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Editorial on the Research Topic 
Endemic Plants: Experimental and Theoretical Insights Into Properties of Bioactive Metabolites With Therapeutic Potential

INTRODUCTION
Plants are currently used in alternative and ancestral medicine and correspond to the best resource in drug discovery known so far. It has primarily been reported that infusion of herbs as aromatic drinks or tea can protect and heal our organism. From the scientific point of view, it is known that water-soluble substances (normally secondary metabolism) have beneficial effects on people’s health. Researchers have taken advantage of plant metabolites as a fundamental part of the healing process, consuming them to treat diseases or relieve pathological conditions. Then, once consumed, these molecules can interact with different targets (including cell membranes), and in some cases, they can even be internalized by cells triggering intracellular responses. The continued search for potential compounds against therapeutic targets is still necessary. Fast screening in silico using bioinformatics tools has allowed finding new metabolite candidates derived from natural resources.
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COMPUTATIONAL TOOLS
Informatics’s role in biomedical science has become not a supplementary tool but a necessary support nowadays since it allows researchers to optimize their work in search of new molecules or new properties of well-known molecules. The maturity attained by Quantum Chemistry, Molecular Dynamics, and Molecular Mechanics provides helpful guidance for activities performed by experimentalist scientists, providing support to their scientific investigation that concerns the health arena. The present Research Topic exposes some examples of this theoretical and experimental combined work to reveal relevant properties that secondary metabolites might present.
CONCLUSION OF THIS TOPIC
Overall, this topic covers contributions that range from analytical chemistry to computational chemistry, applied to endemic Brazilian plants such as Byrsonima intermedia and Serjania marginata found to possess antiseptic, antimicrobial, anti-haemorrhagic, cicatrizant, and anti-inflammatory properties, computational peptidology applied to determination of the chemical reactivity and bioactivity properties of plant cyclopeptides isolated from Rosaceae, and antioxidant in silico prediction of moracin-C and iso-moracin-C isomers against the OOH free radical. Annona muricata, a plant that has been reported to demonstrate significant antiviral properties against the human immunodeficiency virus, herpes simplex virus, human papilloma virus, hepatitis C virus and dengue virus, to in silico search of GSK3-β inhibitors as a potential Alzheimer’s disease treatment.
FUTURE PROSPECTS
Thanks to the studies shown in this section, we hope that more researchers will join the search for new properties of biomolecules extracted from different parts of endemic plants. In this sense, Latin America, particularly South America, has enormous potential due to its rich biodeversity that invites scientists to continue the search of these biomolecules with biomedical and biotechnological application.
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Annona muricata, a tropical plant which has been extensively used in ethnomedicine to treat a wide range of diseases, from malaria to cancer. Interestingly, this plant has been reported to demonstrate significant antiviral properties against the human immunodeficiency virus, herpes simplex virus, human papilloma virus, hepatitis C virus and dengue virus. Additionally, the bioactive compounds responsible for antiviral efficacy have also shown to be selectively cytotoxic while inhibiting tumorigenic cell growth without affecting the normal cell growth. Annonaceous Acetogenins are a class of bioactive compounds exclusive to the Annonaceae family at which the plant A. muricata belongs. In the current study, we have created a library of Acetogenins unique to the plant, comprising of Annomuricin A, Annomuricin B, Annomuricin C, Muricatocin C, Muricatacin, cis-Annonacin, Annonacin-10-one, cis-Goniothalamicin, Arianacin and Javoricin, for in silico and theoretical evaluations against the SARS-CoV-2 spike protein in an attempt toward promotion of plant based drug development for the current pandemic of coronavirus disease 2019 (COVID-19). We found that all the Acetogenins showing in silico spike protein significantly docking with good binding affinities. Moreover, we envision A. muricata Acetogenins can be further studied by in vitro and in vivo models to identify potential anti-SARS-CoV-2 agents.
Keywords: Annonaceous acetogenins, COVID-19, in silico, molecular docking, molecular dynamics simulation study, Annona muricata
1 INTRODUCTION
Annona muricata (L.), commonly called Soursop (English) or Lakshmanaphala (Kannada), is a tropical plant known for its wide range of applications in ethnomedicinal practices (Moghadamtousi et al., 2015; Gavamukulya et al., 2017; Prasad et al., 2019). Belonging to the Annonaceae family, A. muricata has grabbed the attention of global scientific communities toward investigating the medicinal significance of its constituent phytochemicals. Found exclusive to the Annonaceae family, the annonaceous Acetogenins are one class of phytochemicals that have been investigated thoroughly for their potent biomedical properties. Chemically, Acetogenins are the metabolic derivatives of long-chain fatty acids derived via the polyketide pathway (Prasad et al., 2019). Over 500 Acetogenins have been reported across the family (Moghadamtousi et al., 2015; Liaw et al., 2016). Acetogenins have been reported to show significant antiviral activities against herpes simplex virus - I (HSV-I) (Padma et al., 1998), herpes simplex virus - II (HSV-II) (Betancur-Galvis et al., 1999), human papillomavirus (HPV) (Donne et al., 2017), hepatitis C virus (HCV) (Apriyanto et al., 2018), dengue virus type 2 (DENV-2) (Wahab et al., 2018), human immunodeficiency virus - I (HIV-I) (van de Venter et al., 2014; Gavamukulya et al., 2017). The above observations confirm the broad-spectrum antiviral activity of A. muricata phytochemicals, which may also be responsible for the other biomedical properties. In this first combination of theoretical and computational studies on annonaceous Acetogenins, we have created a library of Annomuricin A, Annomuricin B, Annomuricin C, Muricatocin C, Muricatacin, cis-Annonacin, Annonacin-10-one, cis-Goniothalamicin, Arianacin and Javoricin, to investigate their in silico anti-SARS-CoV-2 activity. The above compounds are unique to A. muricata and are the only reported Acetogenins with potent anti-breast cancer activity. This study provides evidence for drug development exercises toward mitigation of the current pandemic, coronavirus disease 2019 (COVID-19) caused by the SARS-CoV-2 virus.
Chemoinformatics is a collection of different procedures for the study and organization of chemical information, it is a useful approach for the development of new medical drugs in the pharmaceutical industry. Chemoinformatics applications are valuable for the prediction of the molecular properties of many systems based on the knowledge of previously studied molecular structures and computational displaying of the same by considering the close relationship between biological data and organic structures and energies. This is the way that molecular descriptors can be related with molecular properties (Guha and Bender, 2012).
There are numerous in silico studies pertaining to the understanding of standard drug(s)/phytochemical(s) binding to SARS-CoV-2 surface proteins, most of which are considered a potential drug targets (Boopathi et al., 2020). Gupta et al. reported similar ADME properties apart from the ‘Lipsinki Rule of 5′ for phytochemicals Belachinal, Macaflavanone E and Vibsanol B, all of which interacted mainly with the VAL25 and PHE26 aminThuso acids to facilitate the binding to SARS-CoV-2 E protein Gupta et al. (2020). In an alternative approach, Sarma et al. suggested the targeting of coronavirus nucleocapsid (N) protein RNA-binding N-terminal domain (NTD). In this study, Two suitable binders, one theophylline derivative and one 3,4-dihydropyrimidone class molecule, were identified to target the 2OFZ, an ultrahigh resolution crystal structure of RNA binding domain of CoV N protein of resolution 1.1 Å in monoclinic form Sarma et al. (2020). Meanwhile, another study focused on understanding the interaction of FDA approved drugs such as remdesivir, saquinavir and duranavir, as potent chymotrypsin-like protease (3CLpro) of the SARS-CoV-2 virus in an attempt to provide for drug repurposing and expediting the drug discovery process (Khan et al., 2020b). Similarly, 3CLpro as well as 2′-O-ribosemethyltransferase (2′-O-MTase) were reported druggable targets by Khan et al. for systematic drug repurposing of paritaprevir and raltegravir for 3CLpro and dolutegravir and bictegravir for 2′-O-MTase (Khan et al., 2020a). The SARS-CoV-2 spike glycoprotein has been extensively reviewed as a potential target for COVID-19 therapeutics (Basit et al., 2020). The above findings laid the foundation for the current study. Other studies on the efficacy of phytochemicals against SARS-CoV-2 have been conducted for instance, Gupta et al. (2020) have analyzed the SARS-CoV-2 envelope (E) protein binding and inhibition efficiency of the plant-derived Belachinal, Macaflavanone E and Vibsanol B Gupta et al. (2020).
2 MATERIALS AND METHODS
2.1 Library and Macromolecule Preparation
Coronaviruses (CoVs) are single-stranded RNA viruses that infect a wide range of hosts to cause pulmonary complications which may range from mild to severe or fatal. The surface-exposed spike glycoprotein, or S protein, plays a major role in infecting the host cell membranes to release viral RNA molecules. Thereby making it a target of choice for COVID-19 therapeutics, where the vaccines or any small agents designed to cure or control the disease must primarily target and block or inhibit the activity of these spike proteins. In this study, ten Acetogenins unique to A. muricata have been evaluated for the SARS-CoV-2 inhibition potential, by means of targeting the spike protein. The in silico molecular docking results of ten Acetogenins against the SARS-CoV-2 spike protein were compared with the molecular docking results of dexamethasone.
In this regard, the crystal structure of SARS-CoV-2 spike receptor-binding domain bound with angiotensin converting enzyme 2 (ACE2) (PDB ID- 6M0J) (Supplementary Figure S1) was considered and downloaded from the biological structural database of proteins, i.e. Protein Data Bank (PDB). The 3-dimensional structure of the protein was checked for the presence of any pre-existing ligands and the water molecules were deleted or removed and the resultant protein structure was saved in .pdb format for the further validation.
The protein validation was carried out using RAMPAGE (http://mordred.bioc.cam.ac.uk/∼rapper/rampage.php) that gives the Ramachandran plot analysis of the protein predicting its amino acid residue details in both the allowed and the favored regions. The protein was found to have 94.6% number of residues in the favored region, with 1.8% of residues in the allowed region and thus was presumed suitable for docking.
The binding or the active site pocket residues where the ligands interact with the protein to inhibit its action were selected based on the literature survey and the grid box was generated around the binding pocket residues present in between the coronavirus spike protein and the ACE2 receptor.
2.2 Ligand Optimization
The 3D structural files of the ten Acetogenin ligand molecules were required to carry out the SARS-CoV-2 spike protein docking interaction. For which, an initial 2D structure was sketched and geometrically cleaned using the ChemSketch freeware software by the ACD labs, Canada. The final 2D structure was saved as chemical markup language files to be further converted to 3D structure files using the OpenBabel chemical toolbox, an open-collaborative project, by generating the 3D coordinates upon addition of hydrogen atoms into the structure. Finally, the resultant pdb files were analyzed for their structure, followed by the second geometrical clean-up to add up any leftover hydrogens and resaved in the. pdb format using the ArgusLab software (A molecular modeling, graphics and drug design program) before further interaction analysis.
To perform the comparative docking studies, the .sdf format file of the approved drug for COVID-19, dexamethasone (https://pubchem.ncbi.nlm.nih.gov/compound/Dexamethasone; PubChem CID: 5743), was downloaded from PubChem, a free online database of chemical molecules (https://pubchem.ncbi.nlm.nih.gov/). Similarly, the chemical structures, in. sdf file format, of Annomuricin A (https://pubchem.ncbi.nlm.nih.gov/compound/Annomuricin-A; PubChem CID: 157682), Annomuricin B (https://pubchem.ncbi.nlm.nih.gov/compound/Annomuricin-B; PubChem CID: 44575650), Annomuricin C (https://pubchem.ncbi.nlm.nih.gov/compound/Annomuricin-C; PubChem CID: 11758463), Muricatocin C (https://pubchem.ncbi.nlm.nih.gov/compound/Muricatocin-C; PubChem CID: 44584147), Muricatacin (https://pubchem.ncbi.nlm.nih.gov/compound/Muricatacin; PubChem CID: 3035657), cis-Annonacin (https://pubchem.ncbi.nlm.nih.gov/compound/cis-Annonacin; PubChem CID: 10698767), Annonacin-10-one (https://pubchem.ncbi.nlm.nih.gov/compound/Annonacin-10-one; PubChem CID: 180161), cis-Goniothalamicin (https://pubchem.ncbi.nlm.nih.gov/compound/cis-Goniothalamicin; PubChem CID: 10722235), Arianacin (https://pubchem.ncbi.nlm.nih.gov/compound/Arianacin; PubChem CID: 10698768) and Javoricin (https://pubchem.ncbi.nlm.nih.gov/compound/Javoricin; PubChem CID: 10326193), were obtained from PubChem. The downloaded files were converted to .pdb file by following the same steps as mentioned in the ligand preparation using the OpenBabel and ArgusLab software.
2.3 Molecular Docking and Interaction Studies
The molecular docking studies for the prepared ligands structural files were carried out to evaluate their inhibition potential, against the prepared and validated SARS-CoV-2 spike protein, using AutoDock Vina in PyRx an open-source virtual screening tool (https://pyrx.sourceforge.io/). Initially, the above obtained 3D structural files (.pdb) of the protein were uploaded alongside the ligand file (.pdb) of choice. The loaded .pdb files were generated into .pdbqt files comprising of whole protein molecule that was prepared and validated earlier with added hydrogen and charges along with the ligands in .pdbqt files. At this juncture, the binding site residues were selected and a grid box assigned to surround them in a manner that all the binding site residues were within the grid box. Finally, the docking process was run using the generic algorithm parameter.
The docking results were obtained in the form of conformations or poses, with eight different docking poses for every ligand, with the binding affinity values and their RMSD values against their respective protein or macromolecule. The best docked pose was saved in the .pdb format to check for their interaction against the protein.
2.4 Molecular Dynamics Simulation Studies
The ligand cis-Annonacin- SARS-CoV-2 spike protein complex that has obtained the highest binding affinity and has interacted very well was selected for the molecular dynamics (MD) simulation studies. The MD simulation was carried out using GROMACS, forced with CHARMM27 all-atom force field. The parameter files for the ligand required to run the simulation were generated using SwissParam online server. TIP3P water model was used to solvate the system and counter ions were added to neutralize the system. The steepest descent algorithm was used to minimize the structures and the system was equilibrated by applying position restrains by performing simulations using NVT ensembles followed by NPT. The equilibration was run for 20 picoseconds (ps) at 300 K temperature and 1 bar pressure. After equilibrating the system, the MD run was carried out for the system at 30 ns. The energies and coordinates were saved at every 10 ps for analysis purpose.
2.5 Computational Details
The determination of the conformers of the molecules considered in this study was performed by resorting to MarvinView 17.15 available from ChemAxon (Budapest, Hungary) by doing Molecular Mechanics calculations through the overall MMFF94 force field (Halgren, 1996a; Halgren, 1996b; Halgren, 1996c; Halgren and Nachbar, 1996; Halgren, 1999). This was followed by a geometry reoptimization by means of the Density Functional Tight Binding (DFTB) methodology (Frisch et al., 2016). The electronic properties of the studied molecules involved the use of MN12SX/Def2TZVP/H2O model chemistry on the previously optimized molecular structures because it has been shown that it allows the verification of the ‘Koopmans in DFT’ (KID) procedure (Flores-Holguín et al., 2019a; Flores-Holguín et al., 2019b) with the aid of the Gaussian09 software (Frisch et al., 2016) and the SMD solvation model (Marenich et al., 2009).
3 RESULTS AND DISCUSSION
3.1 Molecular Docking Studies
To analyze the results, the best docked pose of the ligand and the protein were opened using PyMol and the obtained merged protein-ligand structures were saved in. pdb file to obtain a protein-ligand complex. The same thing was carried out for all the ten ligands including the standard Dexamethasone drug. The formation of bonded and non-bonded interactions of the ligands with the respective binding site amino acids of the protein were obtained using an online tool Protein-Ligand Interaction Profiler (https://projects.biotec.tu-dresden.de/plip-web/plip/index). The obtained PyMol session file was saved and the resultant interaction (hydrophobic interaction and hydrogen bonds) table was also saved, the dashed lines indicate hydrophobic interactions while the blue lines indicate hydrogen bonds formed between the amino acid residues of the protein with the ligands.
3.2 Ligands - Spike Protein Interaction
To explore the possible binding patterns of all the ligands selected for the study and interactions of the selected phytocompounds, Molecular Docking approaches were employed. The ten ligands along with the drug used for PyRx docking were evaluated on the basis of the obtained binding affinity results and their values interpreted on the basis of the strength which the ligand has bound to the macromolecule. The results were analyzed based on their interaction in the active site of the selected viral proteins. All the ten ligands were seen as interacting very well with the spike protein by forming binding affinity energies within the range of −5.3 to −7.7 kcal/mol whereas the drug molecule dexamethasone exhibited a binding affinity of −7.5 kcal/mol against the spike protein. The highest affinity of −7.7 kcal/mol interaction toward the protein was shown by cis-Annonacin which is better than the reference drug, while the lowest binding affinity was shown by Muricatacin. The compound cis-Annonacin showed the highest binding affinity of −7.7 kcal/mol with the binding site of the protein sharing five hydrogen bonds with PHE-390A, ARG-393A, GLN-409E, GLY-496E, TYR-505E and two each with ARG-403E and TYR-453E along with more hydrophobic interactions with ASN-33A, GLU-37A, PRO-389, ARG-403E, GLU-406E, LYS-417E, TYR-495E, PHE-497E and 2 with TYR-505E, while the lowest binding energy was shown by Muricatacin. The overall interaction of cis-Annonacin was shown to be comparatively better than the reference drug. The bond details of each ligand with the spike protein are shown in Table 1 (Supplementary Figures S2–S12).
TABLE 1 | Binding affinity values of the docked ligand and number of hydrogen bonds formed.
[image: Table 1]3.3 Molecular Dynamics Simulation Study
MD simulation study was performed for the protein-ligand complex to explain their dynamic behavior. The spike protein-cis-Annonacin ligand interaction having minimum binding energy (strong binding affinity) was considered for further evaluation using molecular dynamics simulation to check their stability in complexes under simulated conditions. The simulation study provides the analysis of root mean square deviation (RMSD), radius of gyration (Rg), solvent accessible surface area (SASA), number of hydrogen bonds maintained throughout the simulation time and variation of secondary structure pattern between the protein and their complexes. The simulation was performed at the time duration of 10 ns with the native protein alone and in complex with ligand Annonacin.
The RMSD plot in Figure 1 shows that the protein-ligand complex reached equilibrium approximately at 0.3–0.4 ns time and remaining showed stable trajectory with minimal deviation in 0.1–0.15 nm RMSD range, the protein structural flexibility are being reserved while it is in free form in complex with ligand. After the initial fluctuations the ligand bound to the protein reached equilibrium.
[image: Figure 1]FIGURE 1 | Analysis of RMSD of 6M0J alone and complexed with the ligand over 10 ns simulation run.
The radius of gyration (Rg) considers the varied masses calculated to root mean square distances considering the central axis of rotation. The Rg plot (Figure 2 considers the capability, shape and folding during the each time step of the whole trajectory throughout the simulation. The protein and their respective ligand complex exhibited the similar pattern of Rg value with the deviation in the range of 0.55–5.22 nm.
[image: Figure 2]FIGURE 2 | Analysis of radius of gyration (Rg) of (A) 6M0J alone and (B) complex with the ligand over 10 ns simulation run.
H-bonds which appear during the Molecular Docking study being analyzed over the total simulation period. All the intermolecular H-bonds among ligands and protein were only considered during the analysis and plotted accordingly (Figure 3). It is evident from the plot that the number of H-bonds during the simulation runs remains consistent with Molecular Docking study, while few bonds were simultaneously broken and rebuilt.
[image: Figure 3]FIGURE 3 | Analysis of hydrogen bonds on (A) 6M0J alone and (B) complex with the ligand over 10 ns simulation run.
SASA measures the area around hydrophobic core formed between protein-ligand complexes (Figure 4). Consistent SASA values were observed.
[image: Figure 4]FIGURE 4 | Analysis of solvent accessible surface area on (A) 6M0J alone and (B) complex with the ligand over 10 ns simulation run.
4 CONCLUSION
To sum up, for the A. muricata phytochemicals with known potent antioxidant and anti‐inflammatory properties, in silico studies suggest that the Annonaceous Acetogenins show a good inhibition activity against the SARS‐CoV‐2 spike protein as per the Molecular Docking and MD simulation results obtained. Notwithstanding, cis-Annonacin was identified to be the most potent acetogenin with a low binding energy (indicative of the highest binding affinity) and greater hydrogen bond formation potential. This information could be useful in complementing the experimental data as the starting point for the development of new therapeutic drugs based on these molecules.
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The antioxidant capability of moracin C and iso-moracin C isomers against the OOH free radical was studied by applying density functional theory (DFT) and choosing the M05-2X exchange-correlation functional coupled with the all electron basis set, 6-311++G(d,p), for computations. Different reaction mechanisms [hydrogen atom transfer (HAT), single electron transfer (SET), and radical adduct formation (RAF)] were taken into account when considering water- and lipid-like environments. Rate constants were obtained by applying the conventional transition state theory (TST). The results show that, in water, scavenging activity mainly occurs through a radical addition mechanism for both isomers, while, in the lipid-like environment, the radical addition process is favored for iso-moracin C, while, redox- and non-redox-type reactions can equally occur for moracin C. The values of pKa relative to the deprotonation paths at physiological pH were predicted in aqueous solution.

