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Abstract

:

(1) Background: Alzheimer’s disease (AD) is an irreversible disorder of the central nervous system associated with beta-amyloid protein (Aβ) deposition and accumulation. Current treatments can only act on symptoms and not the etiologic agent. Neprilysin and α-bisabolol have been shown to reduce the aggregation of Aβ, suggesting a potential interaction between both molecules, leading to increased proteolytic activity on Aβ aggregates. (2) Methods: Computational simulations were conducted to explore the interaction between murine neprilysin [NEP(m)] and α-bisabolol and their effects on enzymatic activity. NEP(m) structure was predicted using comparative modeling, and the binding pattern to α-bisabolol and its effects on leu-enkephalin binding were explored through docking calculations and molecular dynamics simulations, respectively. (3) Results: The findings suggest that α-bisabolol stabilizes the Val481-Pro488 segment of NEP2(m), which directly interacts with the peptide substrate, enabling an optimized alignment between the catalytic residue Glu525 and leu-enkephalin. (4) Conclusions: This computational evidence strongly supports the notion that α-bisabolol stabilizes peptide substrates at the NEP2(m) catalytic site, leading to the positive modulation of enzymatic activity.
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1. Introduction


Alzheimer’s disease (AD) is a prevalent and irreversible disorder of the central nervous system, characterized by the loss of cognitive functions, attention, judgment, and memory. According to the latest statistics, more than 55 million people worldwide are suffering from AD or related dementias [1], and this has generated a significant socioeconomic burden. Taking only individuals with AD in Brazil into account, the average annual cost of treating individuals via the public health system was estimated at USD 4020.47 (the Brazilian currency is the real but was converted into the US dollar), an amount considered relatively high for the country [2]. This makes AD and other dementias the leading cause of disability, especially among elderly populations.



AD is intimately associated with the deposition and accumulation of β-amyloid peptide (Aβ) [3]. Aβ is a highly toxic peptide for neurons [4], and its buildup can result in the formation of oligomers and amyloid plaques. Two isoforms of Aβ, Aβ1–42, and Aβ1–40 peptides are the primary components of these amyloid plaques [5]. From the clinical–biological point of view, abnormalities linked to cerebral amyloid peptides are observed in the early stages of AD, where the levels of the Aβ1–42 peptide decrease (showing an Aβ1–42/Aβ1–40 ratio) in the cerebrospinal fluid. Interestingly, the pathway of plaque formation remains unknown. However, some clues seem to be associated with the predominant presence of both Aβ isoforms in these plaques despite Aβ1–40 comprising approximately 90% of the Aβ pool [6]. Evidence suggests that a more significant hydrophobic potential is induced due to additional amino acids in the Aβ1–42 isoform, resulting in a sufficiently strong hydrophobicity for the chains to undergo liquid–liquid phase separation into condensates of fibers. This effect provides theoretical support for the hypothesis that LLPS condensates act as precursors for aggregation and forming Aβ plaques through hydrophobic interactions. This makes it possible to define the stage known as the “Alzheimer’s continuum” [7] before the occurrence of the anomalies (hyperphosphorylation) found in the Tau protein (p-Tau). This, in turn, leads to the detachment of Tau from microtubules, resulting in the destabilization of axonal microtubule scaffolds, impairments in axonal transport [8], and eventually neuronal death.



The Aβ pathway presents the enzyme neprilysin, NEP2(m), a membrane metallopeptidase belonging to the M13 family. The NEPs are also known by different nomenclatures, including neutral endopeptidase or enkephalinase (EC 3.4.24.11) [9,10,11,12,13,14], endothelin-converting enzymes—ECE1 and ECE2 (EC 3.4.24.71) [15,16,17,18,19]—Kell blood group antigens [20,21], phosphate-regulating neutral endopeptidase on the X chromosome (PEX or PHEX) [22,23], X-converting enzymes (XCEs) [24,25], cluster of differentiation 10 (CD10), membrane metalloendopeptidase (MME), and common acute lymphoblastic leukemia antigens (CALLAs) [13,26]. They are present in various tissues, including the nervous system, and are therefore considered ubiquitous proteins responsible for the degradation of numerous regulatory peptides, including the Aβ peptide [27] (Figure 1), consequently inhibiting the progression of amyloid plaque formation [28]. The wide range of canonical substrates suggests its involvement in multiple regulatory functions and its potential role in the diseases present in various systems, including the brain and nervous systems [29].



NEP2(m) features a short N-terminal domain facing the cytoplasmic region, consisting of 27 amino acids, a single transmembrane segment composed of 23 residues, and a substantial C-terminal ectodomain formed by 699 amino acids harboring the catalytic site that extends into the extracellular region [30]. The ectodomain contains a large central cavity corresponding to the catalytic site where the conserved zinc-binding motif HEXXH is located. X stands for any other known amino acid residues. In contrast, two histidine residues are responsible for the coordination of the zinc ion, and glutamate is directly involved in the catalysis process. Structurally, the ectodomain is formed by two alpha-helices, creating a water-filled cleft where the catalytic site is located [31]. Additionally, NEP2(M) is heavily N-glycosylated at the N145, N285, N294, N325, and N628 sites [32,33,34,35], and the ratio of glycosylation effectively contributes to the range of molecular weights (85–110 kDa) observed in these enzymes in different tissues.



