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Abstract

:

Myracrodruon urundeuva Fr. Allem. (Anacardiaceae) is a tree popularly known as the “aroeira-do-sertão”, native to the caatinga and cerrado biomes, with a natural dispersion ranging from the Northeast, Midwest, to Southeast Brazil. Its wood is highly valued and overexploited, due to its characteristics such as durability and resistance to decaying. The diversity of chemical constituents in aroeira seed has shown biological properties against microorganisms and helminths. As such, this work aimed to identify the profile of volatile compounds present in aroeira seeds. Headspace solid phase microextraction was employed (HS-SPME) using semi-polar polydimethylsiloxane-divinylbenzene fiber (PDMS/DVB) for the extraction of VOCs. 22 volatile organic compounds were identified: nine monoterpenes and eight sesquiterpenes, in addition to six compounds belonging to different chemical classes such as fatty acids, terpenoids, salicylates and others. Those that stood out were p-mentha-1,4, 4(8)-diene, 3-carene (found in all samples), caryophyllene and cis-geranylacetone. A virtual docking analysis suggested that around 65% of the VOCs molar content from the aroeiras seeds present moderate a strong ability to bind to cyclooxygenase I (COX-I) active site, oxide nitric synthase (iNOS) active site (iNOSas) or to iNOS cofactor site (iNOScs), corroborating an anti-inflamatory potential. A pharmacophoric descriptor analysis allowed to infer the more determinant characteristics of these compounds’ conferring affinity to each site. Taken together, our results illustrate the high applicability for the integrated use of SPME, in silico virtual screening and chemoinformatics tools at the profiling of the biotechnological and pharmaceutical potential of natural sources.
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1. Introduction


Aroeira (Myracrodruon urundeuva), commonly known in Brazil as “aroeira do sertão” is a dioecious species. Its fruits have an oval shape, and a firm calyx, considered fruit-seed [1,2]. This species comes from cerrado and semiarid regions [3] and can be found in Brazil from the Northeast to the South of the country, presenting significant economic value [4,5,6].



Aroeira has been widely studied due to its therapeutic properties, with emphasis on anti-inflammatory, antioxidant, antimicrobial and healing activities. Its peel, leaves and fruits are used [7]. A set of recent studies have also pointed to the medicinal properties of the whole plant, particularly the extracts and essential oils from the seeds [8,9,10]. The complex mixture of aroeira seed organic compounds has also shown anthelmintic and antimicrobial activity [11].



Certain bioactive compounds present in the aroeira species, such as flavonoids, terpenes and tannins, have already been probed to exert anti-inflammatory effects with great proficiency, for instance in selectively inhibiting the phospholipase A2, an enzyme that has pro-inflammatory activity [12,13,14]. In the literature, there are several reports that the use of aroeira’s hydroalcoholic extract improves healing of several variations of inflammatory conditions and therefore, provides better healing aspects [15].



In particular, essential oils (EOs) are mainly made up of terpenes, terpenoids and their derivatives; for which evolution has selected a myriad of chemical groups and cross interactions with an equal number of biological targets in plants and animals; presenting these targets’ varied functions [16]. Allied to this, the EOs molecular constituents are usually small and lipophilic plant metabolites, with a natural ability to overcome biological barriers, in order to presenting ease of extraction and biodegradability [17,18]. This set of attributes means these plant extracts have been used in natural medicine and in various technological and biotechnological applications since ancient times [19,20,21,22,23,24]. Of the different biological activities reported for EOs in humans, anti-inflammatory properties appear with a prominent role, presenting potential for a less invasive aid to more orthodox drugs against classical and current illnesses (such as COVID-19) [25,26,27,28,29]. For the above reasons, the development of an inexpensive, environmentally safe and sufficiently accurate method to profile the molecular content and its relative variances of the EOs from M. urundeuva seeds and a first approach to obtain insights about such activity are both valuable goals.



Solid-phase microextraction (SPME) is a technique that has been substantially successful in profiling volatile compounds with a low economic and environmental burden [30,31]. SPME consists of the analyte partitioning between the sample and an extracting microcomponent, constituting a polymeric phase that can be solid or liquid that involves a fused silica fiber [32]. Relatively to the advantages of this technique, it is noteworthy that it does not demand sophisticated analytical tools, in addition to organic solvents dispensing and enabling the reuse of the extraction fibers [33,34,35,36]. This technique also presents itself widely dependent on the type of fiber. It was shown in the work of [36] that the PDMS/DVB fiber allowed the identification of more than twice the volatile compounds than the DVB/CAR/PDMS fiber for the pulp of Eugenia klotzchiana O.