Keywords: moracin, antioxidants, DFT, kinetic constants, reaction mechanisms


INTRODUCTION

In the last decades, 2–phenyl–benzofuran-containing molecules, found in a variety of plants (Morus alba, Artocarpus champeden, Erythrina addisoniae, and Calpocalyx dinklagei) (Hakim et al., 1999; Na et al., 2007; Naik et al., 2015; Kapche et al., 2017; Pel et al., 2017), have attracted considerable interest both for their massive use in pharmacology and for their ancient use in traditional medicine in Asia, Africa, and America (Fashing, 2001; Venkatesh and Seema, 2008; Kapche et al., 2009; Kuete et al., 2009). A rich source of natural products with a 2–phenyl–benzofuran basic scaffold is the Moraceae family (e.g., M. alba, Morus mesozygia, Morus lhou, and Morus macroura) (Sang-Hee et al., 2002), from which more than 24 molecules (moracin A–Z) have already been isolated and characterized (Nguyen et al., 2009). Many of them showed a variety of biological and pharmacological activities and were tested as potent antioxidants (Kapche et al., 2009; Seong et al., 2018), anti-cancer agents (Nguyen et al., 2009), anti-inflammatories, and anti-microbial agents (Kuete et al., 2009; Zelová et al., 2014; Lee et al., 2016). Furthermore, they were proven to act as cholinesterase (Delogu et al., 2016; Seong et al., 2018) and β-site amyloid precursor protein cleaving enzyme 1 (BACE1) (Jeon et al., 2007; Seong et al., 2018) inhibitors in vitro.

In particular, moracin C {2–[3′,5′-dihydroxy−4′-(3–methylbut−2–enyl)phenyl]−6–hydroxybenzofuran} and its iso–moracin C isomer {2–[3′,5′-dihydroxy−4′-(3–methylbut−1–enyl)phenyl]−6–hydroxybenzofuran} (see Figure 1), extracted from M. alba and Artocarpus heterophyllus, exhibit antioxidant capabilities (Li et al., 2018; Seong et al., 2018) and other biological functions correlated with oxidative stress (Zelová et al., 2014; Naik et al., 2015; Li et al., 2018; Seong et al., 2018). The only structural difference between the two isomers is the position of the C=C double bond in the methylbut–enyl moiety (see Figure 1). This apparent small structural difference may have significant consequences on the electronic and reactivity properties of the two isomers. In fact, when the C=C bond is close to the phenyl ring (as occurs in iso moracin), the electronic delocalization between the two groups increases, stabilizing accordingly the radical that is formed as a result of O–H abstraction reaction. On the contrary, the localization of the double bond in position 2″ prevents conjugation with the phenolic ring and, in principle, would favor radical attack reactions.


[image: Figure 1]
FIGURE 1. Structure of moracin C and iso-moracin C, and pKa values of the relative deprotonation paths at physiological pH. (A) Moracin C. (B) Iso-moracin C.


Very recently, in an accurate experimental study (Li et al., 2018), the authors attempted to correlate the estimated antioxidant properties with the position of the C=C bond in the two isomers, concluding that “[B]oth moracin C and iso–moracin C can inhibit ROS, likely through redox-related pathways (especially ET and H+-transfer) and a non-redox-related RAF pathway. In the redox-related pathways, a double bond at the conjugation position can enhance the ET and H+-transfer potential. However, in the non-redox-related pathway, the double bond position hardly affected the RAF potential.”

We have conducted an accurate theoretical study on the thermodynamic and kinetic properties of moracin C and iso-moracin C when reacting with the OOH free radical by considering the following most common antioxidant scavenging reaction mechanisms (Leopoldini et al., 2011; Alberto et al., 2013; Mazzone et al., 2015; Galano et al., 2016; Markovic et al., 2016; Ahmadi et al., 2018; Castaneda-Arriaga et al., 2020; Romeo et al., 2020):

HAT: hydrogen atom transfer

➢ H3X + R· → H2X· + RH

➢ H2X− + R· → HX−· + RH

RAF: radical adduct formation

➢ H3X + R· → [H2X __RH]·

➢ H2X− + R· → [HX__ RH]−·

SET: single electron transfer

➢ H3X + R· → H3X+· + R−

➢ H2X− + R· → H2X· + R−



COMPUTATIONAL DETAILS

All calculations were performed with the Gaussian 09 code (Frisch et al., 2009) by applying the density functional theory. Following a well-consolidated protocol that was proven to be reliable in a large amount of antioxidant systems (Galano et al., 2016; Pérez-González et al., 2020), the M05-2X functional (Zhao et al., 2006) and the all electron basis set, 6-311++G(d,p) were chosen for all computations. Geometry optimization without any constraint was followed by frequency calculations to verify if the obtained structures were local minima (0 imaginary frequency) and transition states (TSs) (1 imaginary frequency) and to obtain zero-point energy corrections. Furthermore, for the TSs, it was verified that the imaginary frequency matched with the expected motion along the reaction coordinate. The solvation model based on density (SMD) (Marenich et al., 2009) was used to mimic the aqueous and lipid-like environments (water and pentyl ethanoate, respectively). Intrinsic reaction coordinate computations were performed to verify if the intercepted TSs properly connected to the relative minima in a given path.

Relative energies were computed with respect to the sum of separate reactants, and the thermodynamics corrections at 298.15 K were taken into account following the quantum mechanics-based test for the overall free radical scavenging activity (QM-ORSA) procedure (Galano and Alvarez-Idaboy, 2013, 2019). Rate constants, k, were determined by applying the conventional transition state theory (TST) at the 1M standard state (Truhlar et al., 1996). For the mechanism involving SETs, the barriers of reaction were computed using the Marcus theory (Marcus, 1957). For rate constants, close to the diffusion limit, the Collins–Kimball theory (Collins and Kimball, 1949) was applied.



RESULT AND DISCUSSION

For the study in water environment, knowledge of the acid-base equilibria under physiological conditions (pH = 7.4) is very important. Because of lack of experimental information on both studied isomers, the relative pKa values were obtained (Table 1) using the parameters fitting method, which was previously proven to give results that are in good agreement with experimental data (Pérez-González et al., 2018). The deprotonation path of the two study systems is shown in Figure 1. The preferred deprotonation site in moracin C is the OH in the C5′ position, followed by those in C6 and C3′. On the contrary, in iso-moracin C, the preferred deprotonation site is the OH in the C3′ position, while the second and the third ones involve sites C6 and C5′, respectively. In both conformers, all deprotonation sites are found in the benzene ring. A look at the molecular electrostatic potential, whose maps are reported in Supplementary Figure 1, shows that, in the case of iso-moracin C, the presence of the double bond in position C1′-C2′ increases the π delocalization as proven by a great negative charge on the oxygen of the hydroxyl group on C5′ position. The charge distribution reported in Supplementary Table 1 further underlines that the localization of the double bond of methylbut–enyl moiety can influence the acid–base equilibrium of the two isomers. The calculated pKa values, at pH = 7.4 (see Table 1), indicate that, for both isomers, the neutral species are prevalent (molar fractions are 0.98 and 0.99 for moracin and iso-moracin, respectively). The monoanionic forms were not negligible in both isomers (see Supplementary Figure 2), so the H3X and H2X− species were considered in the water environment study.


Table 1. pKa value and molar fractions (Mf) of the different acid–base species of moracin C and iso-moracin C, at physiological pH.

[image: Table 1]

The Gibbs free energies of reaction (ΔG), computed for the two investigated mechanisms in water and lipid-like environments, are reported in Figures 2, 3. As can be seen, for both molecules and environments, ΔG values for the RAF mechanism are all positive. However, since a recent experimental study (Li et al., 2018) suggested that this kind of mechanism might happen instead, we have also considered the addition of the OOH free radical to the C2″ sites, in which the obtained Gibbs reaction energies assume the less positive values.


[image: Figure 2]
FIGURE 2. Relative Gibbs free energies (ΔG kcal/mol) values at 298.15 K for neutral moracin C (H3A), monoanion (H2A−), neutral iso-moracin C (H3B), and monoanionic (H2B−) species in aqueous solution. (A) Moracin C. (B) Iso-moracin C.



[image: Figure 3]
FIGURE 3. Gibbs free energies of reaction (ΔG kcal/mol) at 298.15 K for neutral moracin C (H3A) and iso-moracin C (H3B) in pentyl ethanoate solvent. (A) Moracin C. (B) Iso-moracin C.


Although the ΔG values obtained for SET are always positive, we have also considered this mechanism that was found active in several systems that had been previously studied (Galano et al., 2016; Castaneda-Arriaga et al., 2020; Romeo et al., 2020). From Figure 2, it is clear that HAT in the aqueous solution occurs preferentially at C1″, O6, and O5′ sites of the moracin C neutral form and O6 and O3′ sites of the corresponding monoanion. For iso-moracin, HAT is favored at C3″, O6, O5′, and O3′ sites of the neutral form and at O6 and O5′ sites of the monoanion one.

In the pentyl ethanoate solvent, where only the neutral species are present, the HAT process is favored, and the lowest ΔG values are obtained for the OOH attack at the C1″ site followed by O6 for moracin C and at C3″ and O6 for iso-moracin C.

The radicals obtained following the abstraction of the proton by OOH free radical have a spin density that is distributed over almost the entire molecular structure, as it is reported in Figure 4 that the spin density plots of moracin C deprotonated on C1″ and iso-moracin C deprotonated on C3.″ In particular, due to the C=C double bond proximity to the phenyl ring, electron delocalization appears to be slightly more extended in iso-moracin C. In any case, this trend suggests good stability of the formed radical species for both molecules.


[image: Figure 4]
FIGURE 4. Spin density distribution in the radical obtained after the HAT process at C1″ (moracin) and C3″ (iso-moracin) sites. (A) Moracin C. (B) Iso-moracin C.


For the processes that show exergonic, almost isergonic, and moderate endergonic behaviors, we have computed the kinetic constants. To do this, it was necessary to locate the TSs to obtain the activation energies for the given reaction mechanism. The structures of all TSs obtained for the HAT process and their relative imaginary frequencies are shown in Figure 5 for neutral and monoanionic species in the aqueous environment, while the structures of TSs of the neutral systems in the lipid-like environment are shown in Supplementary Figure 3. The obtained energy barriers (ΔG#) are reported in Table 2 together with the Gibbs free energies of reaction.


[image: Figure 5]
FIGURE 5. Main geometrical parameters for the optimized TSs structures for the neutral and monoanionic species of moracin C and iso-moracin C involved in the HAT mechanism. Bond lengths are in Å, angles in degrees, and imaginary frequencies in cm−1.



Table 2. Gibbs free energies of reaction (ΔG) and activation (ΔG‡ kcal/mol) at 298.15 K in aqueous solution for neutral and monoanion moracin C and iso-moracin C species for the considered mechanisms.

[image: Table 2]

Inspection of the last Table reveals that, in aqueous solution, the ΔG# values of moracin C fall in the range of 19–21 kcal/mol for the neutral forms and become slightly lower for the charged ones. A similar behavior can be noted for iso-moracin C species. In the pentyl ethanoate solvent, the result is different, and for some sites, the barriers are sensibly smaller (e.g., 6.08 kcal/mol for the C1″ site). We would like to underline that the C–H bonds of the 3–methlbut−2-enyl in moracin C and in iso-moracin C are involved in the HAT process, making these two natural molecules interesting antioxidant agents.

All attempts to locate the relevant TS for the radical attack to the C2″ site for both molecules failed. However, this is not unusual since this type of radical attack often occurs without energy barriers. The structures derived from the OOH radical attack on the C2″ atom for both molecules are reported in Supplementary Figure 4. The C=C bond variation and atomic spin density for the moracin C–OOH and iso-moracin C–OOH radical adduct in both considered environments are shown in Figure 6, and the corresponding values are reported in Supplementary Table 2. An inspection of Figure 6 shows that the addition of the OOH radical on the C2″ atom induces different effects in the two tautomers. In fact, in moracin C, in both the considered solvents, the spin density is essentially located at C3″ and the bond length results of C2″-C3″ needs to be elongated by assuming values close to those of a single bond (1.513 and 1.491Å in water and PE, respectively). In iso-moracin C, in the water environment, the addition of the radical in the same position induces a large spin density in the C1″ atom, a smaller but significant one in C3′ and C1′ atoms, and a very small density in C3 and C4 atoms. The C2″-C1″ distance is now 1.504 Å. This means that this radical, with a more extended spin density distribution result, would be more stable than the corresponding in moracin C. Similar relationships have previously been observed in other theoretical investigations on the antioxidant power of carotenoid derivatives (Ceron-Carrasco et al., 2010).


[image: Figure 6]
FIGURE 6. (A) 2D representation of OOH addition to the C2″ atom of moracin C and iso-moracin C. (B) CC bond lengths (black line) and atomic spin density (red line) for the OOH addition to the C2″ atom in water enviroment. (C) CC bond lengths (black line) and atomic spin density (red line) for the OOH addition in PE environment.


The computation of the electrodonating (ω−) and electroaccepting (ω+) values, as proposed by Gázquez et al. (2007), allows the verification of the possible correlation between these reactivity indices and the RAF antioxidant capability of the investigated molecule. Results are shown in Table 3. Since low values of ω− indicate greater antioxidant activity, the analysis of Table 3 shows how iso-moracin C seems to have greater scavenging power in the aqueous environment. On the contrary, in the PE solvent, the antioxidant action of moracin C is greater. Considering the average of the values obtained in the two solvents as previously suggested by some authors (Ceron-Carrasco et al., 2012), values of ω− being very close to each other are obtained (4.36 and 4.38 eV for moracin C and iso-moracin C, respectively), making it difficult to reliably predict their correlation with the antioxidant activity of the two molecules. The calculation of the kinetic constants can shed further light on the antioxidant activity of the two systems.


Table 3. Ionization potential (IP), electron affinity (AE), electrodonating (ω-), and electroaccepting (ω+) indices of moracin C and iso-moracin C in water and PE (in parentheses) environments.

[image: Table 3]

Using the data from Table 2 and following the QM-ORSA computational protocol (Galano and Alvarez-Idaboy, 2013), we computed the individual, as well as the total kinetic, constants that are reported in Table 4.


Table 4. Rate constants (M−1s−1) and branching ratios (Γ) computed at the M05-2x level of theory at 298.15 K, (A) in aqueous and (B) in pentyl ethanoate solvent.

[image: Table 4]

For neutral moracin C (H3A) in the water medium, the faster process is the RAF mechanism in the C2″ site (k = 2.15 × 109 M−1s−1; branching ratio Γ = 100%), while for the corresponding monoanion (H2A−), the SET mechanism is the faster process (k = 1.83 × 109 M−1s−1, branching ratio Γ = 100%). In the iso-moracin neutral system (H3B), the calculated kinetic constants for RAF and HAT mechanisms are similar (k = 2.79 × 109 M−1s−1 for HAT on the O3′ site and k = 2.15 × 109 M−1s−1 for RAF on the C2″ atom), but the branching ratio for the former is 100%. For both the H2X- species, the SET mechanism is preferred (k = 1.83 × 109 M−1s−1 for moracin and 8.23 × 108 M−1s−1 for iso-moracin).

In the PE environment, for H3B, RAF is the preferred mechanism on the C2″ site with a k value of 2.22 × 109 M−1s−1, while, for H3A, a competition between RAF on C2″ (k = 2.20 × 199 M−1s−1; Γ = 43.32%) and HAT on the C1″ site (k = 2.88 × 199 M−1s−1; Γ = 56.68%) mechanisms was found.

From the obtained individual and total kinetic constants, it is clear that the experimental mass spectrometric suggestion, according to which the RAF mechanism is best possible solution (Li et al., 2018), is theoretically confirmed. The data indicate that the scavenging activity in the water solution of both moracin C and iso-moracin neutral forms is carried out through the RAF mechanism. In the lipid-like environment, the situation appears to be different since mainly the non-redox RAF reaction on C3″ site can occur through the OOH attacking iso-moracin C, while moracin C can undergo the attack through both redox (SET)- and non-redox- (RAF) like reactions.