NEP2(m) has been studied extensively under different conditions, including in vitro, in vivo, and in silico [36,37,38,39,40,41,42]. Approaches using transgenic NEP2(m) expression analyses have demonstrated decreased neuronal Aβ deposits in an AD mouse model [43,44,45]. It was also shown that the overexpression of soluble (active) NEP2(m) in various other studies using animals resulted in significant decreases in the levels of neural Aβ and improved cognitive performance [46,47,48,49]. Additionally, the activity of NEP2(m) in human brain tissue has been shown to increase with normal aging, although an increase was also observed in indicators of AD progression [36]. Therefore, there is much evidence linking the Aβ accumulation with NEP2(m) activity in induced AD disease, suggesting that this endopeptidase is a promising therapeutic agent capable of minimizing the adverse effects of AD. While it has been documented that NEP2(m) can significantly reduce the Aβ peptide pool, other neuropeptides are targets of its proteolytic activity, given that it is a promiscuous enzyme [20,50,51]. Thus, high NEP2(m) concentrations can likely lead to imbalances in the necessary neuropeptides in signal pathways that control blood pressure, pain, and other crucial physiological processes.



On the other hand, (-)-α-bisabolol (α-bisabolol) is widely available and dietarily bioavailable. It possesses physicochemical properties that give it lipophilicity [52] and various pharmacological attributes, including anti-inflammatory, antioxidant [53,54], wound healing, antibiotic, antimutagenic, antitumor, gastroprotective, analgesic, and antimicrobial effects [52,55,56,57,58,59,60] and low toxicity, with its generally recognized as safe (GRAS) status. Recent data suggest that the oral administration of α-bisabolol may provide neuroprotection through decreased neurodegeneration and neuroinflammation, as well as cognitive improvement [57]. In addition, various studies have shown that this substance can significantly reduce the aggregation of Aβ and act on the cleavage of its fibrillar isoforms [28,61]. A-bisabolol may act by increasing the effectiveness of Aβ degradation [28,57,62]. This evidence points to an interaction between NEP2(m) and α-bisabolol as a possible mechanism to increase the anti-amyloidogenic effect. Thus, the present study aims to investigate, using computational tools, the interaction between α-bisabolol and NEP2(m), the main Aβ-degrading enzyme, as a possible anti-amyloidogenic pathway.




2. Materials and Methods


2.1. Domain and Motif Prediction


The amino acid sequence (accession ID Q9JLI3) of murine neprilysin [NEP2(m)] was downloaded in FASTA format from the Universal Protein Resource—UniProt [63]. Then, boundary domains and motif sequences were identified from the amino acid sequence of NEP2(m) using the following servers: Database of Protein Domains, Families and Functional Sites—Prosite [64], Conserved Domains Database and Resources—CDD [65], and Classification of Protein Families—InterPro [66].




2.2. Structural Prediction of the Ectodomain of NEP2(m)


The structural model of the ectodomain portion (Thr76–Trp765) was predicted using the Modeller program package v.10.0 [67]. For this purpose, experimentally determined protein structures with similar amino acid sequences were searched using the BLASTp tool with the PSI-BLAST algorithm from the Protein Data Bank [68,69,70]. This search identified the substrate-free human neprilysin with accession ID 6SH1 as the template [71], which presents a sequence coverage and identity of 92% and 93.8%, respectively. Following this strategy, several models were initially generated, including structural waters and the zinc ion in human neprilysin. Afterward, the produced structures were selected based on the estimated DOPE Score [72], and the top 10 models were chosen for stoichiometry evaluation (steric overlaps, Cβ deviation parameters, Ramachandran plots, rotamers, and bond angle quality) through the MolProbity Server [73,74,75,76]. Finally, the best model was selected and visually inspected with Pymol (Schrödinger).




2.3. Bioactivity Prediction of the α-Bisabolol


The 3D structure of α-bisabolol (CID: 1549992) in PDB format and its file in the SMILES extension were downloaded from the PubChem server (https://pubchem.ncbi.nlm.nih.gov/, accessed on 16 February 2024). The SMILES file was then subjected to the Molinspiration virtual screening (www.molinspiration.com, accessed on 16 February 2024) server to evaluate molecular properties and bioactivity scores. The PDB format file was used in the docking and dynamics molecular simulations.




2.4. Prediction of Pockets in NEP2(m) and Docking Calculations


The most favorable hotspot found in leu-enkephalin was determined by both servers: the DogSiteScorer tool [77] and the CASTp server [78]. After determining the most favorable hotspot for interaction, site-directed redocking simulations were conducted in a setup where all the torsional bonds of both α-bisabolol and the side chains of the amino acids found in different experimental structures had the freedom to rotate. Furthermore, all hydrogen polar atoms were added to leu-enkephalin and then parameterized with Gasteiger charges, while the α-bisabolol was prepared with the addition of Kollman charges, as according to previous studies [79,80].