Regarding the research of anti-inflammatory targets for natural compounds, cyclooxygenases (COX) and inducible nitric oxide synthase (iNOS) are two canonical targets [37,38]. The cyclooxygenase enzyme has two isoforms called COX-1 and COX-2, reported in the literature [39,40,41]. Both cyclooxygenases have been already proved as targets of Eos and other natural compounds with anti-inflammatory properties [42,43,44,45]. In fact, the COX natural substrate, arachidonic acid, is a 20-carbon polyunsaturated fatty acid (Figure 1A,B). It is hence expected that the natural adaptation of the enzyme active site to this huge and hydrophobic substrate can also promote a substantial fit to a set of equally bulk and hydrophobic terpene derivatives (overall sesquiterpenes and sesquiterpenoids) present in EOs. Constantly expressed, Cyclooxygenase 1 (COX-1) is constitutive in most tissues and is extremely important to maintain their normal physiological state [46].



The iNOS enzyme produces nitric oxide (NO) in a sustained manner and is expressed in many inflammatory conditions [47,48]. In particular, the participation of this enzyme on the inflammatory and angiogenic mechanisms implicated on tumor growth and carcinogenesis (with both enhancing as inhibiting paradoxical behaviors) has made it a promising and intriguing therapeutic target [49,50,51,52]. To find efficient and safe iNOS inhibitors persists as a difficult task, with just the considerably cytotoxic bis-isothiourea showing significant inhibitory potency currently (Figure 1C,D) [53]. However, a set of natural substances, between them phytochemicals and EO compounds, have shown direct and/or indirect inhibitory effects on this enzyme [54,55].



In addition, iNOS function is possible to modulate both by direct binding at its active site (iNOSa.s.) and by allosteric binding to its coactivator site (iNOSc.s.), i.e., by some substance competing to the binding to this site with the enzyme cofactor tetrahydroneopterin, as shown in Figure 1C,E [56]. This makes this enzyme an interesting and promising double target for EOs compounds.



Computational and chemoinformatics screening approaches have proved to be useful in natural bioactive compounds selection, as well as in the elucidation of which physicochemical characteristics are most related to their structure–activity relationship [57,58]. In particular, such applications have been used successfully for COX-1 and iNOS [58,59,60].



In the present work, we used the SPME technique to identify the volatile compounds (VOCs) present in EOs from aroeira seed samples from different regions of the state of Minas Gerais (Brazil). The bibliographical research for the present work did not find works that had the aroeira seeds as a target for the extraction and evaluation of volatile compounds, whereas works that prioritized the leaves, stems, and bark for this purpose were found. Therefore, we strategically chose the seeds as the object of study due to the lack of information based on the seeds chemical profile. Moreover, we complement them with virtual screening techniques to verify promising compounds to bind to human COX-1 and iNOS, followed by chemical descriptors and a chemoinformatics analysis to understand which characteristics could make them more likely to interact with these canonical anti-inflammatory targets. For iNOS, both affinity with the active site (iNOSa.s.) and with the cofactor site (iNOSc.s.) were verified. The results point to a high incidence of promising compounds for both enzymes. For COX-1 a higher direct correlation between the in silico recovered affinity and the molecular volume and hydrophobicity was found, making the sesquiterpene fraction stand out on the binding. For the iNOS binding at the iNOSa.s., some correlation is still observed between the affinity and molar volume/hydrophobicity, although with considerably less significance compared to COX-1, both sesquiterpenes and monoterpenes, as well a minor fraction of oxygenated compounds, figurating between the higher affinity hits. Finally, for the iNOSc.s. binding, no significant correlation is observed with any simple chemical descriptor, indicating a more complex structure–activity relationship. A relatively weak correlation was found, however, between the affinity and the molecular length and extensibility. Beside this, no sesquiterpenes were found between the higher affinity compounds, the top hits being equally distributed between monoterpenes and oxygenated molecules. This indicates a less permissive site to substantially voluminous and highly hydrophobic molecules. The computational analysis of the more relevant contacts with each respective active site shed light on the above mentioned chemical descriptor features, in addition to the support found on the comparison with experimental structures of the targets bound to canonical ligands.



Taken together, the results of our study illustrate the applicability of SPME profiling added to chemoinformatics analysis to obtain fast, environmentally friendly and non-expansive information about the medicinal and biotechnological potential of natural sources. It is hoped that the results presented here will be useful in directing future prospecting approaches for natural bioactive compounds, as well as rational planning for new ligands.




2. Results


2.1. Solid Phase Microextraction Allows Fine Profiling of the Aroeira Seeds Volatiles


Figure 2 shows the chromatograms of the seed samples of all aroeira trees analyzed.



The peaks show the volatile organic compounds identified in a m/z ratio.



As it can be seen, all chromatograms show similarities between the peaks in relation to retention time, because even though they are chromatograms of different trees, they are still the same species which do not differentiate significantly in the synthesis of secondary metabolites, since these are determined primarily by the genotype.



Table 1 shows the HS-SPME/GC-MS identified compounds through the chromatograms of the samples.