CONCLUSION

From the density functional computations on the antioxidant potential of moracin C and its isomer iso-moracin C, the following conclusions can be outlined:

- pKa calculations in water environment evidence that, for both systems, the neutral form is dominant with the monoanionic species being present in lower percentage but not negligible;

- the preferred atomic sites for the different reaction mechanisms were established;

- the attack of the OOH free radical, for both the isomers, on the most abundant neutral species in a water solvent mainly occurs through a radical addition mechanism;

- for iso-moracin C, the radical addition process is favored in the lipid-like environment, while, for moracin C, both redox- and non-redox-type reactions can occur equally.
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Seasonality is one of the major environmental factors that exert influence over the synthesis and accumulation of secondary metabolites in medicinal plants. The application of the metabolomics approach for quality control of plant extracts is essentially important because it helps one to establish a standard metabolite profile and to analyze factors that affect the effectiveness of the medicinal plants. The Brazilian Cerrado flora is characterized by a rich diversity of native plant species, and a number of these plant species have been found to have suitable medicinal properties. Some of these plant species include Byrsonima intermedia and Serjania marginata. To better understand the chemical composition of these plant species, we conducted a study using the state-of-the-art techniques including the HPLC system coupled to an Exactive-Orbitrap high resolution mass spectrometer with electrospray ionization interface UHPLC-(ESI)-HRMS and by NMR being performed 2D J-resolved and proton NMR spectroscopy. For the analysis, samples were harvested bimonthly during two consecutive years. UHPLC-(ESI)-HRMS data were preprocessed and the output data uploaded into an in-house Excel macro for peak dereplication. MS and NMR data were concatenated using the data fusion method and submitted to multivariate statistical analysis. The dereplication of LC-HRMS data helped in the annotation of the major compounds present in the extracts of the three plant species investigated allowing the annotation of 68 compounds in the extracts of B. intermedia (cinnamic acids, phenolic acids derived from galloyl quinic and shikimic acid, proanthocyanidins, glycosylated flavonoids, triterpenes and other phenols) and 81 compounds in the extracts of S. marginata (phenolic acids, saponins, proanthocyanidins, glycosylated flavonoids among other compounds). For a better assessment of the great number of responses, the significance of the chemical variables for the differentiation and correlation of the seasons was determined using the variable importance on projection (VIP) technique and through the application of the false discovery rate (FDR) estimation. The statistical data obtained showed that seasonal factors played an important role on the production of metabolites in each plant species. Temperature conditions, drought and solar radiation were found to be the main factors that affected the variability of phenolic compounds in each species.
Keywords: metabolomic approach, specialized metabolites, seasonality, environmental factors, phenolic compounds, saponins, triterpenes
INTRODUCTION
Natural products derived from the secondary metabolism of plants have played an essentially important role in the treatment of diseases and illnesses throughout the life history of humans. The search for relief and cure of diseases through the ingestion of herbs and leaves may have been one of the earliest ways in which natural products were used (Cragg and Newman, 2013; Katz and Baltz, 2016). The diversity of molecular structures and nature's ability to provide molecules of structural complexity hardly imagined or elaborated by synthesis is the result of many different biosynthetic pathways that are involved in the production of a plant's secondary metabolites, and what also leads these metabolites to exhibit a wide range of biological activities (Harvey et al., 2015; Bernardini et al., 2018).
The production of specialized metabolites by plants is characterized by the specificity of the plant species and is regarded an essentially relevant adaptive response in terms of coping with environmental and/or external stimuli to which the plants are exposed (Ghorbanpour and Varma, 2017). In addition, these metabolites play a key role in regulating plants growth, development, and defense, as well as in mediating plant-environment interactions, including protection against several stressful and challenging environmental change conditions (Rai et al., 2017; Isah, 2019; Pandey and Senthil-Kumar, 2019; Erb and Kliebenstein, 2020).
In recent decades, there has been an increasingly growing scientific interest in gaining a comprehensive understanding regarding the changes in secondary metabolism in plants, and a considerable number of studies have been conducted aiming at investigating the effects of changes in environmental factors (e.g., temperature, climate change, precipitation, drought, salinity, UV radiation, light and humidity) and seasonality on the biosynthesis and accumulation of specialized metabolites in medicinal plants (Xiao et al., 2008; Sampaio et al., 2016; Berini et al., 2018; Yang et al., 2018). For purposes of illustration, Sehlakgwe et al. (2020) demonstrated the effect of seasonal variation on the chemical profile of plants and the differences in activity observed for the plant material harvested in different seasons; the authors showed that winter was the best harvest period for Leucosidea sericea leaves. In another study, Botha et al. (2018) investigated the variations in the accumulation of three secondary metabolites present in different parts of the Euclea undulata Thunb. var. myrtina plant and the correlation with the amount of rainfall during the dry and rainy seasons, as well as changes in temperature.
As aforementioned, due to several factors, the content of specialized metabolites can vary considerably in plants species; and since many of these metabolites are active principles, this variation can eventually change the therapeutic response of the medicinal plant when applied for particular pharmacological purposes. In view of that, studying the effects of factors that may determine or modify the yield of these compounds in plants, such as growing and/or harvesting conditions, season and time of day, is extremely important if one aims to obtain good quality herbal products with desirable concentrations of active ingredients (Kunle et al., 2012; Liebelt et al., 2019).
Conducting a rapid, high-quality analysis of the chemical constituents of a complex plant matrix is indispensable in the sense that it allows one to characterize the rationally active markers in the matrix and facilitates one’s understanding of the relationship between the chemical composition and the possible efficacy, toxicity and therapeutic target of plant-based medicine (Wolfender et al., 2019).
Remarkably, a major obstacle to establishing a reliable chemical quality control framework of a plant extract is that plants have an extremely complex composition with a huge number of compounds, of which there is still very limited knowledge. The chemical diversity of compounds present in medicinal plants is directly associated with the high variability of the intrinsic physicochemical properties of natural products, and this makes the separation, detection and identification of the natural substrates of the plants technically challenging (Dunn et al., 2011; Wolfender et al., 2015).
Significant advances in analytical techniques along with new bioinformatics tools and multivariate statistical analysis have contributed meaningfully toward the advancement of chemical studies of complex samples. Metabolomics-based approaches which employ state-of-the-art techniques, such as high resolution mass spectrometry (HRMS) and one and two-dimensional NMR spectroscopy, is a fast and efficient way of maximizing the results of metabolic fingerprinting analysis of a large number of data sets (Kellogg et al., 2017; Han et al., 2018; Sut et al., 2019; Houriet et al., 2020). Furthermore, unlike their individual application, the combined application of MS and NMR (MS-NMR) provides more reliable identification results and unbiased assessment of quality control analyses of medicinal plants in addition to helping predict the bioactivity of the plants (Sampaio et al., 2016; Sut et al., 2019; Sehlakgwe et al., 2020).
The Brazilian Cerrado flora is widely known to be constituted by a rich diversity of plant species, and a number of these plant species have been found to possess suitable medicinal properties (Lahsen et al., 2016; Cortelo et al., 2021). Some of these plant species include Byrsonima intermedia and Serjania marginata, which present similar ethnopharmacological characteristics and have been found to be promising for future application in phytotherapy aimed at the treatment of inflammatory diseases. The hydroethanolic extracts obtained from the leaves of each of these species demonstrated potential gastroprotective (Arruda et al., 2009; Périco et al., 2015; dos Santos et al., 2019), anti-inflammatory (Moreira et al., 2011; Salinas-Sánchez et al., 2017), antioxidant (Heredia-Vieira et al., 2015; Guilhon-Simplicio et al., 2017), analgesic (Di Stasi et al., 1988; Verdam et al., 2017) activities and absence of toxicity in the acute models evaluated (Santos et al., 2012; Périco et al., 2015; dos Santos et al., 2019).
The B. intermedia A. Juss species is popularly known as “murici-do-cerrado”, “cajuzinho do cerrado” or "murici-mirim" - this name, which means a small tree in Tupi Guarani language, was given to the species by the indigenous people. The B. intermedia A. Juss species is native to the Brazilian Cerrado (the Brazilian tropical savanna region), and as the name implies, the plant species has a bushy-like characteristics and has been found to reach a maximum height of 1.60 m. The local population of this savanna uses the bark and leaves of B. intermedia as infusions; these infusions have been found to possess antiseptic, antimicrobial, anti-haemorrhagic, cicatrizant, and anti-inflammatory properties (Nogueira et al., 2004; Oliveira et al., 2007).
The S. marginata Casar. species is a climbing plant popularly known as “cipó-uva” or “cipó-timbó”; the plant species is used in folk medicine in the form of infusion or juice for the treatment of stomach pains (Arruda et al., 2009). The species is considered native to Brazil, Paraguay, Bolivia and Argentina. In Brazil, the S. marginata Casar. species has been found to be present in deciduous forests, floodable fields, and in the Chaquenha region of Mato Grosso do Sul, as well as in 18 forest fragments in the northwest of the State of São Paulo, and in the dense forest of the State of Pernambuco (Rodal and Nascimento, 2002; Moreira et al., 2013; Sprengel-Lima and Rezende, 2013).
Previous phytochemical studies conducted on the leaf extracts of the plant species mentioned above have shown that B. intermedia has phenolic acids, oligomeric proanthocyanidins, and flavonoids as its main constituents (Pereira et al., 2015; Fraige et al., 2018; Mannochio-Russo et al., 2020) and S. marginata has flavonoids, oligomeric proanthocyanidins and saponins as its main constituents (Heredia-Vieira et al., 2015).
In view of the chemical and biological potential of B. intermedia and S. marginata species, conducting qualitative chemical analyses of the leaves of these plants, based on a seasonal approach, is essentially relevant in the sense that it enables one to verify if there is chemical variation in the profile of the species harvested at different times of the year due to the environmental factors evaluated related to the season (temperature, humidity, solar radiation and rainfall), apart from helping to identify the biological potential of the plant matrix investigated. In the present work, state-of-the-art tools in metabolic profiling and data analysis methods based on liquid chromatography LC-HRMS and NMR techniques were employed for the conduct of qualitative chemical analyses of the aforementioned plant species.
MATERIALS AND METHODS
Chemicals
Methanol and formic acid (LC-MS grade) were obtained from Merck (Darmstadt, Germany) and ultrapurified water (Millipore®, United States) were used as mobile-phase components.
Plant Material
B. intermedia leaves were harvested in the Municipal Botanical Garden of Bauru (JBMB), Bauru, state of São Paulo, Brazil (22°20′36″S and 49°01′02″W, altitude 546 m). The voucher specimens were deposited at Herbarium JBMB under number JBMB 00013 and responsibility of Dr. Viviane Camila de Oliveira.
S. marginata leaves were harvested in a fragment of Cerrado located in Santa Madalena Farm, Dourados, Mato Grosso do Sul state, Brazil (22°08′05″S and 55°08′17″W, altitude of 452 m). The voucher specimens were deposited at the DDMS Herbarium, of the Federal Universiy of Grande Dourados (UFGD), under number 41054 and responsibility of Dr Emerson Silva.
The harvesting of the plant was always carried out at the same period between 9 and 10 am for two consecutive years (2017 and 2018) to study the seasonal variability of their secondary metabolites. The detailed data for each harvest are described in Supplementary Table S1.
The harvested data were added in the SisGen platform (National System of Management of Genetic Heritage and Associated Traditional Knowledge) as genetic patrimony with registration number A3476AF. For the transfer of material between São Paulo State University—UNESP and the University of Strathclyde, all samples were prepared in accordance with the Brazilian laws for access and shipment of genetic heritage material. The R0418CB shipment number was issued by SisGen and under authorization from the Genetic Heritage Management Council (CCGEN).
Hydroethanolic Extracts Preparation
The plant material (B. intermedia and S. marginata leaves) was washed and dried in an oven with air circulation at 40°C. The dry material was ground into an analytical mill (model IKA A11 basic). For the analytical analysis, 100 mg of powder was extracted with 1 ml of EtOH/H2O 7:3 (v/v) in an ultrasound bath, three times for 20 min. After that, the resulting material was centrifuged at 13,000 rpm and the supernatant was filtered through a Millex® PTFE filter (0.22 μm, 25 mm). The extracted liquid was concentrated at a temperature below 40°C until removal of the organic solvent. The hydroethanolic extracts were frozen and lyophilized in a vacuum freeze dryer (BentchTop Pro SP Scientific) at 200 mT for 48 h at −60°C.
Climate Data
The climatic data for all the harvests of each plant were provided by the Meteorological Data Storage Section (SADMET) of the National Institute of Meteorology (INMET). The climatic data were temperature (°C), humidity (%), solar radiation (kJ/m2) and rainfall (mm) for the years 2017 and 2018 provided in Supplementary Tables S2 and 3.
UHPLC-(ESI)-HRMS Analysis
The chromatographic chemical profile analysis of the extracts of each species was performed by UHPLC-(ESI)-HRMS Thermo Scientific® Accela using Thermo Scientific® UHPLC Accela system coupled to an Exactive-Orbitrap high-resolution mass spectrometer Thermo Scientific®. To perform the analysis, the samples were suspended in methanol at a concentration of 1.0 mg/ml and filtered with Millex® PTFE filter (0.22 μm, 25 mm). LC separations were conducted through a C-18 column (ACE, 75 mm, id 3.0 mm, 5 μm). The injection volume and flow rate applied were 10 and 300 μL/min, respectively. For sample elution, a linear gradient with mobile phase composed of water (solvent A) and methanol (solvent B) both acidified with 0.1% formic acid, from 5 to 100% (B) was employed for 45 min. The acquisition range was m/z 150–2000 in both negative and positive ionization modes. The spray voltage applied was 4.5 kV for positive mode and 4.0 kV for negative mode and capillary temperature set at 280°C. The mass spectra were obtained and processed in Xcalibur software (version 3.0).
NMR Analysis
To conduct NMR analysis, samples were prepared by dissolving each sample in 650 μL of DMSO-d6 (Sigma Aldrich®) to obtain the concentration of 5 mg/ml then transferred to 5 mm 7″ NMR tubes. J-resolved and proton (1H NMR) experiments were performed using a Bruker® AVIII HD 500 (11.7 T) and the spectra were processed using MestReNova x64 software (version 14.1.2).
The data acquisition followed the parameters used in the previous work developed by Sampaio et al. (2016) using 16 scans in the pre-saturation pulse sequence for one-dimensional (1D) proton spectra (1H NMR) and 32 scans and 64 increments per scan for two-dimensional (2D) 1H−1H J-resolved (J-res) NMR spectra; data points widths of 3.56 kHz for F2 (chemical shift axis) and 50 Hz for F1 (spin-spin coupling constant axis). The solvent signal was suppressed by the selective pre-saturation method.
Data Processing
The UHPLC-(ESI)-HRMS data were converted to mzML format in the MSConvert (ProteoWizard) software using the filter Peak Picking with the algorithm vendor checked. mzML files were processed in MZmine2 v.2.53 (http://mzmine.sourceforge.net/) (Katajamaa et al., 2006; Pluskal et al., 2010) using the following parameters: mass detector, Centroid and MS1 noise level, 1 × 103. For the construction of chromatogram, the parameters setting conditions were used: min time spam of 0.2 min; min height intensity of 1 × 104 and mass tolerance of 0.001 m/z or 5.0 ppm; for the deconvolution, the algorithm local minimum search was chosen using: chromatographic threshold of 5%; search miminum in RT range of 0.4 min; minimum absolute height of 1 × 104; min ratio of peak top/edge and peak duration range of 0.2–5 min. For data processing was applied deisotoping, filtering, alignment and gap filling steps. The identification of adducts and complexes were carried out. The molecular formulas were calculated by the Formula Prediction for both ionization modes ([M+H]+ and [M-H]−) within the mass tolerance window 0.001 m/z or 5.0 ppm and applying the element counts (C, H, N, O, P, S) from the detected m/z value considering all the heuristic rules (elemental ratios, RDBE restrictions and isotope pattern filter) (Pluskal et al., 2012). The output data (peak areas, exact mass, molecular formula and retention times) of each sample were exported as a CSV file and uploaded into an in-house Excel macro with the Dictionary of Natural Products (DNP) database for peak dereplication (Macintyre et al., 2014). A blank solvent was analyzed together with the extracts by LC-HRMS during data processing. Therefore, by macro Excel, the peaks from the blank were extracted and removed, applying an algorithm based on the intensity ratio of m/z between the samples and the blank.
The NMR data were processed using MestReNova x64 software version 14.1.2 (Mestrelab Research S.L.®). First, for processing the 2D J-res spectra the T1 noise reduction, 45° tilt and symmetrization by J-res sensitivity enhancement parameters were used; and at last, spectra in the one-dimensional projection were extracted.
The 1H NMR and J-res projection spectra were previously stacked and then pre-processing according the following steps: baseline correction with the Whittaker Smoother option; apodization with Gaussian function of 1 GB [Hz]; normalization by the largest peak and smoothing Savitzky–Golay method. The processed NMR data were prepared using bin width of 0.04 ppm and the bin intensities method was average sum. Afterward, the spectral data were saved with the peak intensities. Chemical shifts (δ) values were established between 0.0 and 10.0 ppm for S. marginata samples data and 0.0–13.0 ppm for B. intermedia.
The data fusion method was performed for the concatenation of the processed MS and NMR data (Forshed et al., 2006; Sampaio et al., 2016). The data were pre-processed and organized in Excel® being MS and NMR data divided into two blocks. Each block were scaled according to the following procedure:
1) The standard deviation (SD) calculation of all the corresponding peak areas of each m/z;
2) The sum of all SD and then
3) The division of the areas of the original peaks by the sum of SD. MS and NMR scaled data were merged in a single data matrix which undergone to multivariate analysis.
Multivariate Analysis
The processed MS, NMR and MS-NMR fused data were submitted to multivariate statistical analyses to study the metabolites variation related to the climate data of each plant species B. intermedia and S. marginata. The data obtained from the analysis of the extracts were classified as chemical variables (primary variables ID) and the climatic data as environmental variables (secondary variables ID). The set of variables were scaled using the Pareto algorithm in the SIMCA-P software v. 15.0 (Umetrics®, Sweden). Partial Least Squares Discriminant Analysis regression (PLS-DA) and Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) were performed with at least three independent replicates for each season. Afterward, the model was validated by the permutation tests (repeated 100 times). The model fitting was given by parameter R2X and the expected variation by Q2X.
The correlation and differences in the metabolite profile for the seasons of each plant were screened by the PLS-DA loadings plot. To better interpret a large number of responses, the chemical variables were classified according to their significance to the model by the parameter variable importance on projection (VIP). The 15 variables with the highest VIPs were selected for further analysis. Thereafter, the false discovery rate (FDR) method was applied as follows: ranking the p-values of the variables from low to high, multiplying each p-value by the number of variables (N = 15), and dividing by their order of rank (Benjamini and Hochberg, 1995; Wang et al., 2013). Finally, the resulting FDR were adjusted considering values ≤0.05 to be significant.
The web-based platform MetaboAnalyst 4.0 (https://www.metaboanalyst.ca/) (Chong et al., 2018) was also used in the PLS-DA and hierarchical analysis. For the purposes of processing, the MS-NMR fusion data was filtered by the mean intensity value (Hackstadt and Hess, 2009), the samples were normalized by sum and the set of variables were scaled using the Pareto algorithm. The normalized output data were exported as a CSV file and analyzed using GraphPad Prism 8.4.3 (GraphPad Software, San Diego, CA, United States). The statistical significance between results obtained for the seasonal groups were analyzed using one-way ANOVA followed by Tukey’s test. All results are presented as mean ± standard deviation (SD).
RESULTS
Metabolite Profiling Annotation by NMR and MS
A meticulous analysis based on the negative and positive ESI-HRMS spectral data, 1H NMR spectra, as well as 2D J-res spectra, allowed the annotation of the compounds present in the plant species B. intermedia and S. marginata extracts. MS and NMR features assignments were founded according to data previously reported in the literature for representative classes of metabolites or chemical markers for each genus and/or family studied. The comprehensive annotation of the compounds for each plant species are provided in the Supplementary Tables S4 and 5 (based on an accurate mass and molecular formulas). Supplementary Figures S1 to 8 shows the representative LC-HRMS chromatograms, the 1H NMR spectra, 1D J-res NMR projection spectra and the 2D J-res NMR for each plant extract.
Due to the complexity of the plant matrices, the 1H NMR spectra of the analyzed extracts show critical overlapping signals mainly as a result of the inherent signal splitting and occurrence of multiplet patterns. Therefore, 2D J-res NMR experiments proved to be a suitable choice to solve the problem of signal congestion. By projecting the J-res spectrum onto the chemical shift axis, the degree of spectral complexity was reduced, and the spectral resolution was increased (Supplementary Figures S5 to 8).
Considering the NMR identification, three main chemical shift regions were clearly distinguished in the spectra of B. intermedia and S. marginata samples, with peaks in the aliphatic (0.50–2.00 ppm), sugar and organic acids (3.00–6.00 ppm) and aromatic region (6.00–9.00 ppm) (Supplementary Figures S5 to 8). Regarding the carbohydrate portion of the compounds, the region of 4.00–6.00 ppm can be assigned to the signals of the anomeric protons of the sugars. In addition, the multiplicity and chemical shifts of these signals obtained in the 1D and 2D J-res spectra helped to propose the nature of the glycosides.
ESI-HRMS data annotation in positive and/or negative modes allowed to distinguish several classes of secondary metabolites in the three plant species.
B. intermedia extracts exhibited signals of cinnamic acids and derivatives (e.g., m/z 163.0396 [M-H]−, m/z 199.0605 [M+H]+, m/z 339.1078 [M+H]+, m/z 355.1025 [M+H]+, m/z 369.1183 [M+H]+ and m/z 531.1503 [M+H]+), galloylquinic acids (e.g., m/z 345.0819 [M+H]+, m/z 497.0930 [M+H]+, m/z 649.1040 [M+H]+ and m/z 801.1151 [M+H]+), galloylshikimic acids (e.g., m/z 327.0713 [M+H]+, m/z 479.0825 [M+H]+ and m/z 631.0937 [M+H]+), proanthocyanidins [e.g., monomer (m/z 291.0864 [M+H]+), dimer (m/z 577.1351 [M+H]+, tetramer (m/z 1153.2609 [M+H]+)], flavonoids derived from quercetin, such as monoglycosylated flavonoids (m/z 435.0928 [M+H]+, m/z 449.1085 [M+H]+ and m/z 465.1035 [M+H]+), diglycosylated flavonoids (m/z 581.1511 [M+H]+, m/z 597.1456 [M+H]+ and m/z 611.1617 [M+H]+), triglycosylated flavonoids (m/z 757.2195 [M+H]+) and galloyl flavonoids (m/z 587.1041 [M+H]+, m/z 601.1197 [M+H]+ and m/z 617.1147 [M+H]+), pentacyclic triterpenes with lupane and oleanane structures (e.g., m/z 427.3938 [M+H]+, m/z 455.3546 [M-H]−, m/z 487.3422 [M+H]+ and m/z 489.3579 [M+H]+), and other compounds (Supplementary Table S4).