Docking simulations involving the substrate NEP2(m), i.e., leu-enkephalin (Tyr-Gly-Gly-Phe-Leu, seen in Figure 2A), a typical substrate for neprilysin, and α-bisabolol (seen in Figure 2B) were conducted using the AutoDock Vina software version 1.2.0 [81]. For this purpose, the structure of leu-enkephalin was parameterized using the BIOVIA Discovery Studio Package, while α-bisabolol (CID: 1549992) was obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/, accessed on 20 August 2023). To confirm the accuracy of the molecular docking investigations, blind docking simulations were performed in a setup where all the torsional bonds of α-bisabolol had the freedom to rotate, while the amino acids found in different experimental structures (add IDs) were kept rigid. The simulation was performed under the following conditions: number of conformations = 20, exhaustiveness = 8, and seed = 2009. The dimensions of the boxes in all cases were X = 20 Å, Y = 20 Å, and Z = 20 Å.



For all calculations, the ten top-ranked generations based on the predicted binding affinity (in kilocalories per mole) were visually analyzed, and the best results were selected based on structural comparisons made with the experimental structures and their binding profiles. AutoDock Vina was validated for the presented purpose through redocking calculations with different crystal structures, and the results of which were analyzed by the root mean square deviation (RMSD) of the atomic positions between the experimentally determined and calculated ligands through the RMSD calculator tool of the software Visual Molecular Dynamics 1.9 [82].




2.5. Molecular Dynamics Simulation and Schematic Representations


The α-bisabolol::leu-enkephalin complex with the lowest binding energy based on the docking simulations was subjected to stability assessments through molecular dynamics (MD) analysis using the GROMACS package, version 5.0 [83]. The electroneutrality of both complexes was preserved by adding Na+ ions as needed. System solvation was conducted using TIP3P (transferable intermolecular potential with three charge points, one for oxygen and two for hydrogens) water molecules in a periodic box (20 × 20 × 20 nm3 volume) containing buffer to enable substantial fluctuations in the conformation during MD simulations. MD simulations were conducted utilizing the CHARMM36 force field. The energy minimization (2000 steps steepest descent followed by 200 ps long MD simulation) was performed before initiating MD simulations to remove initial steric clashes. MD simulations were carried out under constant pressure conditions using anisotropic diagonal position scaling, with a time step of 0.002 ps. The evaluation of electrostatic interactions was conducted following the PME (particle mesh Ewald) principle, with predefined short-range cutoffs of 1.2 nm [84]. The system temperature was set to gradually rise from 100 to 310 K at 1 bar pressure over 1000 ps. The Berendsen weak-coupling algorithm [85] with a fixed time of 0.2 ps was utilized. The LINCS algorithm [86] was employed to maintain the equilibrium distances between all bonds, permitting only internal motions of bending and torsion during the MD simulations. Finally, the 20 ns MD simulations were conducted under the same conditions as those used in the equilibration procedure.



After MD simulations, the α-bisabolol::leu-enkephalin::NEP2(m) complex trajectories were analyzed using the RMSD of their atomic positions with the VMD software 1.9. The web server Prodigy calculates binding energies for docking and MD results (https://bianca.science.uu.nl/prodigy/, accessed on 12 November 2023). Three-dimensional representations of the best α-bisabolol::leu-enkephalin::NEP2(m) complexes based on the theoretical binding energy value were generated using the software PyMol Molecular Graphics System, version 1.7.4 (Schrodinger, LLC, New York, NY, USA).





3. Results


3.1. Prediction of the Domains and Motifs of the Ectodomain of NEP2(m)


The CDD-based prediction data showed that the ectodomain of NEP2(m) is a member belonging to the conserved protein domain of the M13 family of metallopeptidases, which includes neprilysin (neutral endopeptidase, NEP, enkephalinase, CD10, CALLA, EC 3.4.24.11), endothelin-converting enzyme I (ECE-1, EC 3.4.24.71), erythrocyte surface antigen KELL (ECE-3), phosphate-regulating gene on the X chromosome (PHEX), soluble secreted endopeptidase (SEP), and damage-induced neuronal endopeptidase (DINE)/X-converting enzyme (XCE). In addition, the analysis of the CDD-based annotation showed predictions with the following confidence indices: an E-value of 000, a bit score of 787.33, and an interval (96 to 763 amino acid residues). The predictions from the Prosite and InterPro servers agree with the data obtained from the CDD server.




3.2. Structural Analysis of the Ectodomain of NEP2(m)


The final NEP2(m) model was analyzed for its stereochemical properties, revealing that 99.8% of amino acid residues were positioned within allowed regions (96% in the favored areas) of the Ramachandran plot. The overall predicted structure of NEP2(m) closely resembles that of other neprilysin and neprilysin-like proteins, displaying a typical α-helical ellipsoid shape consisting of subdomains 1 and 2 connected by a linker region (Figure 3A). The catalytic site is within subdomain 1, positioned over a spacious cavity (approximately 6.278 A3) formed by both subdomains and the linker region. This catalytic site houses a zinc-binding site with a conserved zinc metalloprotease motif HEXXH, which includes residues His524 and His528 for ion binding (along with residue Glu587), as well as the catalytic residue Glu525 (Figure 3B). The zinc atom acts as a cofactor for catalysis, coordinated by well-described ionic interactions with the residues mentioned above, establishing essential contacts directly with the substrate.