Among the compounds found in the aroeira samples using DVB-PDMS fibers, 22 volatile organic compounds of different chemical classes were identified, including terpenoids, carboxylic acids, and ketones. With 17 compounds identified, terpenoides were the most found in all samples, especially caryophyllene and 3-carene. When analyzing the literature of similar works in the characterization of aroeira’s chemical profile, chemical compounds such as 1 R-α-pinene, 3-carene, caryophyllene, camphene, and limonene were also frequently found, such as in the work of [12]. In addition to being identified in all five samples, 3-carene was the major constituent in samples 3, 4 and 5, with an abundance of 46.5%, 49.9%, and 55.2%, respectively, and the second most abundant in sample 2 (34.8%). [38] also identified 3-carene as the most common monoterpene (30.4%) when the activity of the essential oil of the “red aroeira” (Schinus terebinthifolius Radd) was evaluated as an antibacterial agent.



In the work of [61], two samples of aroeira regarding the profile of their essential oils were analyzed. One sample was from Mato Grosso, and the other from Tocantins, and both presented 3-carene as a major constituent (78.1%; 56.3%), which is in line with the present work, where all the samples comprised this compound, which was also a major contributor in the composition of most samples (samples 3, 4, and 5). However, in the work by [30] where the chemical profile of aroeira and “red aroeira” (Schinus terebinthifolius Radd) was evaluated, the constituent 3-Carene was not found, and trans-geranylacetone was the major compound found. Therefore, it is evident that although samples from different regions show differences in the composition of volatile compounds, there is still a predominance of certain terpenes that characterize the species. Regarding monoterpenes found in this work, it is worth mentioning that the essential oils of the aroeira tree are pointed out in other papers as antimicrobial agents due to the action of some compounds, such as 3-carene, a monoterpene involved in the bactericide action on wild-type hospital strains [62]. Ref [63] found the monoterpenes α-pinene and D-limonene as compounds with a higher antibacterial activity against gram-negative and gram-positive bacteria in the constitution of the essential oil of two species of the genus Schinus (Anacardiaceae).




2.2. Comparative Virtual Docking Points for Significant Distinctions between Hits for COX-1 and iNOScs, with iNOSas Presenting an “Intermediary” Behavior between Both Sites


These compounds were compared against the compounds recovered by the experimental assays (Figure 3—blue bars). As expected, the negative controls presented an intermediary or low binding affinity in all target sites. The positive and negative controls are clearly distinguishable for COX-1and iNOScs, but iNOSas presented a mixing behavior, except bis-isothiourea (a known competitive inhibitor) and hexane which presented respectively a high and low affinity to the active site compared to the other controls. Thus, we sorted the tested compounds into three groups based on how close their docking scores were from the best positive control score (top compounds group), from the worst negative control score (worst compounds group) or compounds with intermediary behavior (middle compounds group). Once the groups were defined independently for each target site, we looked closer to the molecular structure of these compounds searching for possible structural patterns (Figure 4). Perhaps predictably, no superposition of compound structures was found between COX-1 and iNOScs once they were at quite distinct sites. Otherwise, iNOSas selected multiple top compounds able to bind favorably both in COX-1 and iNOScs, suggesting possible multi-front anti-inflammatory compounds. Between these, stand out compounds as caryophyllene and patchoulene (respective compounds 4 and 6 in Figure 4), already with substantially reported anti-inflammatory activities [25,26,27,28,29]. Similarly, a set of monoterpenes and oxygenated compounds were recovered as top hits for iNOS by binding to both sites, the active and the cofactor one. In this way, the iNOSas pocket has shown an intermediary behavior concerning compound selectivity compared to the other two sites here studied. The same was observed for the worst groups, highlighting the compound 23 which was the only one to present a low affinity to COX-1 and iNOSas and a high affinity to iNOScs, suggesting a potential specific inhibitor.




2.3. Volume and Hydrophobicity as Major Components for the COX-1 Affinity, Followed by Inos and with iNOScs Presenting a More Complex and Less Predictable Behavior


The in silico recovered affinity for aroeira compounds to the COX-1 active site suggests to be directly dependent on volume and hydrophobicity. This can be inferred both by the fact that its top hits are totally composed of voluminous sesquiterpenes, as by the substantial anti-correlation between a set of chemical descriptors related to volume and hydrophobicity (as molar volume, polarizability, molar refractivity, LogP, parachor) and their docking free energy (Figure 4, Figure 5 and Figure 6). Also, the considerable positive correlation between the docking free energy and descriptors related to polarity and hydrogen bonds, as total polar surface area (TPSA) and the number of hydrogen bond acceptors, corroborates this trend (Figure 5).




2.4. Structural Interpretation of the Differential Selectivity for COX-1 and iNOS Active/Cofactor Sites for the Different Ligand Classes on Aroeira Seeds


In order to better understand the correlations between the target selectivity and the aroeira VOCs physical-chemical attributes, we carried structural analysis on the contact patterns between the top hits at each active site. We also compared the contact patterns from the docked VOCs and from the respective first ranked positive controls (from experimental and docked structures) in order to best validate our results.