S. marginata was characterized by having phenolic acids (e.g., m/z 153.0186 [M-H]− and m/z 315.0724 [M-H]−), cinnamic acids (e.g., m/z 179.0345 [M-H]−, m/z 199.0600 [M-H]− and m/z 343.0810 [M+H]+), triterpenic saponins derived from oleanolic acid (e.g., m/z 733.4550 [M-H]−, m/z 865.4971 [M-H]−, m/z 895.5082 [M-H]−, m/z 911.5031 [M-H]−, m/z 941.5128 [M-H]−, m/z 1011.5554 [M-H]−, m/z 1027.5503 [M-H]−, m/z 1043.5452 [M-H]−, m/z 1057.5609 [M-H]−, and so on), B-type proanthocyanidins [e.g., monomer (m/z 291.0860 [M+H]+), dimer (m/z 579.1500 [M+H]+), trimer (m/z 867.2117 [M+H]+) and tetramer (m/z 1155.2719 [M+H]+)] and A-type proanthocyanidins [e.g., dimer (m/z 577.1343 [M+H]+), trimer m/z 863.1810 [M+H]+), tetramer (m/z 1153.2602 [M+H]+) and pentamer (m/z 1441.3228 [M+H]+)], flavonoids glycosylated including C-glycosylated flavones (e.g., m/z 403.1023 [M+H]+, m/z 417.1177 [M+H]+ and m/z 419.0973 [M+H]+), m/z 597.1451 [M+H]+ and m/z 609.1479 [M-H]−), C,O-glycosylated flavones (e.g., m/z 551.1394 [M+H]+, m/z 561.1603 [M+H]+, m/z 563.1761 [M+H]+, m/z 565.1550 [M+H]+, m/z 577.1551 [M+H]+, m/z 579.1707 [M+H]+ and m/z 591.1708 [M+H]+), and O-glycosylated flavonols (e.g., m/z 433.1129 [M+H]+, m/z 465.1027 [M+H]+ and m/z 595.1658 [M+H]+), among other compounds (Supplementary Table S5).
Seasonality Assessment From MS-NMR Fused Data
Multivariate analysis of HRMS and 2D J-res NMR data were evaluated to assess the seasonality of the B. intermedia and S. marginata harvests. MS and NMR data were evaluated separately and concatenated (Figures 1, 2).
[image: Figure 1]FIGURE 1 | Partial Least Squares Discriminant Analysis (PLS-DA) of the data acquired for the samples of the seasonal harvests of B. intermedia. PLS-DA score scatter plot of (A) HRMS, (B) J-res NMR and (C) MS-NMR fused data of B. intermedia extracts of summer (SUM), autumn (AUT), winter (WIN), and spring (SPR) harvests.
[image: Figure 2]FIGURE 2 | Partial Least Squares Discriminant Analysis (PLS-DA) of the data acquired for the samples of the seasonal harvests of S. marginata. PLS-DA score scatter plot of (A) HRMS, (B) J-res NMR and (C) MS-NMR fused data of S. marginata extracts of summer (SUM), autumn (AUT), winter (WIN), and spring (SPR) harvests.
The PLS-DA plot in Figure 1 shows that the B. intermedia harvests had a significant seasonal effect, with separation into distinct groups, especially for summer and winter samples. In Figure 1A, clustering was performed according to HRMS data and it is apparent that the spring samples presented an intermediate MS profile between winter and autumn seasons; in Figure 1B, for the J-res data, summer and autumn had more similarity in their NMR profiles which contributed to the clustering of these samples and finally in Figure 1C, the concatenation of HRMS and J-res data resulted in an improved clustering of the harvests samples from the same season and more clearly represented the differentiation in the sets of seasons according to the variation in their features.
With regard to S. marginata harvests, seasonality appeared not to have a significant influence on the differentiation of samples, demonstrating only a slight distinction of samples harvested during spring in comparison to the other seasonal groups. For the HRMS dataset in Figure 2A, the samples are quite scattered, with no clustering trends within seasons; in Figure 2B, the J-res data contributed to the separation of spring and winter into two distinct groups, while the autumn and summer seasons had closer clustering, and then finally, in Figure 2C, with the concatenated HRMS and J-res data, it can be observed that the samples are more scattered, that is, the sets of each season do not cluster tightly, moreover, summer showed to present a chemical profile with intermediate features between autumn and winter seasons.
The PLS-DA score scatter presented in Figures 3, 4 for the plant species samples, correlates the MS-NMR fused data of seasonal harvests plotted against the environmental factors. We choose to categorize the plant species according to the values of observations for main environmental factors observed in the region of the harvests (Temperature, Solar radiation, Relative humidity and Rainfall). Average values of weather characteristics of the local where each plant species was harvested are shown Supplementary Tables S2 and 3.
[image: Figure 3]FIGURE 3 | PLS-DA score scatter plots of the MS-NMR fused data of B. intermedia seasonal harvests and the correlation with the environmental factors. Samples are categorized according to the values of observations for environmental factors. (A) Temp = temperature (°C); (B) Rad = Solar radiation (kJ/m2); (C) Humi: relative humidity (%) and (D) Rain = rainfall (mm). Sample seasons: Summer (Bi1, Bi7 and BiS); Autumn (Bi2, Bi3, Bi8 and Bi9); Winter (Bi4, Bi10 and BiW) and Spring (Bi5, Bi6, Bi11 and Bi12).
[image: Figure 4]FIGURE 4 | PLS-DA score scatter plots of the MS-NMR fused data of S. marginata seasonal harvests and the correlation with the environmental factors. Samples are categorized according to the values of observations for environmental factors. (A) Temp = temperature (°C); (B) Rad = Solar radiation (kJ/m2); (C) Humi: relative humidity (%) and (D) Rain = rainfall (mm). Sample seasons: Summer (Sm1, Sm6 and Sm12); Autumn (Sm2, Sm3, Sm7 and Sm8); Winter (Sm4, Sm9 and Sm10) and Spring (Sm5, Sm11 and SmS).
In view of the weather characteristics of the local where B. intermedia was harvested (Supplementary Table S2), it is possible to notice a lower rainfall amount during autumn and winter, and a higher amount during spring (Figure 3D). In addition, spring and summer periods had the warmest temperatures (Figure 3A) and the most intense incidence of solar radiation (Figure 3B). Visual inspection of the grouping of samples and the climate observations in the plot of Figure 3 shows that the temperature is the climate variable which better explained the correlation between the samples, besides being the only variable that explained the correlation of the spring and winter samples and the influence on the chemical composition (Figure 3A). The samples harvested during winter (Bi4, Bi10 and BiW) proved to be the most homogeneous and are more tightly grouped, indicating minimal changes in the chemical profiles for the samples harvested in this season and this is due to the lower climatic variation during this period. Spring was the most heterogeneous season with the greatest dispersion of samples (Bi5, Bi6, Bi11, Bi12), indicating a greater variation in the chemical profiles of these samples. This season is intermediate between winter and summer and was influenced by the climatic conditions of late winter and early summer.
The main weather conditions for S. marginata harvests (Supplementary Table S3) indicate higher temperatures during the summer and autumn periods (Figure 4A), high humidity levels in the summer (Figure 4C) and higher rainfall amounts in the spring (Figure 4D). The spring season (Sm5, Sm11 and SmS) presented the most separated data in relation to the other groups, indicating differences in the chemical profile in relation to the other samples. In addition, the spring season showed the tightest clusters relative to the other seasons indicating minimal changes in chemical profiles for the samples harvested in this season. The autumn (Sm2, Sm3, Sm7 and Sm8), summer (Sm1, Sm6 and Sm12) and winter (Sm4, Sm9 and Sm10) samples were more scattered indicating a greater variation in the chemical profiles of these samples. Considering the environmental factors, it is more difficult to correlate the variation in chemical composition with the climate variables. In the PLS-DA plot, solar radiation incidence seems to be the variable with the greatest variation, especially with higher values for the spring season and lower values for autumn and winter, which may influence the chemical profile of these samples according to this environmental factor (Figure 4B).
To validate the model, OPLS-DA data analysis was used. For this purpose, the samples were separated into more scattered and more clustered groups. The summer season was the most scattered set of samples relative to the other season groups for B. intermedia and the spring season was most scattered for S. marginata. The Permutations plots (Supplementary Figure S9) show the model fit based on the R2 and Q2 values.
A total of 15 variables with the highest VIP scores were selected to validate the chemical features that are significant for group discrimination in the OPLS-DA model for the MS-NMR fused and HRMS data. Subsequently, after validation of the significant NMR regions contributing to seasonal group discrimination and putative annotation of functional groups and classes of compounds, the LC-HRMS data were analyzed for further insights into the annotation of the chemical structures of the discriminant compounds.
Figures 5, 6 show the scatter plots of the OPLS-DA score and the selected variables highlighted in the loading plots of the MS-NMR fused data and HRMS data, for B. intermedia and S. marginata, respectively. Supplementary Tables S6 and 7 show the adjusted p-values and FDR estimation for each discriminant feature of the MS-NMR fused data and Supplementary Figures S10 and 11 show the representative 1H NMR and 2D J-res NMR spectra with the top 15 peak signals according to the VIP scores. Supplementary Tables S8 and 9 show the same analysis for the discriminant metabolites found with respect to the results obtained from the MS data. For the discriminating metabolites, the chemical formula was predicted from the exact mass, the most probable ring double bond formula (RDB) was calculated, and the compounds were annotated according to the hits in the DNP database. In addition, box-and-wisker plots in Supplementary Figures S12 and 13 show the relative distribution of the discriminating metabolites according to seasonal harvest of B. intermedia and S. marginata samples, respectively.
[image: Figure 5]FIGURE 5 | Multivariate analyses of the data of B. intermedia species for prediction of the seasonally discriminating metabolites. Orthogonal Partial Least Square-Discriminant Analysis (OPLS-DA) score scatter plot of (A) MS-NMR fused data and (C) HRMS data with samples categorized according to the harvest season. OPLS-DA loadings plots with highlighted features of the 15 VIP metabolites of (B) MS-NMR fused data and (D) HRMS data. More scattered samples: Summer (Bi1, Bi7 and BiS); Less scattered samples: Autumn (Bi2, Bi3, Bi8 and Bi9); Winter (Bi4, Bi10 and BiW) and Spring (Bi5, Bi6, Bi11 and Bi12).
[image: Figure 6]FIGURE 6 | Multivariate analyses of the data of S. marginata species for prediction of the seasonally discriminating metabolites. Orthogonal Partial Least Square-Discriminant Analysis (OPLS-DA) score scatter plot of (A) MS-NMR fused data and (C) HRMS data with samples categorized according to the harvest season. OPLS-DA loadings plots with highlighted features of the 15 VIP metabolites of (B) MS-NMR fused data and (D) HRMS data. More scattered samples: Spring (Sm5, Sm11 and SmS); Less scattered samples: Summer (Sm1, Sm6 and Sm12); Autumn (Sm2, Sm3, Sm7 and Sm8); Winter (Sm4, Sm9 and Sm10) and Spring (Sm5, Sm11 and SmS).
OPLS-DA loadings plot for B. intermedia, show the selected VIP features, highlighting signals of chemical shifts in the aliphatic proton region (0.50–5.00 ppm) and aromatic region (6.00–8.00 ppm), and also molecular weights between 400 and 900 Da correlated to summer and autumn seasons (Figure 5B). The chemical shift signals at δ 7.53 (137), 6.90 (153), 1.35 (292), 2.39 (266), 7.04 (150), 3.12 (248), 3.36 (241), 6.21 (170), 3.62 (235), 0.77 (307) and 1.24 (295) presented FDR values lower than 0.05, representing the true positive annotation and indicating the discriminating metabolites associated with seasonal harvests (Supplementary Table S6). The signals at δ 7.53 (d, J = 2.3 Hz) and δ 6.21 (d, J = 2.1 Hz) indicate meta-couplings corresponding to the protons of the B and A rings of a flavonoid, respectively, which are consistent with the quercetin aglycone, while the signals at δ 3.12, δ 3.36 and δ 3.62 are characteristic of the protons of a saccharide unit, suggesting the presence of a glycosylated flavonoid (Harborne, 1994). The singlets at δ 7.04 and δ 6.90 were assigned to galloyl substituents, which may be attached to the structure of sugars or quinic acid by esterification of hydroxyl groups (Sannomiya et al., 2007). The chemical shifts of the shielded signals in the range δ 0.77–1.35 suggest methyl and methylene protons of triterpenoid compounds (Higuchi et al., 2008). Considering the loadings plot for the discriminant metabolites based on MS data (Supplementary Figure S5D), the flavonoids were annotated as quercetin-O-hexose (P13) and quercetin-O-(O-galloyl)-hexose (N25), the galoyl quinic acid derivatives as di-O-galloylquinic acid (P76) and tri-O-galloylquinic acid (N113) and the triterpenes as betulinic acid (N2), oleanolic acid (N23), β-amyrin (P4128) and 3-oxo-olean-12-en-28-al (P22) (Supplementary Table S8 and Figure S7). In Supplementary Figure S12, it is possible to notice a progressive increase in the concentration of phenolic compounds, such as flavonoids and galloylquinic acid derivatives, since summer until reaching maximum values in winter for B. intermedia harvests. On the other hand, the signals related to triterpenes show that these compounds presented higher concentration during the summer and minimum values during the winter.
[image: Figure 7]FIGURE 7 | Structures of significant metabolites (FDR ≤ 0.05) for the differentiation of (A) B. intermedia (N2, N23, P4128, P22, P13, N25, P76 and N113) and (B) S. marginata (N2053, N1452, N237, N43, N40, N2114, P1907 and P1906) harvests. Annotation of the metabolites is provided in the Supplementary Tables 7 and 9.
OPLS-DA loadings of the fused data for S. marginata shows compounds with high molecular weight (colored in red) associated with typical chemical shifts of sugar and methylene protons (colored in blue) correlated with spring season (Figure 6B). The chemical shift signals at δ 3.99 (151), 3.52 (163), 2.72 (182), 2.27 (194), 1.49 (213), 5.19 (121), 3.03 (175), 1.08 (224), 3.58 (161) and 3.18 (171) were significant (FDR ≤0.05) for the differentiation of the seasons (Supplementary Table S7). The signals with chemical shifts in the range of δ 1.82–3.18 suggest methylene protons of sapogenins portions of saponin molecules. Analyzing the loadings plot and the annotation of the discriminating metabolites considering the MS data (Figure 6D), it was obtained that the steroidal saponins (N2053 and N1452), triterpenic saponins with hederagenin as aglycone (N237, P1907, N43, N40 and N2114) and the flavones cassiaocidentalin A (P1907) and tetrastigma B (P1906) are the compounds that contribute the most to the separation of the samples (Supplementary Table S9 and Figure S7). Samples harvested during spring had the highest amount of saponin, while winter samples showed the lowest amount. Flavones, on the other hand, had higher concentrations during winter, with a continuous increasing variation from summer to winter, followed by a decreasing in the concentration in the spring season (Supplementary Figure S13).
DISCUSSION
The analyses conducted for each set of samples using LC-HRMS and NMR showed that the extracts prepared from the leaves of the plant species B. intermedia and S. marginata had a comparable metabolite profile. Visual inspection of these data showed a variation in the intensity of the metabolites as a result of different harvest periods.
The computational analysis approach employed for the pre-processing of the untargeted LC-MS data was found to be very useful in terms of obtaining relevant information regarding the peak areas with a more accurate estimation of the relative ions abundance. Based on the application of the computational analysis approach, the present study was able to deconvolve the co-eluted peak signals and predict the molecular formulas of individual features of the metabolites with a high degree of accuracy. The application of chromatographic analysis promoted a good separation of the main groups of metabolites and the electrospray ionization technique (ESI) led to the unequivocal formation of deprotonated and protonated molecules.
The dereplication of the ESI-HRMS data using the macro database containing the Natural Products Dictionary (DNP) allowed a rapid and effective annotation of 68 compounds in the extracts of B. intermedia and 81 compounds in the extracts of S. marginata (see Supplementary Tables S4, S5).
As mentioned previously in the results section, the metabolite profile of the hydroethanolic extracts of B. intermedia revealed that this plant is a rich source of cinnamic acids, phenolic acids derived from galloyl quinic and shikimic acid, proanthocyanidins, glycosylated flavonoids, triterpenes and other phenols (Supplementary Table S4). Glycosylated flavonoids were among the major classes of compounds found in the B. intermedia plant species. These compounds (glycosylated flavonoids) were characterized as quercetin derivatives which consisted of pentoses, deoxyhexoses and hexoses that are attached to the flavonoid aglycone by O-glycosidic linkages. The quinic and shikimic acid derivatives which contain galloyl as substituents were also among the major classes of compounds found in B. intermedia; these compounds contained between one to four gallic acid units per molecule (≈300–800 Da).
In the 1H and 2D J-res NMR spectra (Supplementary Figures S3, 5 and 6), the main signals were observed in the aromatic region (δ 5.70–8.00) and can be assigned to the aromatic rings of the derivatives compounds of gallic acid, quercetin and catechin. The signals at δ 7.53 (d, J = 2.3 Hz), δ 7.67 (dd, J = 2.3; 8.5 Hz) and δ 6.83 (d, J = 8.5 Hz) were assigned to the protons of the trisubstituted aromatic ring. Two doublets with chemical shifts at δ 6.41 (d, J = 2.1 Hz); 6.21 (d, J = 2.1 Hz) indicate a meta-coupling corresponding to the protons of the A-ring flavonoid, which are consistent with the quercetin aglycone (Harborne, 1994). Whereas, the A-ring protons of the catechin derivatives are more shielded than those assigned to quercetin, and therefore were assigned to the doublet signals at δ 5.71 (d, J = 2.1 Hz) and δ 5.90 (d, J = 2.1 Hz). The singlet at δ 7.03 is characteristic of the two protons of the gallic acid/galoyl group aromatic ring.
In addition, the signals at δ 5.37 (d, J = 7.7 Hz), 5.27 (d, J = 3.8 Hz) and 4.55 (d, J = 1.4 Hz) were assigned to the anomeric protons of the sugar units glucose, arabinose and rhamnose, respectively and thereby confirming the presence of glycosylated flavonoids (Supplementary Figures S3, 5 and 6). The anomeric configurations for the sugar units were deduced from their 3JH-1/H-2 coupling constants. The value of J for the signal at δ 5.37 indicates that the glycoside has a β configuration (J > 5.0 Hz), while for signals at δ 5.27 and 4.55 the configuration was assigned as α (J = 0–5.0 Hz) (Agrawal, 1992).
The signals of the compounds of the triterpene class can be observed in the aliphatic region of the 1H and 2D J-res NMR spectra; the signals in the range of δ 0.50–3.50 can be attributed to the methyl and methylene protons and some signals in the region of δ 3.50–5.00 to the oxymethynic protons of the triterpene structure (Higuchi et al., 2008).
The extracts of S. marginata showed mainly exhibited compounds derived from saponins, glycosylated flavonoids, catechins and oligomeric proanthocyanidins (Supplementary Table S5). The detection of saponins in S. marginata in this study helped to confirm the findings reported in the literature which pointed out that saponins are the major class of compounds in this plant species (Heredia-Vieira et al., 2015). Precisely, the results of our study showed that triterpenic saponins were prevalent in the extracts of S. marginata; these compounds contained aglycones of oleanolic acid (olean-12-en-28-oic), hederagenin (3,23-dihydroxyolean-12-en-28-acid) and gypsogenin (3-hydroxy-23-oxo-olean-12-en-28-acid). The presence of glycosylated flavonoids was detected in three groups: C-glycosylated, C,O-glycosylated and O-glycosylated flavonoids (Supplementary Table S5). The compounds tetrastigma B (m/z 561.1603 [M+H]+, Rt = 9.89) and cassiaocidentalin A (m/z 561.1602 [M+H]+, Rt = 10.37) are examples of C,O-glycosylated flavonoids isomers with an interglycosidic linkage between a deoxyhexose and 6-dideoxyhexose sugars (Heredia-Vieira et al., 2015). Two types of proanthocyanidin compounds were found in S. marginata; these included B-type and A-type proanthocyanidins (Supplementary Table S5). B-type proanthocyanidins are characterized by a single interflavan linkage between monomeric units which can be formed by the equivalent units of (epi)catechin. A-type proanthocyanidins, on the other hand, contain double interflavan bonds.
The 1H and 2D J-res NMR spectra recorded for the S. marginata extracts showed intense signals in the aromatic proton region between 5.70 and 8.10 ppm and an aliphatic region between 0.50 and 5.60 ppm, indicating characteristic signals corresponding to compounds of the flavonoid and saponin classes, respectively (Supplementary Figures S4, 7 and 8).
As observed in the mass spectrometry analyses, S. marginata has mainly flavonoids derived from apigenin and catechin. The most intense signals observed in the spectrum at δ 8.03–7.95 (d, J = 9.1 Hz) and other signals at δ 7.00–6.96 (d, J = 9.1 Hz) in the aromatic region can be attributed to the ortho coupling of the H-2′/H-6′ and H-3′/H-5′ protons, respectively, characteristic of a para-substituted aromatic ring like those observed for the aglycone derivatives of apigenin. The singlet at δ 6.55 was assigned to H-8 when ring A is substituted at position 6 and the singlet at δ 6.23 was assigned to H-6 when ring A is substituted at position 8. These signals corroborate the proposal that C-glycosylated isomers are found with the glycoside attached at the C-6 or C-8 position of the aglycone. Regarding the glycosides attached to flavonoids, the signals at δ 5.36 (d, J = 10.0 Hz) and δ 5.00 (d, J = 10.4 Hz) are consistent with the anomeric protons of a 6-deoxy-ribo-hex-3-ulose sugar units. Also, the doublets in δ 1.41 (d, J = 6.0 Hz) and δ 1.31 (d, J = 6.1 Hz), were assigned to the methyl groups of this sugar unit. Therefore, the data presented corroborate the presence of the compounds tetrastigma B and cassiaocidentalin A (Heredia-Vieira et al., 2015).
The signals in the 1H and 2D J-res NMR spectra of double doublet at δ 7.29 (J = 8.3, 2.1 Hz), doublets with meta couplings at δ 7.07 (J = 2.3 Hz) and δ 7.03 (J = 2.5 Hz), doublets with ortho couplings δ 6.78 (J = 8.2 Hz), δ 6.74 (J = 8.3 Hz) and δ 6.68 (J = 8.2 Hz) and the singlets at δ 6.08 and δ 5.96 are some examples of signals which can be attributed to the rings of the (epi)catechin units of the proanthocyanidins (Kolodziej, 1992; Heredia-Vieira et al., 2015). Furthermore, the signals at δ 4.00–4.95 with coupling constants of 3.3–3.7 Hz are diagnostic features of the AB coupling systems of A-type proanthocyanidins (Jacques et al., 1974; Kolodziej, 1992; Lou et al., 1999).
The main signals observed for the saponins in the 1H and 2D J-res NMR spectra were the signals at δ 5.33 (s), δ 5.20 (d, J = 3.7 Hz), δ 5.18 (d, J = 3.5 Hz) and δ 4.30 (d, J = 6.4 Hz), regarding anomeric protons and the presence of singlets between δ 0.73 and 1.31, characteristic of methyl protons attached to the triterpenoid nucleus (Heredia-Vieira et al., 2015).
A number studies published in the literature have shown that these compounds found in each plant species exhibit a wide range of biological activities. Phenolic compounds such as phenolic acids, tannins and flavonoid derivatives found in the plant species have been shown to have good antioxidant properties, which are essentially useful for the prevention and treatment of various inflammatory diseases including gastric ulcer, diabetes and obesity (Salinas-Sánchez et al., 2017; Bakoyiannis et al., 2019; Ma et al., 2019). Inflammatory diseases are often associated with the production and release of pro-inflammatory mediators, free radicals, ROS, and DNA-reactive aldehydes from lipid peroxidation (Anderson et al., 2014; Otimenyin, 2018). Compounds with antioxidant capacity are able to capture free radicals and reduce their creation (i.e. the creation of free radicals), chelate transition metals, and inhibit some enzymes involved in oxidative processes (Huang et al., 2005; Biswas et al., 2017; Tungmunnithum et al., 2018). Some previous studies attributed the anti-inflammatory action of glycosylated flavonoids to their ability to decrease the production of pro-inflammatory mediators and biomarkers of oxidative stress, by suppressing or alleviating the progression of inflammation (Jiang et al., 2017; Fraige et al., 2018; Dantas-Medeiros et al., 2021).
Proanthocyanidins can also act as antioxidants; in fact, according to studies reported in the literature, the bioavailability of these compounds is higher for monomers and small oligomers, such as those found in the extracts of the plant species investigated here (Cos et al., 2004; Rauf et al., 2019). Among the derivatives of gallic acid, such as galloylquinic acid and gallotannins derivatives, the galloyl group is found to possess antioxidant properties; in fact, reports in the literature have shown that an increment in the number of galloyl groups increases the antioxidant activity of the compound (Baratto et al., 2003; Karas et al., 2017). Interestingly, some studies have reported that the addition of a galloyl group to the structure of flavonoids glycosides and proanthocynidins leads to an increase in radical scavenging activity compared to non-galloylated compounds (Karas et al., 2017).
Other compounds that deserve mentioning are triterpenes and saponins. Triterpenes have been shown to have anti-inflammatory, anticarcinogenic, antidiabetic, antitubercular, hepatoprotective, antimicrobial, antimycotic, analgesic, immunomodulatory, and cardiotonic activities (Higuchi et al., 2008; Agra et al., 2015; Dinday and Ghosh, 2020). Saponins have also been found to possess antifungal, molluscicidal, antibacterial, hemolytic, anti-inflammatory, antiparasitic, antitumor, cytotoxic, antiviral, insecticidal, among other biological properties (Ekabo et al., 1996; Sparg et al., 2004; Biswas and Dwivedi, 2019). Some studies have shown that some structural features of triterpenes and saponins are related to an increase in their bioactivities; these features include glycosylation, and/or side-chain methylation or hydroxylation (Zhang et al., 2007; Biswas and Dwivedi, 2019).
Triterpenes are hydrophobic structures while saponins exhibit a hydrophobic aglycone and hydrophilic sugar groups; these differences in the structures of these compounds mean that saponins, being less lipophilic, are more bioavailable than triterpenes. In addition, these characteristics of saponins structure with non-polar and polar portions, give them surface-active properties and therefore they are generally considered as haemolysing agents (Biswas and Dwivedi, 2019; Dinday and Ghosh, 2020).