3.3. Ligand Bioactivity Prediction


The in silico predictions of α-bisabolol bioactivity using Molinspiration virtual screening yielded a score of −0.38, indicating that this molecule weakly inhibited proteases, particularly metalloproteases belonging to the M13 family. Additionally, the analysis returned a score of −0.06, suggesting that the ligand bound weakly to G protein-coupled receptors (GPCRs). α-bisabolol also exhibited reduced inhibitory activity against kinases, with a score of −0.78. The predicted bioactivity of the entire ligand was determined by adding the bioactivity scores of each fragment (usually ranging from −3 to 3). Fragments with lower activity scores were more likely to be inactive.




3.4. Molecular Docking Studies and Molecular Dynamics


The docking calculations for leu-enkephalin were validated through a redocking performed with the crystal structure of human neprilysin (NEP(h)) determined in the presence of the inhibitor omopatrilat (Omlat) (PDB ID 6SUK), which had a chemical structure similar to the analyzed peptide. The RMSD between the best calculated conformation for omopatrilat (Omlat) and its crystal structure was 0.7, confirming the reliability of AutoDock Vina for predicting binding conformations in similar systems.



The results obtained from the docking calculations with leu-enkephalin were evaluated based on a comparative analysis with the crystal complex between NEP(h) and Omlat, which was associated with the energy assessment of these results through the Prodigy webserver and led us to a promising conformation. This analysis suggests that leu-enkephalin interacts with NEP2(m) in a highly conservative manner when compared to the crystallized ligand (Figure 4A), forming direct contacts with the zinc ion and numerous surrounding amino acids, including several hydrophobic contacts with residues Phe50, Ala484, Phe485, Phe504, Val521, Trp634, and Val651, as well as polar contacts with His237, His258, Asn483, His652, and Arg658, among others, achieving a calculated binding energy of −6.42 Kcal/mol (Figure 5A and Table 1).



Additionally, the fact that leu-enkephalin is cleaved by NEP2(m) at the Gly3-Phe4 bond is in perfect accordance with the calculations since the OE2 group from the catalytic residue Glu525 is disposed 3.6 Å from the peptide bond mentioned above. A previous description involving the complex between NEP(h) and the inhibitor N-(3-Phenyl-2-sulfanylpropanoyl) phenylalanyl-alanine (PDB ID 1R1J) reported a distance of 3.3 Å for this bond, corroborating the calculated conformation. Nevertheless, since the interaction between the enzyme and the substrate was a dynamic process, MD simulations were performed with the aim of better understanding the behavior of leu-enkephalin at the catalytic site in the absence and presence of α-bisabolol.



We observed that leu-enkephalin exhibited a generally stable behavior at the catalytic site in the absence of α-bisabolol during the 20 ns of MD simulations, as observed by its RMSD (Figure 6A and Figure 7B). However, its terminal residues (Tyr1 and Leu5) underwent a significant rearrangement throughout the simulation, allowing leu-enkephalin to assume a folded conformation similar to another crystallized inhibitor [NEP(h)], sampatri-lat (Samlat), which had a more prolonged and more extended structure compared to Omlat (Figure 4D). Among the 11 polar contacts (including seven hydrogen bonds) predicted by docking calculations, only two were sustained along MD, established with residues Arg658 and His652. However, a new hydrogen bond was detected after the simulations between Tyr1 and Glu587 (Table 1 and Table 2). This rearrangement was associated with the observed flexibility of the segment Val481-Pro488, which directly interacted with the peptide (Figure 6C). Nevertheless, this adjusted conformation was quickly achieved and stabilized by the peptide (Figure 5B and Table 2), which presented a calculated binding energy of −6.59 Kcal/mol at the final frame after MD. Such a structural rearrangement possibly influenced the effectiveness and speed of the substrate cleavage as the precise alignment of chemical groups was crucial in the catalytic process.



To understand this effect, the length variation between the catalytic residue Glu525 and the peptide bond that linked residues Gly3 and Phe4 in leu-enkephalin was analyzed (Figure 6C). It was observed that the distance between these groups significantly increased after two ns of simulation. From 5 ns until the end of the simulation, it oscillated between 4.5 and 5 Å (Figure 7C). This was a far more considerable distance than observed in the crystal structures of neprilysin from different organisms in a complex with substrates with a peptide bond at this very position. For instance, in the case of NEP(h) complexed with the inhibitor N-(3-Phenyl-2-sulfanylpropanoyl) phenylalanyl-alanine (PDB ID 1R1J), the mentioned distance was 3.3 Å. Therefore, this computational evidence pointed toward a lower stability of longer peptides at the NEP2(m) catalytic site, which would have directly affected the rate of substrate processing.



Regarding the calculations with α-Bisabolol, blind docking primarily identified anchoring sites over the catalytic site of NEP2(m) and its vicinity, strengthening the hypothesis that this molecule can modulate neprilysin activity. As previously described, the reliability of AutoDock Vina for this purpose was validated through redocking calculations, this time involving the crystal structure of the complex between tobacco 5-epi-aristolochene synthase and the sesquiterpene germacrene A, which is a compound from the same group as α-bisabolol. The RMSD between the best calculated conformation for germacrene A and its crystal structure was 0.05, strongly confirming the reliability of AutoDock Vina.