A primary point to be discussed here is that the first ranked docking positive control for COX-1 (the substrate arachidonic acid) does not reproduce the poses of the crystallographic models at the two available PDB structures, the PDB-ID:1DIY (with 3.00 Å resolution) and the PDB-ID:1U67 (with 3.10 Å resolution) (Figure 7). This is not surprising, however, when both the resolution and the specific electronic density map inside the enzyme active site of each crystal structure are taken into accounts.



In Figure 8, three-dimensional maps considering the intensity (the sphere size) and frequency between different ligands and poses (the font size) for the major contacts at each target are comparatively depicted. The contacts are compared (from left to right) between crystallographic poses (arachidonic acid at the PDB-ID:1DIY for COX-1; L-arginine at PDB-ID:3NOS and isothiourea at PDB-ID:4NOS for iNOSas; sapropterin at PDB-ID:4NOS for iNOScs), the docked three first poses of the respective most positive controls (arachidonic acid for COX-1; bis-isothiourea for iNOSas; sapropterin for iNOScs) and the set of three first poses for all the top compounds for each target.




2.5. Two Salicylate Derivatives on Aroeira Seeds Seems to Be Promissor for Direct, or after Modification, Suicide Inhibition of the COX-1 Enzyme


Two salicylate derivatives (compounds 16 and 23 in Figure 4) are present in minor concentrations at the VOCs from M. urundeuva seeds (Figure 6). Although they are present in substantially low concentrations and even absent in some samples, the docking poses recovered by these two compounds trend to approximate the respective methoxy and hydroxyl groups from the COX-1 catalytic serine on similar way that the suicide acetyl in aspirinTM (Figure 9).





3. Material and Methods


Mature seeds of Myracrodruon urundeuva from 5 adult matrices were collected in October and November 2019 in different areas of Sete Lagoas-MG, Brazil, located at coordinates 19°28′29.0″ S 44°11′39.9″ W, at an altitude of 751 m. According to Köeppen, the regional climate is Cwa, i.e., typical savanna climate, with dry winters and wet and rainy summers [61]. The seeds of each matrix were transferred separately to the chemistry laboratory, where the manual process of removing dirt particles and undesirable parts of the plant was carried out. The next step consisted of grinding the seeds of each matrix separately in an A 11 IKA analytical mill, followed by weighing each sample on a Marbeg balance and storing it in headspace flasks.



Headspace solid phase microextraction (HS-SPME) was employed for the extraction of volatile compounds, using a semi-polar polymeric film, polydimethylsiloxane-divinylbenzene (PDMS/DVB). In the extraction of the VOCs, 2 g of the previously ground seeds were used, placed in a 20 mL headspace vial, the containers were closed with an aluminum seal and a rubber septum. The 20-mL headspace vial was then placed on an aluminum block and heated to 60 °C. After 5 min of heating, the SPME polymeric film (PDMS/DVB) was exposed to the sample for 20 min, and then the holder containing the polymeric film was retracted and manually inserted into the injector of the gas chromatograph coupled to the mass spectrometer, exposing the polymeric film during 5 min for the desorption of the extracted volatile organic compounds. The two figures below show aroeira seeds in early stages of development.



3.1. Gas Chromatography—Mass Spectrometry


Aroeira seed samples were analyzed by a gas chromatograph (Trace GC Ultra) coupled to a mass spectrometer (Polaris Q model, Thermo Scientific, San Jose, CA, USA), with an ion trap type analyzer, located in the Mass Spectrometry Laboratory of the UFMG’s Chemistry Department. The samples were analyzed in the following settings: injector temperature of 250 °C; splitless mode injection, desorption time of 5 min; injector temperature of 200 °C; interface temperature of 275 °C. The column heating temperature was set up starting at 40 °C and remaining at the temperature for 1 min followed by gradual temperature increase of 10 °C/min up to 100 °C keeping the isotherm for 1 min, 12 °C/min up to 150 °C, keeping the isotherm for 1 min and then 15 °C/min up to 245 °C, temperature at which the isotherm was kept for 1 min. The detector was kept in scanning mode (fullscan, from 35 to 300 m/z), using the Electron Impact Ionization (EI) technique, at an energy of 70 electron-volt (eV). Throughout the process an HP-5 MS capillary chromatographic column (5% phenyl and 95% methylpolisiloxane) was used, of the following dimensions: 30 m in length, 0.25 mm (mm) internal diameter and 0.25 µm film thickness [33,35].




3.2. Volatile Compound Identification


For the identification of the volatile compounds, the mass-to-charge ratio (m/z) corresponding to each peak generated by the chromatogram was compared with the mass spectra obtained through ionization by EI, using energy of 70 eV, and the fullscan range from 35 to 300 m/z As such, the mass spectra of the analytes found were compared with the mass spectra data obtained from the NIST (National Institute of Standards and Technology) library, using as an auxiliary tool the data recorded in the literature for the confirmation of the volatile compounds found in the seed samples. The RSI index consists of a numerical comparison factor, where the higher the value, the closer the compound is to the one found in the NIST library. However, only peaks with values of relative standard intensity (RSI) higher than 600, and a signal-to-noise ratio (S/N) above 50 decibels were selected. Intensity values of the peaks obtained and the S/N ratio were obtained using Thermo Electron Corporation’s XCalibur 1.4 program and the data were transferred to Microsoft Office Excel 2013, where the peak selections were made according to the S/N ratio in the UFSJ/CSL Chemistry Laboratory.