Apart from their pharmacological properties, the specialized metabolites found in B. intermedia and S. marginata species have also been found to play important ecological roles and their chemically distinct groups act in different ways in the defense of these plants. As aforementioned, several studies published in the literature have described the chemical composition of B. intermedia and S. marginata species and have pointed out the various health benefits that these species bring to humans. However, knowledge is still very limited regarding the relationship between the chemical composition of these plant species and the variation observed in the metabolites when these species are harvested at different periods of the year. Thus, to have a better understanding of the influence of seasonality on the production of metabolites in B. intermedia and S. marginata, the HRMS and 2D J-res NMR data sets were evaluated using multivariate analysis.
Based on the PLS-DA plots (Figures 1, 2) it was possible to visualize the differences in terms of clustering between the samples according to the features used; this shows that MS and NMR contribute uniquely to the analysis of statistical metabolomics analysis of the plant species. In addition, one can say that the data obtained from J-res NMR analysis provided highly accurate information, as it shows a greater contribution to the correlation and differentiation of the samples when the data is concatenated.
The permutation plot (Supplementary Figure S9) showed that the regression line (in blue) of the Q2-points intersected the vertical axis below zero; this strongly indicates that the model is valid and not overfitted. This result also demonstrates that the model shows good correlation (of data) and a reliable degree of predictability.
Based on the application of variable importance on projection (VIP) and false discovery rate (FDR) estimation techniques, we were able to conduct a better assessment of a great number of responses, and this enabled us to estimate with a high level of confidence, the significant and discriminant chemical variables for the differentiation and correlation of the seasons. The results of this study showed that the concentration of different compounds was directly affected by the harvest period. The differences observed between the samples may be related to the influence of the environmental conditions that are typically characteristic of each period, such as temperature, solar radiation, relative humidity, and rainfall.
B. intermedia and S. marginata are plant species that belong to the Brazilian savanna, known as Brazil’s Cerrado biome, and for this reason, the harvest location of these species presented very similar weather conditions. The climatological characteristics of the Cerrado indicate the existence of two main periods/seasons: the long, dry and warm season [April/May (autumn) to August/September (winter)] and the short, rainy and hot season [September/October (spring) to February/March (summer)]. According to some studies reported in the literature, drought is the main environmental stress factor that affects plant yield and quality; this factor particularly affects the accumulation of bioactive compounds in the plants, leading to significant changes in the amount of phenolic compounds present in the chemical composition of these plants (Wang et al., 2016; Almeida et al., 2020; Lambers et al., 2020). Water deficiency in periods of drought enhances the formation of reactive oxygen species (ROS), and this leads the plant to activate its defense mechanism by changing the biosynthesis pathway in response to drought stress to produce antioxidant compounds such as, flavonol glycosides and galloylquinic acid derivatives for B. intermedia samples and C-glycosyl flavones for S. marginata, which have the ability to capture free radicals and reduce the oxidative damage (Paudel et al., 2016). Moreover, after a long period of drought stress, both B. intermedia and S. marginata experience a reduction in the content of phenolic compounds; this is particularly evident in the spring period (Ahmed et al., 2019).
Interestingly, a study carried out by Velasque and Del-Claro (2016), reported slightly different findings; according to this study, the production of new leaves in the species B. intermedia follows a seasonal pattern and occurs after rainy periods with predominant growth in dry periods. Thus, the increased levels of phenolic compounds during autumn and winter may also be associated with the defense mechanism of the plant which is related to the resistance of young leaf tissues to plant pathogens (Andrade et al., 2017).
The extremely high levels of triterpenes present in B. intermedia during the summer indicates that the accumulation of these compounds strongly depends on warm weather and higher light intensity, which are the predominant environmental factors during this season (Alqahtani et al., 2015). Higher temperatures can lead to higher evaporation rates and decreased water availability, and these factors cause negative effects on the development and growth of the plant (Paudel et al., 2016; de Araújo Silva et al., 2021). In this way, plants avoid dehydration by producing a lipophilic layer coating on the surface of the leaves (Buschhaus and Jetter, 2012). Studies in the literature, have shown that triterpenes are the major components of this cuticular layer present in many plants (Buschhaus and Jetter, 2011; Moses et al., 2014). Furthermore, this barrier is a plant-environment interface against abiotic stresses, and its functions include blocking the loss of water, deterring insects and pathogens, obstructing the penetration of UV rays, protecting the plants from high temperatures and other potential threats that the plant may be exposed to (González-Coloma et al., 2011; Buschhaus and Jetter, 2012; Diarte et al., 2021).
The different concentrations of saponins observed in different harvest periods of S. marginata showed that the plant recorded higher levels of saponins during the spring and autumn but had extremely low levels of saponins during the winter. Abiotic stress factors, such as humidity, high temperatures and solar radiation may have influenced the content of saponins in S. marginata during the autumn/spring seasons, while drought conditions during the winter may have contributed to the decrease in the content of saponins in the plant. In line with these observations, studies published in the literature have shown that, for some plant species, that environmental stresses associated with increased saponin levels, are responsible for the mechanism of activation of some signaling agents that promote the biosynthesis of these compounds (Szakiel et al., 2011; de Costa et al., 2013; Moses et al., 2014).
It is worth noting that, in general, saponins possess antimicrobial, antifungal, antiparasitic and insecticidal properties, and these properties enable them to play a key role in the plant defense mechanism against pathogenic microbes, pests and herbivores (Sparg et al., 2004; Moses et al., 2014; Biswas and Dwivedi, 2019).
Other studies, reported that the presence of higher amounts of hederagenin-based saponins in some plants is associated with the plant defense response against herbivores; according to these authors the hydroxylation that occurs at the C-23 position of oleanolic acid and which promotes the formation of the hederagenin structure, is a modification in the chemical composition of the plant which enhances its defense mechanism (Liu et al., 2019).
However, the relationship between metabolite variation and the environmental factors need to be carefully analyzed, since there may be a gap in the physiological temporal response of the plant (Castro et al., 2017). In addition, bushfire (both natural and human) (Lambers et al., 2020), low soil nutrients (Lambers et al., 2020) and high rates of evapotranspiration (Almeida et al., 2020) are common factors that occur in the Cerrado (savanna) region; all these factors could affect the accumulation of compounds in B. intermedia and S. marginata.
This study brings novel findings to light regarding B. intermedia and S. marginata and provides relevant insights into the identification of specialized metabolites related to environmental conditions which may be useful for establishing standardization criteria for plant extracts aiming at improving the quality control of medicinal plants.
The results obtained from the present study also showed the relevant role played by the secondary metabolites in the defense mechanisms against stresses caused by environmental factors in each plant species. Drought, UV radiation and temperature were the main stress factors that were found to induce the formation of ROS and the accumulation of specialized metabolites with antioxidant capacity in the plants. The strong antioxidant activity of many of these metabolites was also found to have beneficial effects on human health. The findings of this study showed that the plant species investigated here have suitable medicinal properties which can be useful for the treatment of inflammatory diseases.
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This research presents the outcomes of a computational determination of the chemical reactivity and bioactivity properties of two plant cyclopeptides isolated from Rosaceae through the consideration of Computational Peptidology (CP), a protocol employed previously in the research of similar molecular systems. CP allows the prediction of the global and local descriptors that are the integral foundations of Conceptual Density Functional Theory (CDFT) and which could help in getting in the understanding of the chemical reactivity properties of the two plant cyclopeptides under study, hoping that they could be related to their bioactivity. The methodology based on the Koopmans in DFT (KID) approach and the MN12SX/Def2TZVP/H2O model chemistry has been successfully validated. Various Chemoinformatics tools have been used to improve the process of virtual screening, thus identifying some additional properties of these two plant cyclopeptides connected to their ability to behave as potentially useful drugs. With the further objective of analyzing their bioactivity, the CP protocol is complemented with the estimation of some useful parameters related to pharmacokinetics, their predicted biological targets, and the Absorption, Distribution, Metabolism, Excretion and Toxicity (ADMET) parameters related to the bioavailability of the two plant cyclopeptides under study are also reported.
Keywords: plant cyclopeptides, pharmacokinetics, ADMET, conceptual density functional theory, Koopmans in density functional theory
1 INTRODUCTION
Plant-based bioactive compounds have drawn attention of all communities around the world due to their unique biochemical activities and health benefits. Research studies have confirmed the safeguarding effects of certain plant-based diets on cardiovascular diseases, obesity, cancer, diabetes, etc. (Guha et al., 2021). Plant-based drugs from secondary metabolites constitute more than 25% of approved new drugs during last 30 years. Also, 50% of the commercially successful medicinal components were developed based on knowledge from plant secondary metabolites and their structures (Chaudhari and Chakraborti, 2021).
Bioactive peptides are organic substances formed by amino acids joined by covalent bonds known as amide or peptide bonds. Although peptides can exist free in terrestrial plants and marine sources, the vast majority of known bioactive peptides are enclosed within the structure of the proteins and can be released using enzymatic processes. Bioactive peptides play a significant role in human health by affecting the digestive, endocrine, cardiovascular, immune, and nervous systems. The increasing interest in bioactive peptides has incentivized the scientific community in the exploration and development of new therapeutic drugs based on these peptides (Sánchez and Vázquez, 2017).
Cyclic peptides can be considered as an alternative scaffold. The smaller size and several functional groups of peptides help to make the contact area large enough to provide good selectivity. Their ability to form several hydrogen bonds make easier to obtain strong binding affinity. Moreover, the cyclization of peptides helps in the generation of structural and functional features that are considered to be critical for their use as pharmaceutical drugs, including resistance to degradation by blood proteases. Also, the cyclization of the peptides facilitates the passage through the cell membrane. Because of such favorable features, many cyclic peptides from terrestrial plant and marine sources and their derivatives have been considered for drug design and development (Gang et al., 2018). Besides these biological features, cyclopeptides have smaller sizes than proteins and reduced flexibilities, exhibiting lower conformations than their linear counterparts, thus making easier and affordable the DFT calculations of their structures and properties.
By considering that the knowledge of the chemical reactivity properties of a given molecule is essential for the development of new therapeutic drugs, we are currently researching on new families of cyclopeptides obtained from terrestrial plants and marine sources hoping that the obtained information could be of help for the design of pharmaceutical based on these peptides (Kim, 2013). The objective of the present work is to report the global and local chemical reactivity descriptors of two plant cyclopeptides, Pashinintides A and B, that have been isolated from Rosacea (Cai et al., 2014) by making use of the Conceptual DFT (CDFT) methodology (Parr and Yang, 1989; Chermette, 1999; Geerlings et al., 2003; Toro-Labbé, 2007; Chattaraj, 2009; Geerlings et al., 2020; Chakraborty and Chattaraj, 2021). A recent review has highlighted the basic electronic structure principles and various reactivity descriptors defined within the premise of CDFT (Chakraborty and Chattaraj, 2021). The study is complemented by considering the report of some additional properties of potential application in Structure Activity Relationships (SAR) research for the development of therapeutic drugs, and also with the bioactivity radars related to the drug-like behavior of the studied peptides, their predicted biochemical targets and the values associated with Pharmacokinetics and ADMET properties (Daina et al., 2017; Pires et al., 2015; Daina et al., 2019) through standard Chemoinformatics procedures (Begam and Kumar, 2012; González-Medina et al., 2017). By considering this integrative strategy, called Conceptual DFT-based Computational Peptidology as a branch of Computational Chemistry dedicated to the study of peptides and cyclopeptides, the current research represents an extension of our recent studies on the properties of some families of therapeutic peptides of marine origin (Frau et al., 2018; Flores-Holguín et al., 2019a; Frau et al., 2019; Flores-Holguín et al., 2019c; Flores-Holguín et al., 2020; Flores-Holguín et al. 2020a; Flores-Holguín et al., 2020b; Flores-Holguín et al., 2021).
2 MATERIALS AND METHODS
2.1 In Silico Pharmacokinetics Analysis and Absorption, Distribution, Metabolism, Excretion and Toxicity Study
The starting molecular structures of the two plant cyclopeptides to be studied, shown in Figure 1, lwere obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov), which is an open chemistry database.
[image: Figure 1]FIGURE 1 | Graphical sketches of the molecular structures of the Pashinintides A and B plant cyclopeptides.
As a first step, the SMILES (Simplified Molecular Input Line Entry Specification) notation of every studied compound, which was obtained by accessing ChemDoodle 11.3.0 software, was fed into the online program Chemicalize, a software developed by ChemAxon (http://www.chemaxon.com), which was used for naming, molecular finger prints, structure generation and the prediction of several properties related to Chemoinformatics (http://chemicalize.com/) (accessed March 2021).
The similarity searches in the chemical space of compounds with molecular structures similar to those that are being studied was accomplished using the online available Molinspiration software from Molinspiration Cheminoformatics (https://www.molinspiration.com/) (accessed, March 2021) which was used for the prediction of the bioactivity scores for different drug targets.
A Webtool named SwissTargetPrediction for efficient prediction of protein targets of small molecules has been considered for the determination of the potential bioactivity of the two terrestrial plant cyclopeptides considered in this study (Daina et al., 2019). The associated website allows the estimation of the most probable macromolecular targets of a small molecule, assumed as bioactive. During the process of development of a new therapeutic drug, it is of the most importance to adcquire a knowledge of the fate of the pharmacokinetics, that is, the fate of a compound in the organism. This is usually performed by through individual indices that are called Absorption, Distribution, Metabolism, Excretion and Toxicity (ADMET) parameters. These parameters are generally obtained using computer models as an alternative to the experimental procedures for their determination. In this research, some ADME parameters were estimated with the aid of Chemicalize and the online available SwissADME software (Daina et al., 2017).Additional information about the Pharmacokinetics parameters and the ADMET properties were obtained by resorting to pkCSM (Pires et al., 2015), a software for the prediction of small-molecule pharmacokinetic properties using SMILES (https://biosig.unimelb.edu.au/pkcsm/) (accessed, March 2021).
2.2 Density Functional Theory Calculations
The goodness of a given density functional can be determined through a comparison of the results that it renders with the experimental values or with the results that can be obtained by means of high-level calculations. However, the lack of experimental results for the molecular systems under study or the large size of the molecules that made computationally impractical the use of some accurate methodologies. Kohn-Sham (KS) methodology includes the determination of the molecular energy, the electronic density and the orbital energies of a given system, related to the frontier orbitals including the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) (Young, 2001; Lewars, 2003; Cramer 2004; Jensen, 2007). This methodology is convenient when thinking of quantitative qualities related with Conceptual DFT descriptors (Parr and Yang, 1989; Chermette, 1999; Geerlings et al., 2003; Toro-Labbé, 2007; Chattaraj, 2009, Geerlings et al., 2020; Chakraborty and Chattaraj, 2021). Range-separated (RS) exchange-correlation density functionals are of extraordinary concern in Kohn-Sham DFT calculations (Iikura et al., 2001; Yanai et al., 2004; Heyd and Scuseria, 2004; Chai and Head-Gordon, 2008; Stein et al., 2009a; Stein et al., 2009b; Stein et al., 2010; Karolewski et al., 2011; Kuritz et al., 2011; Ansbacher et al., 2012; Kronik et al., 2012; Stein et al., 2012). A methodology called KID (Koopmans in DFT) has been established by our research group (Frau et al., 2018; Flores-Holguín et al., 2019a; Frau et al., 2019; Flores-Holguín et al., 2019c; Flores-Holguín et al., 2020; Flores-Holguín et al., 2020a; Flores-Holguín et al., 2020b; Flores-Holguín et al., 2021), t for the validation of a given density functional in terms of its internal coherence. Several descriptors associated with the results of the HOMO and LUMO calculations are related to the results obtained from the estimation of the vertical I and A following the ΔSCF procedure, where SCF refers to the Self-Consistent Field technique. It has been demonstrated that there is a relationship between the KID descriptors and the Koopmans’ theorem or the Ionization Energy theorem, which is its equivalent within the Generalized Kohn-Sham (GKS) version of DFT, by connecting ϵH to -I, ϵL to -A, and their actions by defining the HOMO – LUMO gap JI = |ϵH + Egs(N − 1) − Egs(N)|, JA = |ϵL + Egs(N) − Egs(N + 1)|, and [image: image]. It should be noticed that the JA descriptor consists of an approximation which is only valid if the HOMO of the radical anion (the SOMO) resembles the LUMO of the neutral system. For this reason, another descriptor ΔSL has been designed by our research group (Frau et al., 2018; Flores-Holguín et al., 2019a; Frau et al., 2019; Flores-Holguín et al., 2019c; Flores-Holguín et al., 2020; Flores-Holguín et al. 2020a; Flores-Holguín et al., 2020b; Flores-Holguín et al., 2021), to help in the verification of the accuracy of the approximation.
Taking into account the KID methodology considered in the previous research being integrated into the finite difference approximation (Frau et al., 2018; Flores-Holguín et al., 2019a; Frau et al., 2019; Flores-Holguín et al., 2019c; Flores-Holguín et al., 2020; Flores-Holguín et al., 2020a; Flores-Holguín et al., 2020b; Flores-Holguín et al., 2021), the following definitions can be used for the global descriptors that help in the understanding of the chemical reactivity of the molecular systems (Parr and Yang, 1989; Chermette, 1999; Geerlings et al., 2003; Gázquez et al., 2007; Chattaraj et al., 2009; Chakraborty and Chattaraj, 2021): Electronegativity as [image: image], Global Hardness as η = (I − A) ≈ (ϵL −ϵH), Electrophilicity as ω = [image: image], Electrodonating Power as ω− = [image: image], Electroaccepting Power as ω+ = [image: image] and Net Electrophilicity as Δω± = ω+ − (−ω−) = ω+ + ω−, being ϵH and ϵL the HOMO and LUMO energies associated with each of the peptides considered in this work. It is worth to mention that for the global indices the chemical power is directly related with the electronic density as well as the corresponding Hohenberg-Kohn functional (Putz, 2011).
As a complement of these global reactivity descriptors that arise from Conceptual DFT (Parr and Yang, 1989; Chermette, 1999; Geerlings et al., 2003; Gázquez et al., 2007; Chattaraj et al., 2009; Chakraborty and Chattaraj, 2021), Domingo and his collaborators (Domingo et al., 2008; Jaramillo et al., 2008; Domingo and Sáez, 2009; Domingo and Perez, 2011; Domingo et al., 2016) have proposed a Nucleophilicity index N through the consideration of the HOMO energy obtained through the KS scheme with an arbitrary shift of the origin taking the molecule of tetracyanoethylene (TCE) as a reference.
The determination of the conformers of the molecules considered in the current study was performed by resorting to MarvinView 17.15 available from ChemAxon (http://www.chemaxon.com) by doing Molecular Mechanics calculations through the overall MMFF94 force field (Halgren, 1996a, Halgren, 1996b, Halgren, 1999; Halgren and Nachbar, 1996; Halgren, 1996c). This was followed by a geometry optimization and frequency calculation by means of the Density Functional Tight Binding (DFTBA) methodology (Frisch et al., 2016). This last step was required for the verification of the absence of imaginary frequencies as a check for the stability of the optimized structures as being a minimum in the energy landscape. The electronic properties and the chemical reactivity descriptors of the studied molecules involved the use of MN12SX/Def2TZVP/H2O model chemistry (Weigend and Ahlrichs, 2005; Weigend, 2006; Peverati and Truhlar, 2012) on the optimized molecular structures due to is ability in the verification of the “Koopmans in DFT” (KID) protocol (Frau and Glossman-Mitnik, 2018a;Frau and Glossman-Mitnik, 2018b; Frau and Glossman-Mitnik, 2018c; Frau and Glossman-Mitnik, 2018d; Frau and Glossman-Mitnik, 2018e; Frau and Glossman-Mitnik, 2018f; Flores-Holguín et al., 2019a; Flores-Holguín et al., 2019b; Flores-Holguín et al., 2019d; Frau et al., 2019; Flores-Holguín et al., 2019c, Flores-Holguín et al., 2020; Flores-Holguín et al., 2020a; Flores-Holguín et al., 2020b; Flores-Holguín et al., 2021) using Gaussian 16 (Frisch et al., 2016) and the SMD model for the simulation of the solvent (Marenich et al., 2009). This model chemistry considers the MN12SX screened-exchange density functional (Peverati and Truhlar, 2012) together with the Def2TZVP basis set (Weigend and Ahlrichs, 2005; Weigend, 2006) and in all cases the charge of the molecules is equal to zero while the radical anion and cation have been considered in the doublet spin state.
3 RESULTS AND DISCUSSION
3.1 Physicochemical Properties, Bioactivity Scores and Biological Targets
The names, identifiers, molecular fingerprints and basic properties of the two Pashinintides A and B plant cyclopeptides are presented in Table 1, while their geometrical and structural properties are displayed in Table 2.
TABLE 1 | Names, identifiers, molecular fingerprints and basic properties of the studied molecular systems.
[image: Table 1]TABLE 2 | Geometrical and structural properties of the studied molecular systems.
[image: Table 2]This information could it be of interest for future SAR studies based on these and other peptides as well as for potential derivatives designed for therapeutical purposes using Peptidomimetics.
The effect of the geometrical and structural properties on the bioavailability of the Pashinintides A and B presented in Table 2 can be better visualized considering the Bioavailability Radars displayed in Figure 2.
[image: Figure 2]FIGURE 2 | Bioavailability radars of the Pashinintides A and B.
It can be appreciated that the two more important properties that could prevent the use of the Pashinintides A and B as therapeutic drugs are their molecular size and their polar character. Although these cyclic peptides violate some of the limits traditionally considered to be important for oral bioavailability of drug-like small molecules, it can be expected that the reduced flexibility could ease oral absorption (Nielsen et al., 2017). However, it must be remarked that these ideal values are based on the Lipinski’s Rule of Five (Lipinski et al., 2001), which is not always applicable to peptides (Zhang and Wilkinson, 2007; Doak et al., 2014; Santos et al., 2016; Nielsen et al., 2017; Sable et al., 2017).
The Bioactivity Scores for the Pashinintides A and B are shown in Table 3.
TABLE 3 | Bioactivity scores for the Pashinintides A and B.
[image: Table 3]It can be seen from the results on Table 3 that while the bioactivity of Pashinintide B towards the different targets is considered to be low, for Pashinintide A, its interactions as a GPCR Ligand and a Protease Inhibitors could be of importance for its consideration as a potential therapeutic drug. The same conclusion can be extracted by checking visually the predicted biological targets for these plant cyclopeptides shown in Figure 3.
