768 Dok 10

42

43.

45.

47.

43,

49.

50,

51.

53.

Wang, J.: Waolf, E.M.; Caldwell, | W.; Kollman, P.A.; Case, D.A_ Development and Testing of a General Amber Force Field. J.
Conrput. Chem. 2004, 25, 1E57-1174. |CrossFef]

Dalinsky, TJ.; Mielsen, J.E; McCammaon, [.A.; Baker, N.A. POE2POR: An Automated Pipeline for the Setup of Poisson-Boltzmann
Electrostatics Calculations. Nucleic Acids Res. 2004, 32, WeR5-W667. [CrossRei]

Maier, |_A; Martinez, C_; Kasavajhala, K.; Wickstrom, L; Hauser, K.E_; Simmerling, C. FI145B: Improving the Accuracy of Protein
Side Chain and Backbone Parameters from FI995B. [. Chem. Theory Cormput. 2015, 11, 36963713 [CrossRaf]

Jorgenisen, WL.; Chandrasekhar, ].; Madura, ].I.; Impey, EW. Klein, M.L. Comparison of Simple Potential Functions for
Simulating Liquid Water. [. Chem. Phys. 1983, 79, 926935, |CrossEef]

Santos, C.B.R; Santos, KL B.; Cruz, [N Leite, FH A Borges, RS, Taft, C. A Campos, | M. Silva, CH.T.F. Molecular Modeling
Approaches of Selective Adenosine Receptor Type 2A Agonists as Potential Anti-Inflammatory Dvugs. [ Biomel. Striect. Dy,
2020, 39, 3115-3127. [CrossRed]

Avradpo, PHE; Ramos, B.5.; da Cruz, | N Silva, 5.6 Ferreira, EFB.; de Lima, L.E.; Macédo, W.].C.; Espejo-Roman, | M.; Campos,
1M Santos, C.B.R. Identification of Potential COX-2 Inhibitors for the Treatment of Inflammatory Diseases Using Molecular
Modeling Approaches. Mofecules 2020, 25, 4183, [CrossRef]

Darden, T York, [.; Pedersen, L Particle Mesh Ewald: An MN-log(N) Method for Ewald Sums in Large Systems. [ Chem. Plys.
1993, 95, 1008910082, |CrossRef]

Byckaert, |.F; Ciccotti, G.; Berendsen, H.J.C. Numerical Integration of the Cartesian Equations of Motion of a System with
Comstraints: Molecular Dynamics of n-Alkanes. . Compuet. Phys. 1977, 23, 327-341. [CrossRef]

Lzaguirre, . A ; Catarello, DF; Wosniak, [.M.; Skeel, RD. Langevin Stabilization of Molecular Dymamics. [, Gl Plys, 2000, 114,
2090-2098. | CrossRed]

Hou, T; Wang, I.; Li, ¥.; Wang, W_ Assessing the Performance of the MM /PBSA and MM /GBESA Methods. 1. The Accuracy of
Binding Free Energy Calculations Based on Molecular Dynamics Simulations. [ Chem. Inf. Modei. 2001, 51, 6982 |[CrossRei]
[Pubiad]

Ledo, BF; Cruz, VN da Costa, G.V.; Cruz, [ V.M. Ferreira, EEB,; Silva, R.C.; de Lima, L.R.; Borges, E.5.; Dos Santos, G.B.;
Sanitos, C.BR. Identification of New Rofecoxib-Based Cyclooxygenase-2 Inhibitors: A Bioinformatics Approach. Phermiscenbicals
2020, 13, 209. [CrossRef] [PubMed]

Lima, A RJA.dM.; Siqueira, AS; Moller, MLLS. Souza, RCD.; Cruz, J M. Lima, ARJAdM_ daSilva, B.C; Aguiar, D/CF;
Junior, L4 5.G.V,; Gongalves, E.C. In Silico Improvement of the Cyancbacterial Lectin Microvirin and Mannose Interaction. [.
Biomad. Struct. Dyn. 2020, 40, 1064-1073. [CrossRef]

23



24

4. PERSPECTIVAS FUTURAS

Os resultados obtidos podem servir de base para o planejamento e
desenvolvimento de futuros compostos com atividade antimicrobiana. Além de
aumentar o conhecimento sobre as interagbes quimicas estabelecidas pelo Timol
durante as interacbes com receptores de interesse terapéutico para o combate de

micro-organismos.
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