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Abstract. 
Parkinson’s disease is a common neurodegenerative disorder marked by the accumulation of the protein alpha synuclein. Studies have indicated the role of prolyl oligopeptidase (POP), a serine protease, in alpha synuclein accumulation. Therefore, POP emerges as an attractive medicinal target. Traditionally, most of the early medicines have been plant-based owing to their ready availability and negligible side effects. Alkaloids owing to their neurotransmitter modulatory, anti-amyloid, anti-oxidant, and anti-inflammatory activities have shown potential in neurodegenerative disease. In this work, we computationally evaluated alkaloid class of phytochemicals for their therapeutic efficacy against POP. Alkaloids were retrieved from the publically available database, Chemical Entities of Biological Interest (ChEBI), and screened for their drug likeness (Lipinski’s rule of 5) and absorption, distribution, metabolism, and excretion, and toxicity (ADMET) in Discovery Studio by ensuring parameters suitable for a central nervous system disease such as blood-brain barrier (BBB) level set to ≤2, absorption level set to 0 and solubility level permitted set to 2, 3, or 4. Next, molecular docking was performed to learn about the affinity of the filtered alkaloids with the POP. Subsequently, molecular dynamic simulations were conducted to assess the reliability and stability of the alkaloid-protein complex. Our study identified metergoline, pipercallosine, celacinnine, lobeline, cystodytin G, lycoperine A, hookerianamide J, and martefragin A as putative lead compounds against POP. Among these, metergoline, pipercallosine, hookerianamide J, and lobeline showed the most promising results. These compounds demonstrated better or equivalent molecular docking scores in comparison to three POP inhibitors that had reached clinical trials, i.e., Z-321, S-17092, and JTP-4819. MD simulations indicated that these compounds remained intact at the active site while adhering to the binding mode and interaction patterns as that of the reported inhibitors. The research conducted here, therefore, provides evidence for conducting in vitro POP inhibitory studies of these newly identified plant-based POP inhibitors.

1. Introduction
Parkinson’s disease (PD) is a chronic and progressive neurodegenerative central nervous system (CNS) disorder. Affected individuals experience difficulty in walking, tremors, stiffness in limbs, or impaired balance (https://www.ninds.nih.gov/disorders/patient-caregiver-education/hope-through-research/parkinsons-disease-hope-through-research, last accessed December 20, 2019). Largely an age-related disease, PD can be either sporadic or genetic. It is characterized by the presence of Lewy bodies which are clusters of alpha synuclein and other proteins [1]. In 2008, research done by Brandt et al. indicated that prolyl oligopeptidase (POP) stimulates the aggregation of alpha synuclein [2]. Also, Hannula and colleagues identified that POP generally co-localizes with alpha synuclein and this interaction is stronger in PD brains [3]. Therefore, POP emerges as an attractive pharmacological target.
POP (also known as PREP or prolyl endopeptidase; EC 3.4.21.26) is a large 80 KDa intracellular enzyme belonging to serine protease family. It is capable of cleaving peptides shorter than 30 amino acids after a proline residue [4]. POP is majorly expressed in brain areas populated with neuropeptide receptors [5] and influences CNS-related activities like memory, learning, and mood responses [6, 7].
POP in entirety assumes a cylindrical shape and is comprised of two domains: peptidase or catalytic domain (residues 1–72 and 428–710) containing the alpha/beta hydrolase fold, and a 7-bladed β-propeller domain (residues 73–427) containing seven-fold repeat of four stranded antiparallel β sheets. The catalytic triad consisting of Ser554, His680, and Asp641 is found at the interface of these domains. Several sub-sites form part of active site: the S1 specificity pocket comprises Phe476, Asn555, Val580, Trp595, Tyr599, and Val644 residues thus forming a hydrophobic environment for the ease of accommodating the proline or aromatic rings present in inhibitors, the less specific S2 pocket containing the guanidium ring of Arg643, and the hydrophobic S3 pocket comprising non-polar residues such as Phe173, Met235, Cys255, Ile591, and Ala594. Hydrogen bonds interactions of the residues Trp595 and Arg643 with the POP inhibitors have been shown to be of vital importance [8].
Although several research groups have focused on POP inhibition [9–11], three inhibitors Z-321, S-17092, and JTP-4819 were considered for clinical trials [12]. Crossing of blood brain barrier (BBB) poses a major concern for POP inhibitors [13]. Besides this, safety is a perennial question in drug discovery projects. In this regard, plant-based therapeutics are alluring as they have been used long in history without any adverse side effects. Berbirine and baicalein were identified as natural product inhibitors of POP with IC50 values of 145 ± 19 μM and 12 ± 3 μM [14, 15]. Cyclotide psysol 2 isolated from Psychotria solitudinum was found to inhibit POP [16]. Despite the identification of these natural product POP inhibitors, no advancement has been done and there are currently no clinically approved POP inhibitors in the market. This urges for identification of safe and novel therapeutics effective against POP. There have been reports on activity of various alkaloids in PD and other neurodegenerative diseases [17–19]. Therefore, here we have computationally evaluated alkaloids to screen for the best prospective drug candidate against POP and elucidate their mechanism of action.