Afterward, the search area for the docking calculations was delimited to the vicinities of the catalytic site, allowing the identification of a promising conformation in which α-Bisabolol interacted with NEP2(m) and leu-enkephalin. However, during MD simulations, an exciting accommodation of α-bisabolol was observed, as shown by its RMSD (Figure 7A), which quickly shifted its interacting site (initially over leu-enkephalin) to a small cavity located over segment Val481-Pro488, where it remained stable (Figure 6D). This cavity was not identified during the docking calculations due to its unavailability as the initial structure of NEP2(m) presented a closed conformation that opened and became accessible during MD simulations.



The α-bisabolol binding site presents a volume of 121.8 Å3 and a surface area of 223.7 Å2, composed mainly of residues Trp149, Ile476, Ile477, Asn483, Phe485, and Arg490, which anchor the ligand solely through hydrophobic interactions, achieving at its final frame after the MD-calculated binding energy of −7.16 Kcal/mol (Figure 8 and Table 3). This high hydrophobicity is likely the reason why the binding site remains closed in the absence of an appropriate ligand, a fact already described for different lipases that shift their conformations in the presence of detergents towards an open form, permitting hydrophobic ligands to access the active site through the interfacial activation of the enzyme.



The MD simulations demonstrate that the presence of α-bisabolol stabilizes the segment Val481-Pro488, as observed by its structural variation and RMSD (Figure 6D and Figure 7D). This segment stabilization is also reflected over leu-enkephalin since it establishes significant contact with this segment (Figure 5C and Figure 6B and Table 4). Consequently, the coordinates obtained for leu-enkephalin after MD in the presence of α-bisabolol closely resemble the result of the docking calculations, presenting a higher calculated binding energy of −6.99 Kcal/mol (Figure 4B,C). This sesquiterpene allowed the maintenance of 7 from the 11 polar contacts predicted by the docking calculations beyond establishing two new hydrogen bonds between Tyr1 and Glu587 (Table 1 and Table 4).



Although no direct contact between α-bisabolol and the peptide are observed, there are residues in NEP2(m) at the segment Val481-Pro488 that interact with both, playing an essential role in the stabilization of the peptide, such as Asn483 and Phe485. While Phe485 performs hydrophobic contact with α-bisabolol and the peptide, Asn483 interacts at a short range (2.8 Å) with the nitrogen group from the residue Phe4 in leu-enkephalin through a hydrogen bond, which is precisely the peptide bond cleaved by NEP2(m) (Figure 8). The distance variation between the catalytic residue Glu525 and the Gly3-Phe4 peptide bond in leu-enkephalin is considerably lower in the presence of α-bisabolol, remaining in the range between 3.5 and 4 Å throughout the entire simulation (Figure 7C). This fact can be associated with the described stabilizing effects of α-bisabolol, which corroborate its potential impact on the positive modulation of NEP2(m).





4. Discussion


Pockets and cavities found in receptors often correspond to the active sites responsible for biological processes. Therefore, comprehending their physicochemical properties is fundamental [79]. Thus, the predictions of binding hotspots were determined in the catalytic pocket of NEP2(m), a member of the M13 family of peptidases, which is a zinc-dependent type II integral membrane metallopeptidase [87]. For this purpose, small organic molecules were employed as probes. The integration of the results revealed the existence of only one hotspot in NEP2(m), which served as a region that could contribute to the ligand binding free energy (Gibbs free energy). The NEP2(m) is formed by 749 amino acid residues. Its structure consists of three main parts: (I) a short N-terminal cytoplasmic domain, (II) a single transmembrane helix, and (III) a C-terminal extracellular domain. The extracellular domain is bound to a zinc atom at its active site, serving as a cofactor for catalyzing substrates [16]. Among the substrates of NEP2(m) are hydrophobic residues found in peptides (size ≤ 3 kDa), with a preference for sites containing phenylalanine and leucine [88,89]. Additionally, the extracellular domain also features two helical structures that create a cleft housing the catalytic site of the enzyme [32].



Neprilysin is widely spread over human tissues (Figure 9) and is crucial in the processing and breakdown of various peptides, including vasoactive peptides involved in diuresis and natriuresis. The most notable peptides include natriuretic peptides (NPs), angiotensin I (Ang I), adrenomedullin (ADM), bradykinin (BK), neurokinin A, neuropeptide Y, substance P, and endothelin [90,91,92,93,94,95]. Additionally, neprilysin also antagonizes neurological processes, pain, inflammation, mitogenesis, angiogenesis, digestion, and other functions [96,97]. On the other hand, previous studies using α-bisabolol suggest that it has the potential to reduce beta-amyloid plaques, thus providing a possibility of treatment for Alzheimer’s disease [98,99]. These findings emphasize the neuroprotective role of α-bisabolol against Aβ-mediated neurotoxicity, attributed to its inhibition of Aβ fibrillization and a possible interaction with neprilysin.



Furthermore, the in silico prediction of the α-bisabolol ligand, based on Molinspiration virtual screening, indicated a low bioactivity score (−0.38) against multiple proteases, including metalloproteases such as NEP2(m). Bioactivity prediction performed by the Molinspiration virtual screening is based on the sum of the bioactivity scores of all individual fragments of the molecule investigated, typically ranging from −3 to 3. Corroborating with our predictions, a recent study indicated that α-bisabolol is capable of disrupting the proper functional processes of metalloproteases [56]. The weak inhibitory capacity of α-bisabolol on metalloproteases may be closely associated with the size of specific peptide substrates or the presence of poorly competitive or non-competitive ones. Thus, the presence of α-bisabolol in the catalytic site can prevent the adequate accommodation of larger peptide substrates and therefore induce weak inhibition as predicted for this class of proteases. However, the presence of α-bisabolol in the catalytic site of NEP2(m) appears to facilitate the better accommodation of small peptide substrates such as leu-enkephalin.