[image: Figure 3]FIGURE 3 | Predicted biological targets of the Pashinintides A and B.
3.2 Absorption, Distribution, Metabolism, Excretion and Toxicity Study
An ADMET study is the assessment of pharmacokinetics of a drug which stands for Absorption, Distribution, Metabolism, Excretion and Toxicity. The prediction of the fate of a drug and the effects caused by a drug inside the body, such as how much drug is absorbed if administered orally and how much is absorbed in the gastrointestinal tract, is an indispensable part of drug discovery. In a similar way, if the absorption is poor, its distribution and metabolism would be affected, which can lead to causing neurotoxicity and nephrotoxicity. Ultimately, the study is to understand the disposition of a drug molecule within an organism. Thus, ADMET study is one of the most essential parts of computational drug design.
3.2.1 Absorption
A compound can reach a tissue, if it is taken into the bloodstream. Usually, a drug is administered often through mucous surfaces such as the digestive tract, i.e., intestinal absorption before it is taken up by the target cells. Factors like poor compound solubility, intestinal transit time, gastric emptying time, inability to permeate the intestinal wall and chemical instability in the stomach are responsible for reducing the extent of drug absorption after oral administration. Critically, absorption determines the bioavailability of a compound. Drugs with poor absorption are less desirable for oral administration, such as by inhalation or intravenously (Pires et al., 2015; Jujjavarapu et al., 2019).
The computed absorption properties of the Pashinintides A and B are presented in Table 4.
TABLE 4 | Absorption properties of the Pashinintides A and B.
[image: Table 4]The water solubility of a compound (logS) reflects the solubility of the molecule in water at 25°C. The predicted water solubility of a compound is given as the logarithm of the molar concentration (log mol/L) being their values very similar for both cyclopeptides. A compound is considered lo have a high Caco-2 permeability has a Papp >8 × 108 cm/s. Thus, high Caco-2 permeability would translate in predicted values >0.90, presenting the Pashinintides A and B values which are a bit lower than the ideal one. The Intestine is normally the primary site for absorption of a drug from an orally administered solution. A molecule with an Intestinal Absorption of less than 30% is considered lo be poorly absorbed. From Table 4, both plant cyclopeptides will be highly absorbed. The P-glycoprotein has the function of a biological barrier by extruding toxins out of cells. The model predicts whether a given compound is likely to be a substrate of P-glycoprotein or not. The prediction is in the positive direction in both cases. Thus, the study predicts that both cyclopeptides will not act as P-glycoprotein II inhibitors, but Pashinintide A will not be a P-glycoprotein I inhibitor while Pashinintide B is likely to act in that way. Also, it can be predicted whether a given compound is likely to be skin permeable. A compound is considered to have a relatively low skin permeability if it has a log Kp > −2.5. It means that both cyclopeptides could be of interest for the development of transdermal drug delivery (Pires et al. (2015)).
3.2.2 Distribution
The computed distribution properties of the Pashinintides A and B are presented in Table 5.
TABLE 5 | Distribution properties of the Pashinintides A and B.
[image: Table 5]VD is the theoretical volume required by a drug to be uniformly distributed in blood. The higher the VD is, the more of a drug is distributed in tissue rather than plasma. From Table 5 and the usual standards, it can be said that VD for Pashinintide A is low and it is high for Pashinintide B. The Fraction Unbound parameter predicts the fraction that will be unbound in plasma resulting in the values shown in Table 5. The knowledge of the ability of a drug to cross into the brain is an important parameter that may help to reduce side effects and toxicities. A logBBB (for Blood-Brain Barrier) >−0.3 for a given drug is considered to easily cross the BBB while molecules with logBBB >−1 are poorly distributed to the brain, being predicted that both cyclopeptides have a BBB Permeability of the first case. Another measurement is the blood-brain permeability-surface area product or CNS Permeability where compounds with a logPS >−2 will be able to enter the Central Nervous System (CNS), while those with logPS <−3 will be unable to penetrate the CNS. For the current study, both cyclopeptides are predicted to do not penetrate the CNS (Pires et al., 2015).
3.2.3 Metabolism
The computed metabolism properties of the Pashinintides A and B are presented in Table 6.
TABLE 6 | Metabolism properties of the Pashinintides A and B.
[image: Table 6]Cytochrome P450 is an important detoxification enzyme in the body. Many drugs are deactivated by the cytochrome P450 isoforms while some can be activated by it. As can be seen from Table 6, both cyclopeptides are predicted as not being P450 inhibitors for any isoform. It is al important to know if a given compound is likely to be a cytochrome P450 substrate. The predictions indicate that this will be not the case for any of the cyclopeptides (Pires et al., 2015).
3.2.4 Excretion
The computed excretion properties of the Pashinintides A and B are presented in Table 7.
TABLE 7 | Excretion properties of the Pashinintides A and B.
[image: Table 7]Drug clearance occurs as a combination of hepatic clearance and renal clearance (excretion via the kidneys) which is related to bioavailability. The predicted Total Clearance of the Pashinintides A and B are given in log(ml/min/kg) being the value for the former about 55% of the later. OCT2 is a renal uptake transporter that plays an important role in disposition and renal clearance of drugs. In this case, it is predicted that neither of the cyclopeptides will behave as OCT2 substrates (Pires et al., 2015).
3.2.5 Toxicity
The computed excretion properties of the Pashinintides A and B are presented in Table 8.
TABLE 8 | Toxicity properties of the Pashinintides A and B.
[image: Table 8]AMES Toxicity s a widely employed methodology considered to check the mutagenic potential of a given drug using bacteria, thus indicating that when the results is positive, the studied compound will be mutagenic and could behave as a carcinogen. From Table 8, the predictions are negative for both cyclopeptides under study. The maximum recommended tolerated dose (MRTD) provides an estimate of the toxic dose threshold of chemicals in humans. A low value for Pashinintide A and high value for Pashinintide B are found from the results in Table 8. Also, the predictions indicate that both cyclopeptides are unlikely to be hERG I inhibitors, but for the case of hERG II, the behavior will be different: Pashinintide A will not be a hERGII inhibitor while Pashinintide B will. The lethal dosage values (LD50) are a standard measurement of acute toxicity and is defined as the amount of a compound that causes the death of 50% of a group of test animals and are measured through the ORAT and ORCT indices where the predicted values are given in mol/kg.Drug-induced liver injury is a major safety concern for drug development. Hepatoxicity is associated with disrupted normal function of the liver and the predicted values for both cyclopeptides are positive. On the other hand, the predicted values for Skin Sensitisation are negative. T. Pyriformis is a protozoa bacteria whose toxicity is often used as a toxicity test. The predicted values for this parameter are the same for both cyclopeptides (Pires et al., 2015).
3.3 Conceptual Density Functional Theory Studies
The optimized molecular structures of the Pashinintides A and B are displayed in Figure 4.
[image: Figure 4]FIGURE 4 | Optimized molecular structures of the Pashinintides A and B.
Although the Koopmans-complaint behavior of the MN12SX density functional has been proved previously for the case of marine peptides (Frau et al., 2018; Flores-Holguín et al., 2019a; Frau et al., 2019; Flores-Holguín et al., 2019c; Flores-Holguín et al., 2020; Flores-Holguín et al., 2020a; Flores-Holguín et al., 2020b; Flores-Holguín et al., 2021), we are now performing a further validation for the plant cyclopeptides considered in the present study. This determination has been done by resorting to the in-house developed CDFT software tool and the resulting values are shown in Table 9.
TABLE 9 | HOMO, LUMO and SOMO orbital energies, HOMO-LUMO gap and the KID descriptors (all in eV) tested in the verification of the Koopmans-like behavior of the MN12SX/Def2TZVP/H2O model chemistry for the Pashinintides A and B.
[image: Table 9]As can be seen from the values presented in Table 9, the KID descriptors are all very close to zero meaning that the chosen MN12SX density functional displays a Koopmans-complaint behavior. This in agreement with our previous studies on peptides (Frau et al., 2018; Flores-Holguín et al., 2019a; Frau et al., 2019; Flores-Holguín et al., 2019c; Flores-Holguín et al., 2020; Flores-Holguín et al., 2020a; Flores-Holguín et al., 2020b; Flores-Holguín et al., 2021), thus justifying the adequacy of the MN12SX/Def2TZVP/H2O model chemistry for the purpose of this research.
The results for the global reactivity indices were estimated by making use of the mentioned CDFT tool and are presented in Table 10.
TABLE 10 | Global reactivity descriptors (in eV) for the Pashinintides A and B.
[image: Table 10]As the global hardness η can be regarded as a direct measure of the deformation of the electron density and of the chemical reactivity being related to the HOMO-LUMO gap, it can be seen that Pashininitide A will be slightly more reactive than the other cyclopeptide. The electrodonating ability ω− is more important that its electroaccepting power ω+ for both cyclopeptides because of their molecular structures. However, after a comparison of the values of ω− and ω+ for each molecule, it can be concluded that there are not important differences between them. The electrophilicity ω index encompasses the balance between the tendency to acquire an extra amount of electron density by an electrophile and the resistance of a molecule to exchange electron density with the environment Domingo et al. (2016). By studying the electrophilicities of a series of reagents involved in Diels-Alder reactions (Domingo et al., 2002a; Domingo and Sáez, 2009; Pérez et al., 2003), an electrophilicity ω scale for the classification of organic molecules as strong, moderate or marginal electrophiles was proposed being ω > 1.5 eV for the first case, 0.8 < ω < 1.5 eV for the second case and ω < 0.8 eV for the last case (Domingo et al., 2002a; Domingo and Sáez, 2009; Pérez et al., 2003). By inspection of Table 10, it can be said that both peptides considered in this study may be regarded as moderate electrophiles. Notwithstanding, the overall chemical reactivity is about the same for both cyclopeptides. This information could be of interest for future studies on the potential therapeutic ability of these compounds.
Besides global reactivity descriptors, their local counterparts have been developed to get an idea of the differences in chemical reactivity between the atoms within the molecule. Among these local reactivity descriptors are the Fukui functions (Parr and Yang, 1989; Chermette, 1999; Geerlings et al., 2003) and the Dual Descriptor (Toro-Labbé, 2007; Morell et al., 2005, Morell et al., 2006; Martínez-Araya, 2012a; Martínez-Araya, 2012b; Martínez-Araya, 2015), which have been defined as: Nucleophilic Fukui Function (NFF) = f+(r) = ρN+1(r) − ρN(r), Electrophilic Fukui Function (EFF) = f−(r) = ρN(r) − ρN−1(r), and Dual Descriptor (DD) = Δf(r) = [image: image], relating the electronic densities of the neutral, positive and negative species.
The NFF, f+(r), is associated with the sites within a molecular system which are prone to nucleophilic attacks while the EFF, f+(r), describes those sites that are more susceptible to electrophilic attacks. Although the NFF and the EFF have been used successfully for the identification of reactive sites, the Dual Descriptor Δf(r) or DD, can describe unambiguously nucleophilic and electrophilic sites within a molecule (Martínez-Araya (2015)). A graphical representation of the DD for the Pashinintides A and B cyclopeptides is displayed in Figure 5 showing the zones where DD > 0 and DD < 0.
[image: Figure 5]FIGURE 5 | Graphical representations of the dual descriptor DD of the Pashinintides A and B. Left: DD > 0, right: DD < 0.
Although these graphical representations allowed to distinguish the regions within the molecules where the Dual Descriptor will be greater or smaller than zero, it can appreciated that there is some overlap between them. Thus, for a better estimation of these reactivity areas it is worth to determine the values of the Condensed Dual Descriptor (Δfk) (Morell et al., 2008; Frau and Glossman-Mitnik, 2018d) over the all the atoms (excluding H) in comparison with the condensed versions of the Electrophilicity, that is, the Condensed Electrophilicity (ωk) (Domingo et al., 2002b), and of the Nucleophilicity, being the Condensed Nucleophilicity Nk (Pérez et al., 2009). The resulting values are displayed in Tables 11 and 12 for the Pashinintides A and B, respectively.
TABLE 11 | Comparison of several reactivity descriptors: condensed electrophilicity ωk, condensed nucleophilicity Nk and condensed dual descriptor Δfk, over the atoms of Pashinintide A. H atoms are not shown.
[image: Table 11]TABLE 12 | Comparison of several reactivity descriptors: condensed electrophilicity ωk, condensed nucleophilicity Nk and condensed dual descriptor Δfk, over the atoms of Pashinintide B. H atoms are not shown.
[image: Table 12]Even if every atom within the peptides cannot be graphically individualized due to the large size of the molecules, it is clear from the results in Tables 11 and 12 about which are the sites prone to electrophilic and nucleophilic attacks based on the agreement between the values for the Condensed Electrophilicity ωk with the positive values of the Condensed Dual Descriptor Δfk, for one side, and with the values of the Condensed Nucleophilicity Nk and the negative results for the Condensed Dual Descriptor Δfk.
From Table 11 it can be seen that for Pashinintide A the maximum values for the Condensed Electrophilicity ωk (shown in bold) are located over the C (27) and O (4) which correlate well with the maximum positive results for the Condensed Dual Descriptor Δfk over those atoms. The same situation is found for the case of the Condensed Nucleophilicity Nk, whose maximum values over the C (29) and C(35) correlate with the maximum negative values Condensed Dual Descriptor Δfk localized on those atoms. The closeness between C(27) and C (29) explains the overlap between the two regions within the graphical representation of the Dual Descriptor.
For the case of Pashinintide B, it can be appreciated from Table 12 that the maximum values are located over the O (1), C (24), O (5) and C (37) (in that order) correlating in agreement with the greatest positive results for the Condensed Dual Descriptor Δfk, while for the Condensed Nucleophilicity Nk the order of reactivity will be C (27) > C (36) > C (40) > C (45) > N (13) being the same as for those derived from the Condensed Dual Descriptor Δfk. As for the case of the other peptide, the partial overlapping between the different reactive areas could be attributed to nearness between C (24) and C (27).
4 CONCLUSION
Two cyclic peptides, Pashinintides A and B, isolated from a terrestrial plant have been studied by resorting to some techniques of common use in the process of drug discovery and development through our proposed Computational Peptidology methodology showing that these kind of molecules can be regarded as potential therapeutic drugs.
With the further objective of analyzing their bioactivity, some useful parameters for future Structure Activity Relationships (SAR) research for the development of therapeutic drugs, their predicted biological targets, and the ADMET (Absorption, Distribution, Metabolism, Excretion and Toxicity) parameters related to the bioavailability and pharmacokinetics of the two plant cyclopeptides under study were predicted and analyzed.
The chemical reactivities of the studied cyclopeptides have been exhaustively analyzed through the optimization of their structures using the DFTBA methodology and the estimation of their electronic properties making use of the MN12SX/Def2TZVP/H2O model chemistry already considered in previous research for the study of peptides, thus verifying its usefulness for this kind of calculations and supplemented with the calculation the Conceptual DFT-derived global and local reactivity descriptors, allowing to identify the preferred reactivity atoms within the molecules.
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The inhibition of glycogen synthase kinase-3β (GSK-3β) activity prevents tau hyperphosphorylation and binds it to the microtubule network. Therefore, a GSK-3β inhibitor may be a recommended drug for Alzheimer’s treatment. In silico methods are currently considered as one of the fastest and most cost-effective available alternatives for drug/design discovery in the field of treatment. In this study, computational drug design was conducted to introduce compounds that play an effective role in inhibiting the GSK-3β enzyme by molecular docking and molecular dynamics simulation. The iridoid glycosides of the common snowberry (Symphoricarpos albus), including loganin, secologanin, and loganetin, are compounds that have an effect on improving memory and cognitive impairment and the results of which on Alzheimer’s have been studied as well. In this study, in the molecular docking phase, loganin was considered a more potent inhibitor of this protein by establishing a hydrogen bond with the ATP-binding site of GSK-3β protein and the most negative binding energy to secologanin and loganetin. Moreover, by molecular dynamics simulation of these ligands and GSK-3β protein, all structures were found to be stable during the simulation. In addition, the protein structure represented no change and remained stable by binding ligands to GSK-3β protein. Furthermore, loganin and loganetin have higher binding free energy than secologanin; thus, these compounds could effectively bind to the active site of GSK-3β protein. Hence, loganin and loganetin as iridoid glycosides can be effective in Alzheimer’s prevention and treatment, and thus, further in vitro and in vivo studies can focus on these iridoid glycosides as an alternative treatment.
Keywords: loganin, Alzheimer’s disease, GSK_3 beta, docking, Symphoricarpos
INTRODUCTION
Alzheimer’s disease (AD) is the most prevalent form of dementia (Lin, Jones et al., 2020). This health problem results in malignant neurological disorder along with cognitive, functional, and behavioral changes progressively and irreversibly. According to statistics, by 2050, this age-associated disease will affect 1 out of 85 people globally (Brookmeyer et al., 2007), posing a social and economic burden on the future community (Association 2019).
AD has a multifactorial etiology, with the most prominent ones associated with extracellular deposition of amyloid-β (Aβ) plaques, aggregation of tau protein, inflammation, oxidative stress, and declined levels of acetylcholine (De Strooper and Karran 2016; Hall et al., 2019). Nowadays, some evidence suggests that Aβ deposition is related to aging abnormalities. Also, tau (τ) protein is probably a higher target than Aβ because several therapeutic techniques concerning Aβ have not been highly effective in the disease treatment (Kametani and Hasegawa 2018). Tau protein is a member of the microtubule-related protein family that promotes microtubule stability and cytoskeleton formation (Kolarova et al., 2012). Intracellular tau protein aggregation in nerve fiber nodes is a neuropathological feature of AD. In the brain of people with AD, tau protein undergoes hyperphosphorylation because of some factors such as, formation of Aβ and environmental factors etc (Gong and Iqbal 2008). Thus, it is separated from microtubules (Mandelkow et al., 2007). Consequently, it results in neurofibrillary tangles (NFTs), ultimately leading to synapse loss and nerve cell destruction (Lauretti et al., 2020). Different kinases and phosphatases regulate the degree of phosphorylation of tau protein (Kolarova et al., 2012). In people with AD, tau protein is hyperphosphorylated, and it causes tauopathy due to degranulation and imbalance between them (Martin et al., 2013). One of the major kinases involved in tau protein phosphorylation is the glycogen synthase kinase_3 (GSK-3) enzyme (Jouanne et al., 2017). This serine–threonine kinase has two isoforms of alpha and beta (GSK3-α and GSK3-β) (Bagyinszky et al., 2014), which are encoded by two different genes (Lee et al., 2006).
In the central nervous system of people with AD, the GSK3-β enzyme is hyperactive, and evidence supports its role in AD pathology (Llorens-Marítin et al., 2014). GSK3-β phosphorylates many tau protein sites among people with AD and results in hyperphosphorylation of tau protein. Moreover, GSK3-β hyperactivity has been associated with impaired neurogenesis, microglia activation, amyloid-beta (Aβ) deposition, and inhibition of long-term potentiation (LTP) hippocampus and memory impairment (Llorens-Marítin et al., 2014).
This protein has two lobes, i.e., n-terminal and c-terminal, with residues 25 to 134 located in the N-terminal region and 35 to 380 in the c-lobe. Furthermore, these two lobes are held together by the hinge area such that residues 133 to 139 are considered a part of this area. Activation LOOP (A-Loop) is one of the most important loops of this enzyme where residues of A-LOOP are phosphorylated and have a key role in enzyme regulation. Among the residues of this loop, the DFG motif (ASP200-GLY202) is vital in enzyme regulation (ter Haar, Coll et al., 2001; Elangovan, Dhanabalan et al., 2020).
GSK3-β maintains an ATP-binding site between the two lobes. An important region of the ATP-binding site is the hinge region containing the residues Asp133, TYR134, and Val135. Some studies revealed that VAL135 and AP133 are very important residues for the binding of small molecules to the ATP-binding site (Gyurak et al., 2012; Pandey and DeGrado 2016; Davies 2019).
Hence, given the various roles of GSK3-β in AD pathology, the therapeutic potentials for its inhibition have been extensively examined in different studies.
Currently, there are no definitive treatments for AD (Eftekharzadeh et al., 2018), and the FDA-approved medicines for the disease are only for symptomatic treatment to improve behavioral changes and delay performance decline. These medicines include acetylcholinesterase inhibitors (e.g., donepezil, rivastigmine, and galantamine) and the N-methyl-D-aspartate receptor (NMDAR) (memantine). To date, several attempts have been made to find new inhibitors for AD, such as finding GSK3-β inhibitors.
The common snowberry plant (with the scientific name Symphoricarpos albus) has a fruit rich in phenolic acids, carbohydrates, and iridoids. The most important iridoid glycosides of this plant are loganin, loganetin, and secologanin (Gilbert 1995; Makarevich et al., 2009). Many biological activities like antioxidant, anti-inflammatory, anticancer, antidiabetic, antimicrobial, antiviral, anti-prosthetic, and neuroprotective activities have been reported for iridoid glycosides (Dinda et al., 2007; Dinda et al., 2019). In this respect, a study showed that iridoid glycosides effectively improve memory and cause nerve cell survival by increasing the expression of synaptophysin and neurotrophic factors in Alzheimer’s mice with cholinergic defects. Additionally, these compounds enhance cognitive impairment and inhibit hyperphosphorylation of tau protein in the hippocampus and striatum of SAMP8 mice (Ma et al., 2016).
Another study indicated that iridoid glycosides could increase pp2a activity, decrease GSK3-β activity, and finally inhibit tau hyperphosphorylation. Therefore, these treatment options can effectively improve cognitive and behavioral disorders in AD patients (Wang et al., 2020; Zhang et al., 2020). In this respect, we have used computational drug design methods, which are one of the fastest and most cost-effective ways available for drug design and finding new inhibitors of the GSK3- β enzyme. Moreover, we examined the inhibitory potential of the GSK3-β enzyme by loganin, loganetin, and secologanin with the help of molecular docking methods and molecular dynamic (MD) simulation.
MATERIALS AND METHODS
Molecular Docking
Validation
Before molecular docking, we need to validate the software processing. Validation is of vital significance as it will eliminate false results. Since GSK3-β inhibition can be a treatment for AD, many inhibitors have been examined; many of them are competitive inhibitors with the ATP site and target its binding site in GSK3-β. The co-crystal structures of these inhibitors can be obtained through the Protein Data Bank (PDB) site. Codes related to the GSK3-β protein as a complex with the inhibitor are 1Q41 (Bertrand et al., 2003), 1Q3D (Bertrand et al., 2003), 1Q4L (Bertrand et al., 2003), 2OW3 (Zhang et al., 2007), 1R0E (Allard. 2004), 1Q3W (Bertrand et al., 2003), 3GB2 (Saitoh et al., 2009), 3F88 (Saitoh et al., 2009), 3F7Z (Saitoh et al., 2009), 3I4B (Aronov, Tang et al., 2009), 1UV5 (Meijer et al., 2003), 3Q3B (Coffman et al., 2011), 3L1S (Arnost et al., 2010), 1Q5K (Bhat et al., 2003), and 2O5K (Shin et al., 2007).
After downloading the PDB file corresponding to each of these codes, the structure of the GSK3-β protein and the cognate ligand of each code were prepared and optimized in ViewerLite 5.0 (Lite, 1998) software. All water molecules and nonpolar hydrogen of protein and nonpolar hydrogen of inhibitors were removed. In the next step, we performed redocking for each complex using both AutoDock4.2 (Forli et al., 2012) and AutoDock Vina (Trott and Olson 2010) software. We have used the two software to select the most appropriate software during the validation phase. Moreover, 100 runs were considered for each complex. Afterward, the best ligand conformation with the most negative ΔG and the lowest root mean square deviation (RMSD) was considered for each complex. Eventually, using Visual Molecular Dynamics (VMD) 1.9.3(http://www.ks.uiuc.edu) software, we obtained the RMSD between the selected conformations for the ligand and the ligand in the obtained crystalline structure from the PDB site.