3.3. Virtual Docking Assays


Structure- based virtual screening applying docking simulations was performed using the AutoDock Vina tool [64]. The respective structures for each target were obtained from the protein data bank [65] or modeled by homology. The human COX-1 was modeled from the correspondent human sequence obtained from UniProt [66] using the tool Swiss-Model [67] and the ovine structure at the PDB-ID:1DIY (originally complexed to the arachidonic acid substrate). The human iNOS structure was obtained from the PDB-ID:4NOS (originally complexed the inhibitor isothiourea and containing the tetrahydroneopterin cofactor) using the Swiss-Model tool to fill small gaps at the protein crystal construction. For this enzyme, two docking procedures were carried out for each ligand: one at the enzyme active site (here called iNOSa.s.) and the other at the cofactor site (here called iNOSc.s.). In all the three cases, the enzyme dimmeric structure was used and the crystallographic ligand was removed before the docking procedures, conserving just the protein dimmer and the respective co-factors (heme groups for both enzymes, in addition to zinc ion and both tetrahydroneopterin for iNOS at the iNOSa.s. docking and just heme, zinc ion and the tetrahydroneopterin at the non-docked monomer for this enzyme at the iNOSc.s. docking procedure).



The docking boxes for both targets were centered at the position originally occupied by the respective crystallographic ligands (the arachidonic acid from the PDB-ID:1DIY for COX-1; the isothiourea ligand for the iNOSa.s. docking in iNOS and the tetrahydroneopterin cofactor for the iNOSc.s. docking at this enzyme). The box dimensions were planned in order to preserve enough of the crystallographic context about 8 Å around different crystall ligands previously inspected by the present authors for each enzyme, finishing on a common x, y, z set of dimensions of 17, 25, 17 Å, respectively.



A ligand virtual dataset was composed of volatile compounds of aroeira determined by the mass spectrometry method above. MOL2 files from the ligands were downloaded from PubChem [68]. As negative controls for the virtual docking procedures, we chose four non-druggable molecules concerning these enzymes (glucose, hexane, benzene, and phenol) for all the three pockets. Specific positive controls were chosen for each pocket: the substrate arachidonic acid, the suicide inhibitor acetyl-salicylic acid and the competitive inhibitors naproxen and ibuprofen for COX-1; the substrate L-Arginine and the competitive inhibitors S-methyl-L-thiocitruline, L-thiocitruline and bis-isothiourea for the iNOSa.s. pocket in iNOS; the cofactor tetrahydroneopterin and its derivative sapropterin for the iNOSc.s. pocket in this same enzyme. This virtual ligand dataset was prepared using MGLTools [69] and automatically docked through AutoDockVina tool usign Python housemade scripts. The docking procedures were carried with an exhaustiveness parameter of 128, in order maximize the sampling and accuracy. For each system, the first three docked poses were taken to score and structural analysis. The docking results were analyzed using housemade scripts and the tool PyMOL [70].



The three first poses considering the docking affinity scores were taken from each ligand and ANOVA was used for statistical analysis and mean comparison as determined by Tukey’s HSD (honestly significant difference) test. The R language and computational environment was used for all the statistical analyses [71].




3.4. Molecular Descriptors and Statistical Analysis


Chemoinformatics molecular descriptors for the volatile compounds of aroeira were obtained from the free tools: ACD/ChemSketch [72], Molinspiration platform [73] and 3D-QSAR.com platform [74]. Correlogram among different molecular descriptors and docking score affinities were calculated using R. The Pearson correlation coefficient was determined.




3.5. Estimation of the Major Contacts Involved in Ligand-Target Interactions


The contact areas were computed according to the methodology described in [75]. Basically, this area is computed for each pair of atoms at the ligand-target complexes. It is equivalent to the excluded or untouched area of a rolling water molecule (probe). Thus, a null contact area indicates that one (or more) water molecule could be interposed between two atoms, defining a potential cavity in terms of this heuristics. It also indicates how tightly packed a group of atoms is in space, given that the larger the contact area, the better spatially clustered they will be. As a consequence, atoms with non-zero contact areas delimit an interface region between any sets of different biomolecules in close contact.



We represented three-dimensionally the interaction intensity at each residue/subsite at the pocket with dot spheres designating superimposed ligand atoms as a result of the successive docking into the respective targets. Letters and numbers represent target residues positioned according to the geometric center of its atoms in the ligand-target complex. The font size indicates the average contact area of the residues with such ligands.