This was demonstrated by the molecular dynamics analysis of α-bisabolol, leu-enkephalin, and NEP2(m), as illustrated in Figure 6B,D. Our data suggest that α-bisabolol induces greater stability in the segment Val481-Pro488 of NEP2(m), creating a more favorable environment for interaction with the peptide leu-enkephalin. It is worth mentioning that NEP2(m) presents high affinity for hydrophobic peptides (≤3 kDa), especially those containing phenylalanine and leucine [100,101]. Many small molecules, including solvent molecules, substrate molecules, and cofactors, can play crucial roles in enzyme catalysis, influencing the speed and efficiency of specific biochemical reactions, which depend inherently on the dynamic nature of folded structures [102]. Generally, structures can give rise to an ensemble of interconverting conformations (sub-states) driven specifically by thermodynamic fluctuations [103,104,105], as illustrated in Figure 6A,C.



The physicochemical analysis of NEP2(m) based on the Ramachandran plot (omitted data) reveals that 99.8% of amino acid residues (φ/ψ pairs) are placed within the allowed regions, with 96% falling into the favored areas. These results suggest high-quality torsions and angles for each specific amino acid in the model generated for NEP2(m). It was initially proposed that more than 90% of the φ/ψ pairs should be located in the most favored regions of the plots [106]. However, these regions were later redefined, and the recent estimate suggests that over 98% of the angles should be found within them [73,74,75,76]. In this way, all thermodynamic fluctuations observed in the segment Val481-Pro488 of NEP2(m) are likely to occur when devoid of the α-bisabolol ligand. In addition, the induced fit enzymatic model suggests that binding with a specific ligand, such as α-bisabolol, can trigger structural and conformational changes compared to unbound structures. Therefore, the presence of α-bisabolol seems to make the enzymatic reaction of NEP2(m) more specifically about leu-enkephalin. On the other hand, the binding of leu-enkephalin without the presence of α-bisabolol seems to involve the exploration of the conformational space of NEP2(m) and results in a range of reactive possibilities over microsecond to millisecond time scales and longer.



Given the above, this study suggests that α-bisabolol can inhibit Aβ peptide aggregation in the cerebral cortex region of the brain, thus presenting a promising therapeutic strategy against Alzheimer’s disease. Not far from our findings, some studies on α-bisabolol have demonstrated that this compound could have advantageous therapeutic off-target effects [28,56,62,107]. This is in line with its common use in the cosmetic industry, where it is produced for various skin care products, personal hygiene products, and aromatherapy.