In the next step, the obtained RMSDs of redock using two software were compared to each other for choosing the best software. Between these two tools, whichever showed the lower RMSD than the other, we chose it for loganin, secologanin, and loganetin docking with GSK3-β because it means that it can better predict the active site of the enzyme than the other.
Additionally, after selecting the software, the code with the lowest RMSD was used as the selected code for protein–ligand docking.
Docking Loganin, Secologanin, and Loganetin With GSK3-β Protein
Ligand Structure Preparation
First, the two-dimensional structure of each ligand was prepared in the ChemDraw Ultra 2d 8.0 (Mendelsohn 2004) tool and then was transmitted into ChemDraw Ultra 3d 8-0 (Mendelsohn 2004) software for preparing the three-dimensional structure. Then, the structures of ligands were subjected to energy minimization with the default of the MOPAC program in ChemDraw Ultra 3d 8.0 and then were saved as in the format of .mol. So, we converted them to the PDB format by ViewerLite 5.0 and used them as inputs of selected software for molecular docking.
The Gasteiger–Marsili procedure was used for calculating the partial charges of atoms (Shahlaei et al., 2011). Nonpolar hydrogens were deleted and then rotatable bonds were determined. All rotatable bonds of ligands were assumed to be flexible.
Protein Structure Preparation
We used the protein structure related to a selected complex in the validation step that it had lowest RMSD. And then, all water molecules and co-crystallized ligands were removed by the ViewerLite 5.0 tool, and just chain A of the protein was considered for molecular docking. Afterward, all hydrogens were added, and nonpolar hydrogens were removed by the selected tool. Then, Kolman charges were determined for the protein.
Docking Procedure
Molecular docking was performed by selected software in the validation stage. We used the Lamarckian genetic algorithm (LGA) method in AuotoDock4.2 based on the previous studies because they have revealed that other approaches (simulated annealing and genetic algorithm) are less effective than LGA (Morris et al., 1998). A total of 100 independent runs were considered for each ligand.
The dimensions of the center grid box for loganin, loganetin, and secologanin were considered 94.63 A° × 68.1680 A° × 9.7880 A°, and the software was allowed to search the entire volume of the protein. After finishing the docking, the two-dimensional figures of the results (e.g., the binding site and interactions between GSK3-β and inhibitors) were exhibited using LigPlot+ (Laskowski and Swindells 2011) software.
Molecular Dynamic Simulation
We carried out MD simulation in two steps. First, the structure of GSK3-β from a selected complex in the validation step was simulated in a water box. Second, to investigate the effects of ligand binding on GSK3-β conformation, the lowest binding energy conformation from the docking step of ligands was imported into the MD simulation.
For simulation, we used GROMAX 2019.1 (https://doi.org/10.5281/zenodo.2564761) software. At first, the protein was modified using the Swiss_PDB viewer (SPDBV) (Kaplan and Littlejohn 2001) program since the protein had the missing atom. Then, all the heteroatoms and water molecules were removed from the protein. In the next stage, topology and coordinate files were prepared. CHARMM27 was used as a force field, with the intermolecular (nonbonded) potential demonstration as a sum of Lennard–Jones (LJ) force and pairwise Coulomb interaction, and the long-range electrostatic force was defined by the particle mesh Ewald (PME) method. The velocity Verlet algorithm was applied for the numerical intermixture (Gharaghani et al., 2013).
Under periodic boundary conditions, the system was placed in a cubic water box of extended simple point-charge (SPC) water molecules with dimensions of 9.0465 × 9.06465 × 9.06465 nm3 with 1 nm away from the wall on each side.
Moreover, the system has to be examined for electrostatic neutrality, and anions or cations should be added if necessary. Here, 6 chloride ions were added to neutralize the system, and the entire system was included 5,579 atoms of GSK3-β, 6 Clˉ, and 22,560 solvent atoms. In the next stage, the energy was minimized in 50,000 steps for 2 fs. Then, the system was equilibrated at a constant temperature (NVT) of 300 k using the Berendsen thermostat. The cutoff radius was considered as 1.2 nm. Then, the system was balanced in the same way at a constant pressure (NVT) of 1 bar.
The goal of balancing the system at constant pressure and temperature for solvent molecules was to reach their best arrangement around the solute. Ultimately, the system was placed in the main run of the simulation for 100 ns at 300 K temperature and 1 bar pressure. To simulate the GSK3-β–ligand complex, first, the ligand-related topology file was generated using the SWISSPARAM server for the CHARMM27 force field. Afterward, the topology parameters and ligand coordinates were added to the topology parameters and coordinates of GSK3-β. Molecular dynamic simulation of the protein–ligand complex was performed similar to protein simulation for 100 ns. Ultimately, all the analyses related to the simulation were carried out in GROMACS 2019.1 software. These analyses include the evaluation of intermolecular hydrogen bonds, RMSD, Rg, RMSF, and free binding energy using the MM–GBSA method. The MD simulation was carried out on Ubuntu 18.04 Linux on an Intel Core 12 Quad 6800K 3.6 GHz, Gpu = gtx 1080ti NVIDIA, and 16 GB RAM.
Binding Free Energy Calculation
The binding free energy is a critical step of an in silico drug design approach which determines the binding affinity of inhibitors to the receptor. The binding free energy was calculated for the ligand receptor of loganin, loganetin, and secologanin complexes using MM/PBSA which defines the binding free energy of the protein and ligand as
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Here, ΔGcomplex demonstrates the total MMPBSA energy of the protein–ligand complex; ΔGprotein, and ΔGligand are solution free energies of the individual protein and ligand, respectively. The free energy of the individual existence can be expressed as follows:
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EMM shows the average molecular mechanical’s potential energy in the vacuum; Gsolvation defines the free energy of solvation. T and S explain the temperature and entropy, respectively, and together TS exhibits the entropic contribution to the free energy in vacuum. In addition, the EMM contains both bonded and nonbonded interactions of the molecules, including the bond angle, torsion, and electrostatic (Eelec) and van der Waals (Evdw) interactions. Last, the free energy of solvation and Gsolvation include both electrostatic and nonelectrostatic (Gpolar and Gnonpolar) components. The binding free energies of the loganin_GSK3-β, loganetin_GSK3-β, and secologanin_GSK3-β complexes were calculated for 200 snapshots obtained from the last 20 ns of the trajectories (Padhi et al., 2021).
Drug Likeness Prediction and Toxicity
The OSIRIS property explorer (http://www.organic-chemistry.org/prog/peo/) was used to investigate the likeness of drugs. Pharmacokinetic properties like Log S calculation, TPSA, Clog P calculation, molecular mass, and toxicities like mutagenicity, tumorigenicity, irritation force, and hazard of the reproductive force of three compounds have been established.
RESULTS AND DISCUSSION
Molecular Docking
In the molecular docking stage, it was seen that the obtained RMSD by AutoDock4.2 in most codes is less than the obtained results by AutoDock Vina software (Table 1). Since the AutoDock4.2 software can accurately predict the active site of GSK3-β protein, it was selected to dock our ligands. Moreover, according to the RMSD results of all codes by this software, the code 1UV5 with RMSD = 0.6679 had the lowest RMSD compared to other codes. 1UV5 contains the 6-Bromine dirubio-3-oxime inhibitor (BRW1383), which inhibits GSK3-β protein competitively with the ATP active site.
TABLE 1 | Result of redock by AutoDock4.2 and AutoDock Vina software.
[image: Table 1]Among the most important amino acids with a crucial role in regulating this kinase, one can name ASP133, ASP200, and VAL135. As shown in Figure 1A, interacted BRW1383 in AutoDock 4.2 software with a −9.56 Kcal/mol binding energy could be matched on the BRW1383 from X-ray crystallography well and could establish the same bonds as those reported in the X-ray crystallographic structure (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Interacted BRW1383 (pink) and BRW1383 from X-ray crystallography (blue). (B) Interactions of BRW1383 with GSK3_β protein obtained from X-ray crystallography.
Thus, the docking method used in this study could effectively identify how the inhibitor binds to the enzyme. The average binding energy was, respectively, −7.15, −5.43, and −4.98 kcal/mol in the molecular docking of loganin, loganetin, and secologanin with GSK3-β protein. As can be seen, the binding energy of loganin was positive compared to that of BRW1383 but negative compared to that of other ligands. Docking results showed that loganin had a hydrogen bond with the amino acids VAL135 and ASP200 and a hydrophobic bond with ASP133. The details of the interaction between loganin and GSK3-β provided by Ligplot software are given in Figure 2B. As already stated, these three amino acids are the key amino acids in the regulation of GSK3-β protein (Figure 2A). However, BRW1383 has better binding energy vs. loganin, as shown in Table 2 which demonstrates that loganin interacts with all of the key amino acids in the active site, but the reference inhibitor interacts with just ASP133 and VAL135. As loganin is a natural compound, it can be a choice for inhibiting GSK3-β protein compared with BRW1383 which is a chemical compound. According to Figure 3, loganetin has established a hydrogen bond with VAL135 and a hydrophobic bond with ASP133. Additionally, secologanin has established two hydrogen bonds with ASN64 and ARG141 and several hydrophobic bonds outside the active site (Figure 4).
[image: Figure 2]FIGURE 2 | (A) Three-dimensional view of loganin at the GSK_3β protein binding site. (B) Interactions of loganin with amino acids of the GSK3_β protein binding site.
TABLE 2 | Docking results of loganin, loganetin, secologanin, and BRW1383 with GSK3-β protein.
[image: Table 2][image: Figure 3]FIGURE 3 | (A) Three-dimensional view of loganetin at the GSK_3β protein binding site. (B) Interactions of loganetin with amino acids of the GSK3_β protein binding site.
[image: Figure 4]FIGURE 4 | (A) Three-dimensional view of secologanin at the GSK_3β protein binding site. (B) Interactions of secologanin with amino acids of the GSK3_β protein binding site.
The results in Table 2 show that loganin binds more strongly to the active site of the GSK3-β protein compared to other ligands. To ensure the stability of the docked compound, the distance of hydrogen bonds between the compounds and the active site residues was investigated. According to Jeffrey’s study (Jeffrey 1997), the acceptable hydrogen bond distance between the donor and acceptor should be from 2.7 to 3.3 A°. The 2.2–2.5 Å distance is considered strong and covalent, 2.5–3.2 Å is considered medium and electrostatic bonds, and 3.2–4 Å is considered weak electrostatic bonds. Moreover, Ippolito and colleagues (1990) and Raschka and colleagues (2018) have revealed that the average distance between the protein and ligand from 2.4 to 3.5 Å could be considered hydrogen bonding.
Thus, the hydrogen bond interaction of our ligands with the protein was considered the medium hydrogen bond type. Therefore, in this study, the moderate hydrogen bond seems to be enough to inhibit the GSK3-β protein.
Molecular Dynamic Simulation
Although the docking results provide good information on the quality and interactions of the ligand and protein, they cannot predict how the protein conformations will change after ligand binding. Thus, to examine the changes and dynamics of the protein in interaction with three selected ligands, simulations were performed throughout for 100 ns
The before and after MD simulation of protein–ligand interaction residues are compared in Table 3 (Saddala and Adi 2018).
TABLE 3 | The before and after simulation of protein–ligand interaction residues.
[image: Table 3]The active site amino acids of all compounds in the molecular docking were almost similar to the active site residues in the MD simulation. Thus, these compounds have stayed stable in the active site after simulation and did not change the protein structure. Although, secologanin before and after simulation could not interact with active site residues well and just could interact with ASP200. Consequently, secologanin was not considered a GSK3-β inhibitor. Also, we have prepared 3d and 2d demonstrations of all compounds after MD simulation as shown in Figures 5–7. As can be seen, the most important functional groups of loganin and loganetin that participate in hydrogen bond interactions with active site residues are related to the sugar part of these iridoid glycosides.
[image: Figure 5]FIGURE 5 | (A) 2d and (B) 3d view of the GSK_3β_loganin complex after MD simulation.
[image: Figure 6]FIGURE 6 | (A) 2d and (B) 3d view of the GSK_3β_loganetin complex after MD simulation.
[image: Figure 7]FIGURE 7 | (A) 2d and (B) 3d view of the GSK_3β_secologanin complex after MD simulation.
In molecular docking, only the ligand has a flexible state. However, both the protein and ligand were considered flexible in MD simulation. Therefore, during MD simulation, we could evaluate all observed interactions in molecular docking and find potential and new effects regarding the conformational changes of the ligand and the enzyme-binding site. As shown in Table 4, in hydrogen bond examinations of the GSK3-β_loganin complex, the most stable interactions have been established between O val135 and H20 atoms with 97% occupancy and HG1 THR138 with O4 loganin with 94% occupancy. Here, val135 is the active site amino acid and is involved in the regulation of GSK3-β protein. Among the hydrogen bonds that loganin has established with the protein, only the hydrogen bond with val135 is identical to the docking results. Although the protein is considered rigid in docking, in MD simulation, both the protein and ligand are considered flexible; because of that, MD results are more reliable. It is also noteworthy that only two hydrogen bonds were predicted for secologanin in docking, but several hydrogen bonds have been predicted for MD. As Table 4 shows, the occupancy listed for each of the secologanin hydrogen bonds is nonsignificant, and none of these bonds are established in the protein active site.
TABLE 4 | Analysis of intermolecular hydrogen bonds.
[image: Table 4]Loganetin has two other hydrogen bonds, where its H17 atom is bonded to oxygen ASP133, and its O2 atom is bonded to HN VAL135, whereas these two amino acids are of the residues of the active site of proteins; however, the occupancy of the loganin hydrogen bonds is greater. Thus, loganin binds more strongly to the protein compared to the other two ligands.
Root Mean Square Deviation
The first critical analysis of MD simulation is the RMSD, which shows the stability and structural changes during the simulation. RMSD is a parameter that shows the deviation of the particle position from the original structure at any point in time (Czelen 2017; Sargsyan et al., 2017).
The lower RMSD value indicates less fluctuation during the simulation, suggesting that the stability of the protein is high (Elangovan et al., 2020). Therefore, the system will be balanced. Figure 6 presents the variation in RMSD values of GSK3-β protein comparing with the three complexes. The RMSD value revealed that all pathways reached equilibrium after 10 ns Thus, RMSF, Rg, SASA, and hydrogen bonds were analyzed at an equilibrium state.
As Figure 8 shows for the GSK3-β protein (green diagram), the mean RMSD has remained at about 0.19 nm with minimal fluctuation. Consequently, the protein does not undergo severe deformation and denaturation while simulating.
[image: Figure 8]FIGURE 8 | RMSD analysis GSK3-β protein (green), loganin-GSK3-β complex (yellow), loganetin-GSK3-β complex (blue), and secologanin-GSK3-β complex (red).
As can be seen from the GSK3-β_secologanin complex, the RMSD has higher values and fluctuations (0.23 nm) relative to the free protein and compared to loganin and loganetin about 0.19 and 0.21, respectively. Thus, the protein–secologanin complex is more unstable than other structures. Here, the protein–loganin RMSD compared to GSK3-β protein is more stable than the other two complexes. Also, the enzyme structure has not changed significantly in the presence of loganin, and the system is stable during the simulation.
Root Mean Square Fluctuation
Another used parameter to measure stability and flexibility is the RMSF during 90 ns. The RMSF estimates the average deviation of a particle (like protein residues) from a reference position (typically the average particle position) over time (Reddy et al., 2015).
Therefore, RMSF analyzes those parts of the structure with the most and least fluctuations from their dependent structure, and this parameter describes how ligand binding can result in conformational changes at the residual level (Elangovan et al., 2020; Saravanan et al., 2020).
Overall, the peaks seen in the RMSF diagram showed the most unstable target protein residues.
Figure 9 illustrates the high residue fluctuations at the start and end of the RMSF chart.
[image: Figure 9]FIGURE 9 | RMSF analysis GSK3-β protein (green), loganin-GSK3-β complex (yellow), loganetin-GSK3-β complex (blue), and secologanin-GSK3-β complex (red).
Moreover, from Figure 9, loganin has less fluctuation compare with loganetin and secologanin, and it has the most adaption with the RMSF GSK3-β protein diagram.
Moreover, amino acids' RMSF of the active site in each of the three ligands reveals that binding of the ligand to the protein in the active site does not cause the fluctuation of residues, and the structure remains stable. The mean RMSF values for GSK3-β protein, loganin, loganetin, and secologanin were 2.16, 2.16, 2.17, and 2.15, respectively. These values suggest that ligand binding does not change the original conformation of the residues. Also, it is inferred that the compounds do not fluctuate much, they seem consistent with protein fluctuations, and the complexes seem stable.
Radius of Gyration
The gyration radius is a variable that is studied to examine the compression changes during MD simulation. Protein compression during interactions with the ligand is affected by protein chains, in which the flexibility between the ligand and the protein depends on it (Shukla et al., 2019; Ghosh et al., 2020).
The calculated Rg value for the three complexes (Figure 10) was 2.16, which is associated with the protein size as well. The Rg of GSK3-β protein was 2.16, indicating that GSK3-β protein remains compressed during MD simulation and binding to all three ligands.
[image: Figure 10]FIGURE 10 | Rg analysis GSK3-β protein (green), loganin-GSK3-β complex (yellow), loganetin-GSK3-β complex (blue), and secologanin-GSK3-β complex (red).
Solvent-Accessible Surface Area
The SASA value is used to analyze the magnitude and significance of ligand binding to the receptor and the changes in protein conformation due to ligand binding (Shukla et al., 2019; Elangovan et al., 2020).
As shown in Figure 11, all complexes show a similar magnitude of protein conformation that interacts with the ligand compared to the GSK3-β protein.
[image: Figure 11]FIGURE 11 | SASA analysis GSK3-β protein (green), loganin-GSK3-β complex (yellow), loganetin-GSK3-β complex (blue), and secologanin-GSK3-β complex (red).
On the other hand, SASA changes are similar to the changes in the Rg diagram, confirming the accuracy of the molecular dynamic simulations. Thus, one can infer that all protein–ligand complexes are stable in the SASA analysis.
The Analysis of Hydrogen Bonds
Different interactions like hydrogen bonds, hydrophobic interactions, and ionic interactions stabilize the protein–ligand complex. Between them, the hydrogen bonds are more important and specific transient interactions than others for protein–ligand stabilization (Shukla et al., 2019). The number of hydrogen bonds was calculated for the last 90 ns trajectory. The number of hydrogen bonds vs. time is revealed for each complex in Figure 12. The average number of hydrogen bonds for loganin_GSK3-β (Figure 12A) and loganetin_GSK3-β was (Figure 12B) 3 and 2, respectively. But the hydrogen bonds of secologanin_GSK3-β are variable.
[image: Figure 12]FIGURE 12 | H-bond analysis (A) loganin, (B) loganetin, and (C) secologanin.
As can be seen, a partial change in the hydrogen bond formation between the ligand and protein for loganin_GSK3-β and loganetin_GSK3-β was observed. So, these complexes were stable for most parts of the simulation trajectory compared to secologanin_GSK3-β. These results are approximately similar to the results that are presented in Table 4.
Binding Free Energy Calculation
The binding free energy is a critical step of the in silico drug design approach which determines the binding affinity of inhibitors to the receptor. The binding free energy was calculated for the ligand receptor of loganin, loganetin, and secologanin complexes using the MM/PBSA method. The nonpolar and polar solvation energy was analyzed in the electrostatic interaction, van der Waals energy, and SASA energy. The major desirable portions of the stereoisomer binding were the van der Waals and electrostatic energies for all complexes. Besides, the terms polar solvation free energy and SASA energy are unfavorable for binding in three complexes. The total free binding energy (ΔGBinding) was calculated for each compound in Table 5.
TABLE 5 | Table represents the Van der Waals, electrostatic, polar solvation, SASA, and binding energy in kJ.mol_1 for secologanin, loganetin, and loganin.
[image: Table 5]Loganin and loganetin have an almost similar amounts of binding energy, respectively, −52.421 and −52.878 KJ/mol, but they are much higher than that of secologanin (−1.870 KJ/mol). We have concluded that loganin and loganetin are more energetically favorable than secologanin, and these results are adopted with docking conclusions.
Drug Likeness Prediction and Toxicity
Pharmacokinetic properties and toxicities were predicted for each compound used by the OSIRIS property explorer server, and the results are revealed within Table 6. The mutagenicity, tumorigenicity, irritation force, and hazard of the reproductive force were predicted for toxicity verification.
TABLE 6 | Drug likeness prediction and toxicity of loganin, loganetin, and secologanin.
[image: Table 6]The higher cLog P (logarithm of compounds' partition coefficient between water and n-octanol) value indicates lower permeation and absorption due to lower hydrophilicity. The solubility and molecular weight (MW) affect the absorption rate; thus, high solubility and lower MW increase absorption. The topological polar surface area (TPSA) reveals the surface of polar atoms in the compounds. An increased TPSA value is relevant to the least permeability of the membrane. So, the compounds with a larger TPSA value will be a better substrate for p-glycoprotein which is amenable for the efflux of a drug from the cell, and thus, the diminished TPSA was useful for the drug-like property. Some investigations also predicted that a molecule with a better CNS penetration should have a lesser value of the TPSA (Reddy et al., 2015; Srivastava et al., 2020).
Furthermore, the drug score mixes drug likeness, clog P, TPSA, MW, and toxicity risk parameters to reveal a compound as a drug candidate. Based on Table 6, loganetin has a higher score (0.71) than loganin (0.45) and secologanin (0.27) because loganin has a lower TPSA, MW, and cLog P and higher solubility than other compounds.
CONCLUSION
This study aimed at finding potential and available inhibitors for GSK3-β protein using computational drug design methods like molecular docking and MD simulation.
We performed molecular analysis of the iridoid glycosides in the Common snowberry plant, including loganin, secologanin, and loganetin, which have beneficial effects on improving memory.
Molecular docking analysis revealed that loganin and loganetin bind exactly to the ATP-binding site. Loganin established hydrogen bonding with VAL135 and ASP200 and hydrophobic bonding with ASP133, and loganetin established hydrogen bonding with VAL135 and hydrophobic bonding with ASP133, but the binding affinity of loganin was more than that of loganetin.
RMSD, RMSF, Rg, SASA, hydrogen bond analyses, and MMPBSA were carried out in the molecular dynamic simulation. The results of the RMSD value indicated that the loganin–GSK3 complex has more stability than the other two complexes.
The RMSF diagram indicated that ligand binding does not increase fluctuations, and the complexes stay stable following the binding.
The SASA analysis was equal with variations of the Rg value, and equality of the Rg value of the GSK3-β protein with complexes indicates that the structure remains compact during MD simulation.
Loganin and loganetin have an almost similar amount of binding energy, and loganetin has a better drug score than others.
Consequently, both loganin and loganetin may effectively inhibit GSK3-β because these compounds established strong hydrogen bonds with the active site residues before and after MD simulation. Although the binding affinity of loganin and loganetin was slightly less than that of the BRW1383 inhibitor in molecular docking, they can be considered to prevent tauopathy since those are available and nontoxic herbal compounds. Nonetheless, this study requires more examination, and it is better to carry out laboratory studies along with molecular studies to prove the effects of iridoid glycosides on AD prevention and treatment.
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Non-hydrogen atom count
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Formal charge
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Property Pashinintide A Pashinintide B