As a larger prosthetic group, the HEM group at the iNOS a.s. and c.s. respective pockets (in which the ligand interacts or is able to interact with this group) was divided into parts, with the following names: HFN = the Fe2+ and the N from the porphyrins at the center; HCC = SP2 carbons of the porphyrin ring; HCR = SP3 carbons branched from the porphyrin ring that support the carboxylic groups; HCO = oxygens of carboxylic groups at the branch ends. The HEM groups were considered as part of the targets.





4. Conclusions


It was possible to observe that HS-SPME, a method considered green for not using organic solvents and requiring minimum sample preparation, was efficient in the extraction of volatile compounds from aroeira seed samples collected in five trees of different areas in Sete Lagoas- MG, where it was possible to find and identify 22 volatile organic compounds of different chemical classes, among terpenoids, carboxylic acids, and ketones. 3-carene was present in all samples as the main constituent in three of the five samples.



The chromatography technique used was efficient in the separation process of volatile organic compounds, coupled with the analysis in mass spectrometry which allowed the identification of these compounds.
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Figure 1. Physical-chemical characteristics for each docking site and their complementarity to the respective higher affinity controls. (A)—Full vision of the COX-1 with their two monomers (cartoons in green and yellow), cofactors (spheres and sticks) and the docked active site in surface and spheres. (B)—inlet vision of the same active site containing the crystallographic and the three first docking poses of the more positive control (substrate arachidonic acid represented in spheres, colored in grey and red for carbons and oxygens, respectively), as well its skeletal formula. The polar residues at the active site (a.s.) surface are shown in blue, while the nonpolar in orange. Dashed circles show the two a.s. entrances. (C)—Similar full vision of the two monomers from iNOS. (D)—Inlet of the iNOS active site (iNOSas) containing the more positive control bis-isothiourea (competitive inhibitor). Colors and schemes similar to B, with the heme group from the a.s. also shown in spheres, as well the ligand’s sulfurs and nitrogens, respectively in yellow and blue. (E)—inlet of the iNOS cofactor site (iNOScs) containing the more positive control sapropterin (cofactor). Colors and schemes similar to D, but with the nonpolar regions of the cofactor site (c.s.) in silver. 
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Figure 2. Chromatograms showing DVB/PDMS fiber VOC extraction results. Each chromatogram listed from (A–E) represents, respectively, matrices 1 to 5. 
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Figure 3. Average docking scores for the three first poses of the respective aroeira compounds and controls at the three targeted sites. (A)—COX-1; (B)—iNOS active site (iNOSas); (C)—iNOS cofactor site (iNOScs). Bars are colored in blue for the aroeira compounds, green for positive controls and yellow for negative controls. Letters below the bars indicate the grouping of the scores according to ANOVA. A blue “plus” (+) and a red “minus” (−) symbols indicate, respectively, top and worst hits between the aroeira volatiles for each site at each enzyme. 






Figure 3. Average docking scores for the three first poses of the respective aroeira compounds and controls at the three targeted sites. (A)—COX-1; (B)—iNOS active site (iNOSas); (C)—iNOS cofactor site (iNOScs). Bars are colored in blue for the aroeira compounds, green for positive controls and yellow for negative controls. Letters below the bars indicate the grouping of the scores according to ANOVA. A blue “plus” (+) and a red “minus” (−) symbols indicate, respectively, top and worst hits between the aroeira volatiles for each site at each enzyme.
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Figure 4. Aroeira compounds and respective classifications according affinities to eachsite. 1—β-guaiene; 2—Cedr(8)-15 ene; 3—α-Himachalene; 4—Caryophyllene; 5—Guaia-1(5),11-diene; 6—Patchoulene; 7—β-Chamigrene; 8—Elemene; 9—Cyclopentylethylhexanoate; 10—D-Limonene; 11—p-1,8-diene,(S)(Limonene); 12—m-Mentha-6,8-diene; 13—trans-Geranylacetone; 14—3-Carene; 15—p-Mentha-1,4(8)–diene; 16—Salicylic acid, methyl, methylester; 17—cis-Geranylacetone; 18—Camphenol,6; 19—α-Campholenal; 20—α-Pinene; 21—Camphene; 22—Ethylcaproate; 23—o-Anisic acid, methylester. The two salicylate derivatives (compounds 16 and 23), potentially able to suicide inhibition (directly, or after modifications) are highlited with a blue asterisk. 
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Figure 5. (a) Aroeira + Controls: Correlation vectors between different molecular descriptors from the aroeira compounds and their docking scores at each site. Negative correlations between the descriptors and the dockins scores (red) indicate attributes that improve the affinity. Positive correlations (blue) indicate attributes that draw back the affinity. No correlation (white) indicates no significant influence. (b) Aroeira: Correlation vectors between different molecular descriptors from the aroeira compounds and their docking scores at each site. Negative correlations between the descriptors and the dockins scores (red) indicate attributes that improve the affinity. Positive correlations (blue) indicate attributes that draw back the affinity. No correlation (white) indicates no significant influence. 
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Figure 6. Statistics and numbers concerning the aroeira compounds classified according to their respective virtual affinities for the three targeted sites. (A–F)-respective plots of the docking scores, number of compounds (between the 23 profiled), average percent of the compounds at the five samples, average polarizability, miLogP and maximal length, according to the compounds belong to the top, middle, or worst groups for COX-1, iNOSas and iNOScs. (G–I)-Respective plots for COX-1, iNOSas and iNOScs of the percent of sesquiterpenes, monoterpenes and other classes at each one of the top, middle, and worst docking score classifications. 