5. Conclusions


Here, we present computational evidence supporting the effect of α-bisabolol on the stabilization of leu-enkephalin at the catalytic site of NEP2(m), which can be linked to a positive modulation of the enzyme activity. This effect is achieved through the stabilization of the Val481-Pro488 segment in NEP2(m) by the binding of α-bisabolol, significantly reducing the distance between the catalytic residue Glu525 and the peptide bond Gly3-Phe4 in leu-enkephalin, likely enhancing enzyme processivity. As neprilysin has been shown to act as an Aβ-degrading agent, there have been increasing efforts to develop and discover new promising molecules to improve this capability. However, the findings here underscore the significance of the well-known compound as a promising drug for treating Alzheimer’s disease, validating historical knowledge and providing a new avenue for drug design.
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Figure 1. General scheme of the degradation of β-amyloid (Aβ1–42) plaques by neprilysin (NEP). (A) Somatostatin-mediated signaling (SST) and induction of NEP expression in nerve cells. (B) Cleavage sites recognized by NEP in Aβ1–42 peptides. The amino acid numbers are according to the APP695 isoform, the most highly expressed isoform in neurons—transferrin receptor (TfR). 
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Figure 2. The general structure of leu-enkephalin in (A) and α-bisabolol in (B), along with their respective SMILES. The structures and SMILES were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/, accessed on 18 April 2024) and the software MarvinSketch 6.2.2 (http://www.chemaxon.com, accessed on 18 April 2024), respectively. 
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Figure 3. The general structure of NEP2(m). (A) The predicted structure is presented as a light-purple cartoon covered by a transparent white surface. (B) Catalytic site of NEP2(m). The protein is depicted as light-purple lines and a cartoon, while the leu-enkephalin peptide is shown as pink sticks. The zinc ion is represented as a purple sphere in both panels. 
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Figure 4. Structural comparison of the binding modes of different ligands in the NEP(h) and NEP2(m) catalytic sites. The protein backbone and the zinc ion are represented as a light-purple transparent cartoon and a transparent purple sphere, respectively. (A) The best docking pose for leu-enkephalin is shown as orange sticks, while the omopatrilat crystal structure is presented as light-green sticks. (B) The best docking pose for leu-enkephalin and its final conformation after 20 ns MD without α-bisabolol are represented as orange and cyan sticks, respectively. (C) The best docking pose for leu-enkephalin and its final conformation after 20 ns MD in the presence of α-bisabolol are represented as orange and pink sticks, respectively. (D) The final conformation of leu-enkephalin after 20 ns MD in the absence of α-bisabolol and the crystal structure of sampatrilat are shown as cyan and dark-yellow sticks, respectively. 
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Figure 5. Leu-enkephalin binding analysis regarding NEP2(m). (A) The best docking pose for leu-enkephalin, represented as orange sticks. (B) Final conformation of leu-enkephalin after 20 ns MD in the absence of α-bisabolol, represented as cyan sticks. (C) Final conformation of leu-enkephalin after 20 ns MD in the presence of α-bisabolol, represented as pink sticks. The protein backbone and the zinc ion are represented as a light-purple transparent cartoon and a transparent purple sphere, respectively. NEP2(m) binding residues and molecular interactions are represented by light-purple lines and yellow dashes. For clarity, a few interactions and binding residues are omitted. 
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Figure 6. Molecular dynamics analysis of leu-enkephalin and NEP2(m). (A) Structural oscillation of leu-enkephalin along 20 ns MD without α-bisabolol. (B) Structural oscillation of leu-enkephalin along 20 ns MD in the presence of α-bisabolol. (C) Structural oscillation of segment Val481-Pro488 along 20 ns MD without α-bisabolol. (D) Structural oscillation of segment Val481-Pro488 along 20 ns MD in the presence of α-bisabolol. The highlighted structural oscillations are presented through time by color transition (red—initial conformation, white—conformation around 10 ns, blue—final conformation at 20 ns). The protein backbone is represented as a light-gray transparent cartoon, while leu-enkephalin and α-bisabolol are represented as colored sticks, and segment Val481-Pro488 is represented as a colored cartoon. 
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Figure 7. RMSD variation along molecular dynamics simulations. (A) α-bisabolol RMSD curve (blue). (B) Leu-enkephalin RMSD curves in the absence (orange) and presence (green) of α-bisabolol. (C) Bond distance variation between the atoms OE2 from the catalytic residue Glu525 and N from residue Phe4 (van der Waals) in leu-enkephalin in the absence (green) and presence (blue) of α-bisabolol. (D) Segment Val481-Pro488 RMSD curves in the absence (purple) and presence (wine) of α-bisabolol. 
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Figure 8. α-bisabolol binding site. Leu-enkephalin and α-bisabolol are represented as pink and orange sticks, respectively. The protein backbone and interacting residues from NEP2(m) are shown as a light-purple cartoon and lines, while the zinc ion is represented as a purple transparent sphere, respectively. Molecular interactions are presented as yellow dashes. For clarity, a few interactions and binding residues are omitted. 
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Figure 9. Human tissues and organs in which NEP2(m) mRNA are expressed. The right side of the image shows tissues and organs where the expression of mRNA coding for NEP2(m) occurs in men, while the left side shows tissues and organs where the expression of mRNA coding for NEP2(m) occurs in women. Data were extracted from the electronic source/address https://www.proteinatlas.org/, accessed on 5 April 2024. 
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Table 1. Docking calculations determine residues and bonds involved in leu-enkephalin coordination.
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Neprilysin

	
Leu-Enkephalin

	
Bond Properties




	
Residue

	
Atom

	
Residue

	
Atom

	
Type of Interaction

	
Distance (Å)






	
His237

	
NE2

	
Tyr1

	
OH

	
H-bond

	
3.3




	
His258

	
ND1

	
Tyr1

	
O

	
Van der Waals

	
3.6




	
Ser538

	
O

	
Tyr1

	
OH

	
H-bond

	
3.0




	
Val651

	
CG2

	
Tyr1

	
CD1

	
Hydrophobic

	
3.6




	
Glu525

	
OE1

	
Gly2

	
O

	
H-bond

	
3.2




	
Phe485

	
CD2

	
Gly3

	
CA

	
Hydrophobic

	
3.8




	
Glu587

	
OE2

	
Gly3

	
O

	
H-bond

	
3.5




	
ZN

	
ZN

	
Gly3

	
O

	
Metal coordination

	
2.0




	
Phe50

	
CZ

	
Phe4

	
CE1

	
Hydrophobic

	
3.3




	
Asn483

	
OD1

	
Phe4

	
N

	
H-bond

	
3.3




	
Ala484

	
CB

	
Phe4

	
CB

	
Hydrophobic

	
3.9




	
Phe504

	
CE1

	
Phe4

	
CE1

	
Hydrophobic

	
3.5




	
Val521

	
CG2

	
Phe4

	
CE2

	
Hydrophobic

	
3.7




	
Glu587

	
OE2

	
Phe4

	
N

	
Van der Waals

	
3.6




	
Trp634

	
CZ2

	
Phe4

	
CZ

	
Hydrophobic

	
3.6




	
His652

	
NE2

	
Phe4

	
O

	
H-bond

	
3.2




	
Arg658

	
NH1

	
Phe4

	
O

	
H-bond

	
3.0




	
Phe50

	
CG

	
Leu5

	
CG

	
Hydrophobic

	
3.6




	
Asn483

	
OD1

	
Leu5

	
N

	
H-bond

	
3.0




	
Asn483

	
ND2

	
Leu5

	
OXT

	
Hydrophobic

	
2.9




	
His652

	
ND1

	
Leu5

	
O

	
Van der Waals

	
3.6











 