GPCR Ligand 040 -054
lon channel modulator -0.20 -1.64
Nudiear receptor ligand -0.03 -1.15
Kinase inhibitor -0.20 -1.42
Protease inhibitor 053 -0.16

Enzyme inhibitor 0.04 -0.92
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Property Pashinintide A Pashinintide B

Water solubility -3.197 3377
Caco-2 permeabilty 0814 0803
Intestinal absorption 52.552 31.004
Skin permeabilty -2.736 -2.735
P-glycoprotein substrate Yes Yes
P-glycoprotein | inhibitor No Yes

P-glycoprotein Il inhibitor No No
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Property Value

Common name Pashinintide A
PubChem CID 122386073
Molar mass 565.631 g/mol
Exact mass 565.264881875 Da
Formula CosHasN7Os
Composition C (59.46%), H (6.24%), N (17.33%), O (16.97%)
IUPAG name 3-{(1H-indol-3-y)methyl]- 18-methyl-1,4,7,13,16,19-hexaazatricyclo[19.3.0.0°, '*] tetracosane-2,5,8,14,17,20-hexone
Traditional name 3-(1H-indol-3-yimethyl)-18-methyl-1,4,7,13,16,19-hexaazatricyclo[19.3.0.0°,'*] tetracosane-2,5,8,14,17,20-hexone
SMILES CC1NC(=0)C2CCCN2C(=0)C(CC2=CNC3=CC=CC=C23)NC(=0)CNC(=0)
C2CCON2C(=0JCNG1=0
InChl InChi=1/C28H35N706/c1-16-25(38)31-15-24(37)34-10-4-8-21(34)26(39)

30-14-23(36)33-20(12-17-13-29-19-7-3-2-6-18(17)19)28(41)35-11-5-9-22
(35)27(40)32-16/2-3,6-7,13,16,20-22,20H,4-5,8-12,14-15H2,1H3,(H,30,39)
(H,31,38)(H,32,40)(H,33,36)

InChiKey MKXJIZUYLVDQCC-UHFFFAOYNA-N

IUPAG condensed cyclo[Ala-Gly-Pro-Gly-Trp-Pro]

Common name Pashinintide B

PubChem CID 122386974

Molar mass 714.821 g/mol

Exact mass 714.370075222 Da

Formula CaaHsoNsOo

Composition C (57.13%), H (7.05%), N (15.68%), O (20.14%)

IUPAG name 6,12-bis(outan-2-y)-9-(hydroxymethy)-3-[1-(methoxymethy))-1H-indol-3-y]
methyl-1,4,7,10,13,16,19-heptaazacyclohenicosane-2,5,8,11,14,17,20-heptone

Traditional name 9-(hydroxymethy)-3-(1-(methoxymethylindol-3-yllmethyi-6, 12-bisisec-butyl)

Traditional name -1,4,7,10,13,16,19-heptaazacyclohenicosane-2,5,8,11,14,17,20-heptone

SMILES CGCING(=0)C20CCN2C(=0)G(CC2=CNG3: G23ING(=0)CNG(=0)
C2CCCN2G(=0)CNC1=0

InChl InChi=1/C28H35N706/c1-16-25(38)31-15-24(37)34-10-4-8-21(34)26(39)30-14

23-23(36)33-20(12-17-13-29-19-7-3-2-6-18(17)19)28(41)35-11-6-9-22(35)27(40)
32-16/h2-3,6-7,13,16,20-22,20H,4-5,8-12,14-15H2,1H3,(H,30,39)(H,31,38)
(H,32,40)(H,33,36)

InChiKey MKXJIZUYLVDQCC-UHFFFAOYNA-N

IUPAG condensed oyclo[Gly-Gly-Gly-xille-Ser-xille-Trp(MeOMe)]
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