Figure 6. Statistics and numbers concerning the aroeira compounds classified according to their respective virtual affinities for the three targeted sites. (A–F)-respective plots of the docking scores, number of compounds (between the 23 profiled), average percent of the compounds at the five samples, average polarizability, miLogP and maximal length, according to the compounds belong to the top, middle, or worst groups for COX-1, iNOSas and iNOScs. (G–I)-Respective plots for COX-1, iNOSas and iNOScs of the percent of sesquiterpenes, monoterpenes and other classes at each one of the top, middle, and worst docking score classifications.



[image: Molecules 27 01633 g006]







[image: Molecules 27 01633 g007 550] 





Figure 7. Different binding modes for the ligands at the COX-1 crystallographic and docked structures and their fits to crystal electronic density. At the Top the electronic densities and different molecular model superpositions for the human COX-1 complexed with arachidonic acid structure at the PDB-ID:1DIY is shown. At the bottom, the superpositions with the electronic density of the same complex as solved at the PDB-ID:1U67 are depicted. In both cases, the red and blue meshes depict the respective FoFc electronic density (i.e., electronic densities for which the authors model have found atomic fitting) and 2FoFc maps (i.e., electronic densities for which the author’s molecular model has not found atomic superposition). In both cases also the respective electronic density maps are considered with a σ factor of 1.0. From left to right it can be seen the respective superposition at both densities for the models deposited at the protein data bank; for our Arachidonic acid docked structures (positive control); for both (crystallographic and docked); for the set of the three first docked poses of the top hits for this enzyme between the VOCs profiled from the M. urundeuva seeds. 






Figure 7. Different binding modes for the ligands at the COX-1 crystallographic and docked structures and their fits to crystal electronic density. At the Top the electronic densities and different molecular model superpositions for the human COX-1 complexed with arachidonic acid structure at the PDB-ID:1DIY is shown. At the bottom, the superpositions with the electronic density of the same complex as solved at the PDB-ID:1U67 are depicted. In both cases, the red and blue meshes depict the respective FoFc electronic density (i.e., electronic densities for which the authors model have found atomic fitting) and 2FoFc maps (i.e., electronic densities for which the author’s molecular model has not found atomic superposition). In both cases also the respective electronic density maps are considered with a σ factor of 1.0. From left to right it can be seen the respective superposition at both densities for the models deposited at the protein data bank; for our Arachidonic acid docked structures (positive control); for both (crystallographic and docked); for the set of the three first docked poses of the top hits for this enzyme between the VOCs profiled from the M. urundeuva seeds.



[image: Molecules 27 01633 g007]







[image: Molecules 27 01633 g008 550] 





Figure 8. Tridimensional graphic representation of the major contacts at the active site for positive controls and top compounds from essential oils from M. urundeuva seeds. The tridimensional representation (at the x, y, z axes) of each respective active site is arbitrarily centralized at the geometrical center of the set of atoms involved in contacts around all the analysis. The grid spacement at the three-dimensional space in each graphic is always of 5 Å at each dimnension. The density of the spheres on the image depicts how many superposed atoms there are at that region between different docks with the same ligand (the three first poses from the docking procedure were considered) and between different compounds. The font size depicting the residue identity and number increases according to the average intensity of the contacts involving it (i.e., the average contact area superposition between the ligands and the residue). The subdivision of the large Heme group was carried out as mentioned in the Materials and Methods section. From top to bottom it can be noticed the contacts for the COX-1, iNOSa.s. and iNOSc.s. pockets. From the left to the right the respective contact intensities for the crystallographic controls (the arachidonic acid contacts at the PDB-ID:1DIY for COX-1, the L-Arginine-iNOS contacts at the PDB-ID:3NOS plus the isothiourea-iNOS contacts at the PDB-ID:4NOS for iNOSa.s., the tetrahydroneopterin-iNOS contacts at the PDB-ID:4NOS for iNOSc.s.); for the docked three first poses for the most positive controls (arachidonic acid for COX-1, bis-isothiourea for iNOSa.s. and tetrahydropterin for iNOSc.s.); as well the three first poses of the top hits for each site are depicted. M. ur. = Myracrondruon urundeuva. EO = Essential oil. 
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Figure 9. Docking poses for acetylsalicylic acid and salicylate related compounds from aroeira seeds at COX-1 active site. (A)-Acetylsalycilic acid (aspirinTM, positive control); (B)-Aroeira compound 23 (the respective docking poses I, II and IV are depicted); (C)-Aroeira compound 16. The contacts between the S530 residue (subjected to suicide inhibition by aspirinTM) and the compound’s nucleophilic attack sensitive center (when present) or hydroxyl radical are both shown as dashed lines. Both at the skeletal formulas as at the docked structures, the respective groups susceptible to S530 nucleophilic attack (red asterisk/sphere) and esterified to the original acid (dashed circle/sphere) are, all of them, highlighted when present. 
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Table 1. Volatile compounds extracted from Aroeira (Myracrodruon urundeuva) seeds by HS-SPME/GC-MS.
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N°