Table 2. Docking calculations and molecular dynamics determine residues and bonds involved in leu-enkephalin coordination without α-bisabolol.
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Neprilysin

	
Leu-Enkephalin

	
Bond Properties




	
Residue

	
Atom

	
Residue

	
Atom

	
Type of Interaction

	
Distance (Å)






	
Glu587

	
CG

	
Tyr1

	
CE1

	
Hydrophobic

	
3.6




	
Glu587

	
OE2

	
Tyr1

	
OH

	
H-bond

	
2.8




	
His652

	
CB

	
Tyr1

	
CE1

	
Hydrophobic

	
3.8




	
ZN

	
ZN

	
Gly2

	
O

	
Metal coordination

	
2.0




	
ZN

	
ZN

	
Gly3

	
O

	
Metal coordination

	
2.1




	
Ala484

	
CB

	
Phe4

	
CB

	
Hydrophobic

	
3.8




	
Val521

	
CG2

	
Phe4

	
CE1

	
Hydrophobic

	
3.7




	
His524

	
CD2

	
Phe4

	
CD2

	
Hydrophobic

	
3.6




	
Glu587

	
OE2

	
Phe4

	
O

	
H-bond

	
3.4




	
Arg658

	
NH1

	
Phe4

	
O

	
H-bond

	
3.0




	
Phe50

	
CE2

	
Leu5

	
CA

	
Hydrophobic

	
3.6




	
Leu53

	
CD2

	
Leu5

	
CD2

	
Hydrophobic

	
3.8




	
Val482

	
CG1

	
Leu5

	
CD1

	
Hydrophobic

	
3.5




	
Ile499

	
CD

	
Leu5

	
CD1

	
Hydrophobic

	
3.8




	
His652

	
NE2

	
Leu5

	
OT2

	
H-bond

	
2.7











 





Table 3. Docking calculations and molecular dynamics determine residues and bonds involved in α-bisabolol coordination.
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Neprilysin

	
α-Bisabolol

	
Bond Properties




	
Residue

	
Atom

	
Atom

	
Type of Interaction

	
Distance (Å)






	
Trp149

	
CH2

	
C13

	
Hydrophobic

	
4.1




	
Ile476

	
CG2

	
C13

	
Hydrophobic

	
3.7




	
Ile476

	
CB

	
C13

	
Hydrophobic

	
3.9




	
Ile476

	
O

	
H14

	
Van der Waals

	
2.6




	
Ile477

	
CB

	
C12

	
Hydrophobic

	
4.0




	
Asn483

	
ND2

	
H11

	
Van der Waals

	
3.0




	
Phe485

	
Centroid

	
C7

	
π-alkyl

	
4.1




	
Arg490

	
NH2

	
H6

	
Van der Waals

	
3.0




	
Pro496

	
CG

	
C4

	
Hydrophobic

	
4.1











 





Table 4. Residues and bonds involved in leu-enkephalin coordination in the presence of α-bisabolol determined by docking calculations and molecular dynamics.
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Neprilysin

	
Leu-Enkephalin

	
Bond Properties




	
Residue

	
Atom

	
Residue

	
Atom

	
Type of Interaction

	
Distance (Å)






	
His237

	
ND1

	
Tyr1

	
OH

	
H-bond

	
3.0




	
Glu587

	
OE2

	
Tyr1

	
N

	
H-bond

	
2.7




	
Glu587

	
OE2

	
Tyr1

	
O

	
H-bond

	
3.1




	
Phe485

	
CE1

	
Gly2

	
CA

	
Hydrophobic

	
3.9




	
ZN

	
ZN

	
Gly2

	
O

	
Metal coordination

	
2.1




	
ZN

	
ZN

	
Gly3

	
O

	
Metal coordination

	
2.1




	
Asn483

	
OD1

	
Phe4

	
N

	
H-bond

	
2.8




	
Glu525

	
OE2

	
Phe4

	
N

	
Van der Waals

	
4.0




	
His524

	
CE1

	
Phe4

	
CD2

	
Hydrophobic

	
3.9




	
Val521

	
CG2

	
Phe4

	
CZ

	
Hydrophobic

	
3.9




	
Trp634

	
CE2

	
Phe4

	
CZ

	
Hydrophobic

	
4.0




	
Val633

	
CG2

	
Phe4

	
CZ

	
Hydrophobic

	
4.0




	
Phe50

	
CZ

	
Phe4

	
CE1

	
Hydrophobic

	
3.9




	
Arg654

	
NH1

	
Phe4

	
O

	
H-bond

	
2.8




	
Asn483

	
OD1

	
Leu5

	
N

	
H-bond

	
2.9




	
Asn483

	
ND2

	
Leu5

	
OT2

	
Van der Waals

	
4.0




	
His652

	
NE2

	
Leu5

	
OT1

	
H-bond

	
2.7




	
Val482

	
CG1

	
Leu5

	
CD1

	
Hydrophobic

	
3.8




	
Phe50

	
CG

	
Leu5

	
CD2

	
Hydrophobic

	
3.9
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