	
Volatile Organic Compoud

	
CAS

	
Formula

	
Sampled Trees




	
A.1

	
A.2

	
A.3

	
A.4

	
A.5






	
MONOTERPENES




	
1

	
α-Pinene a,b,c,d,e,f,g,i,j,l,m,n

	
7785-70-8

	
C10H16

	
22.6%

	
ND

	
ND

	
ND

	
ND




	
2

	
3-Carene a,b,c,d,f,g,i,k,l

	
13466-78-9

	
C10H16

	
11.0%

	
34.8%

	
46.5%

	
49.9%

	
55.2%




	
3

	
Camphene f,i,l,m,n

	
79-92-5

	
C10H16

	
ND

	
ND

	
0.5%

	
0.6%

	
0.5%




	
4

	
α-Campholenal f

	
4501-58-0

	
C10H16O

	
ND

	
7.7%

	
ND

	
4.6%

	
ND




	
5

	
Camphenol,6-

	
3570-04-5

	
C10H16O

	
14.9%

	
ND

	
4.2%

	
ND

	
5.7%




	
6

	
D-Limonene a,b,c,d,e,f,g,h,l,n

	
5989-27-5

	
C10H16

	
ND

	
23.0%

	
ND

	
ND

	
ND




	
7

	
 m  -Mentha-6,8-diene®

	
1461-27-4

	
C10H16

	
ND

	
ND

	
30.7%

	
ND

	
ND




	
8

	
p-Mentha-1,4(8)—diene d,f,k

	
586-62-9

	
C10H16

	
1.0%

	
1.3%

	
0.9%

	
2.9%

	
ND




	
9

	
p-1,8-diene,(S)

	
5989-54-8

	
C10H16

	
5%

	
ND

	
ND

	
10.4%

	
21.1%




	

	
SESQUITERPENES




	
10

	
 β  -Guaiene k

	
88-84-6

	
C15H24

	

	
0.8%

	

	

	
0.2%




	
11

	
Caryophyllene b,c,d,e,f,g,i,j,m,n

	
87-44-5

	
C15H24

	
11.4%

	
6.0%

	
1.9%

	
0.6%

	
0.3%




	
12

	
Cedr-8(15) ene

	
11028-42-5

	
C15H24

	
1.7%

	
1.2%

	
0.6%

	
2.6%

	
ND




	
13

	
Elemene d,f,m,n

	
339154-9

	
C15H24

	
0.2%

	
ND

	
ND

	
ND

	
ND




	
14

	
β-Chamigrene

	
18431-82-8

	
C15H24

	
ND

	
ND

	
ND

	
ND

	
0.4%




	
15

	
Guaia-1(5),11-diene

	
3691-12-1

	
C15H24

	
ND

	
ND

	
0.4%

	
ND

	
ND




	
16

	
Patchoulene

	
1405-16-9

	
C15H24

	
ND

	
0.6%

	
ND

	
ND

	
ND




	
17

	
1H-Benzocycloheptene,2,4aα,5,6,7,8,9aα-octahydro-3,5,5-trimethyl-9-methylene-

	
3853-83-6

	
C15H24

	
1%

	
0.8%

	
ND

	
0.8%

	
ND




	
OTHER CLASSES




	
18

	
Ethylcaproate

	
123-66-0

	
C8H16O2

	
4.0%

	
ND

	
0.8%

	
ND

	
ND




	
19

	
 Cis-  Geranylacetone

	
3879-26-3

	
C13H22O

	
27.2%

	
ND

	
25.4%

	
24.3%

	
10.3%




	
20

	
o-Anisic acid, methylester

	
606-45-1

	
C9H10O3

	
ND

	
0.5%

	
ND

	
ND

	
0.7%




	
21

	
Salicylic acid, methyl, methylester e

	
119-36-8

	
C8H8O3

	
ND

	
2.3%

	
ND

	
2.0%

	
5.6%




	
22

	
Trans-Geranylacetone

	
3796-70-1

	
C13H22O

	
ND

	
21.6%

	
ND

	
ND

	
ND




	
23

	
Hexanoic acid 1-cyclopentylethylester

	
NA

	
C13H24O2

	
ND

	
ND

	
ND

	
0.6%

	
ND








Identified Volatile compounds: letters indicate compounds found by other authors in different species of the Anarcadiceae family.
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