2. Materials and Methods
In brief, structures of the alkaloids and target protein (POP) were retrieved. Alkaloids were screened for their drug likeness and ADMET properties, following which molecular docking was performed in order to access their binding to POP. Lastly, molecular dynamics simulations were conducted to evaluate the stability of the prospective drug candidates when bound to POP.
2.1. Structure Retrieval and Preparation of Target Protein
Structure of POP bearing PDB id: 3DDU [20] was downloaded from Protein Data Bank (PDB). Using Discovery studio v18 (DS) [21], the protein structure was cleaned by deleting heteroatoms and water molecules. Hydrogen atoms were added. Missing loops were added based on the sequence obtained from Uniprot identifier P48147 [22].
2.2. Alkaloids Retrieval, Drug Likeness, and ADMET Prediction
The list of alkaloid compounds was downloaded from ChEBI (Chemical Entities of Biological Interest) (https://www.ebi.ac.uk/chebi/init.do) by using the search term “alkaloid.” Retrieved compounds were first subjected to absorption, distribution, metabolism, and excretion, and toxicity (ADMET) studies. For this, DS’s ADMET tool was used with a value of 0 as cutoff for ADMET_ABSORPTION_LEVEL and a value of 2, 3, or 4 as cutoff for ADMET_SOLUBILITY_LEVEL and a cutoff value of 0, 1, or 2 was used for ADMET_BBB_LEVEL. Compounds that passed ADMET were subjected to “Filter by Lipinski and Veber Rules” using the default parameters. After this, the alkaloids were minimized using “full minimization tool” in DS for carrying out the molecular docking studies with the target protein.
2.3. Molecular Docking
To predict the binding affinity of the filtered alkaloids with POP, molecular docking was performed using Genetic Optimisation for Ligand Docking (GOLD) version 5.2.2 [23]. The ligand binding co-ordinates were calculated by inbound co-crystal (GSK552) using “Define and edit binding site” module of DS. GoldScore fitness was used as the default scoring function. GoldScore fitness comprises hydrogen bond and van der Waals energy of protein ligand, ligand internal van der Waals energy, and ligand torsional strain energy. The best docked pose of the alkaloid with the protein was selected based on the following: it should be part of the largest cluster that obeys the co-crystal’s binding mode, should have a better GoldScore fitness value than reference compounds, and should demonstrate interactions with key residues in the active site. In order to validate our docking parameters, GSK552 from PDB structure was docked and root mean square deviation (RMSD) was checked for.
2.4. Molecular Dynamics Simulations
To determine the reliability and consistency of the binding of the prospective drug candidates to the target protein, molecular dynamics (MD) simulations were performed using GROningen MAchine for Chemical Simulations (GROMACS) v5.0.6 package [24] and using CHARMm27 [25] as desired force field. Ligand topology was generated using SwissParam [26]. Dodecahedron system solvated with TIP3P water model was utilized for solvation. Na+ ions were added to neutralize the negative charge of the system. Steepest Descent was used for energy minimization. Equilibration of the system was carried out in two phases: constant number N, volume V, and temperature T (NVT) and constant number N, pressure P, and temperature T (NPT). NVT ensemble was performed at 300 K for 1 ns and NPT ensemble at 1 bar pressure for 1 ns with a Parrinello–Rahman barostat [27]. Once the system was well equilibrated, MD was carried out for 50 ns (metergoline) or 20 ns (other identified alkaloid inhibitors). MD analysis was performed using Visual Molecular Dynamics (VMD) and DS.
3. Results
3.1. Drug Likeness and ADMET
ChEBI search resulted in the retrieval of 565 alkaloid compounds (accessed on 14th August 2019). To ensure a good pharmacokinetic profile of the potential drug candidates, ADMET tests were carried out in DS. By setting 0 as cutoff value for ADMET_ABSORPTION_LEVEL, it was ensured that potential inhibitors had a good intestinal absorption. Filtering of compounds where ADMET_SOLUBILITY_LEVEL was either 2, 3, or 4 ensured that the potential inhibitors were neither too soluble nor insoluble in water. The most important factor in identifying drug for neurological diseases is their ability to penetrate blood brain barrier. Usage of 0, 1, or 2 as cutoff for ADMET_BBB_LEVEL ensured only the compounds that could pass blood brain barrier would be retained. 190 of the initial 565 compounds passed the ADMET test. Drug likeness of these 190 compounds was accessed using “Filter by Lipinski and Veber Rules” with default parameters. Lipinski’s rule states that a drug-like molecule should not have more than 5 hydrogen bond donors and 10 hydrogen bond acceptors, molecular weight should not exceed 500 daltons, and LogP should not be more than 5 [28]. 189 compounds that passed drug-likeness criteria were retained and were subjected to further study.
3.2. Molecular Docking to Access Binding Affinity with POP
In order to determine whether the candidate inhibitors bind to POP, molecular docking was performed by employing Z-321and S-17092 as reference 1 (Ref1) and reference 2 (Ref2), respectively.
RMSD measures the average distance between the atoms of superimposed proteins and is used to measure the quality of reproduction of a known binding pose. Therefore, the lower the RMSD, the lesser the deviation from the known binding pose. The docked pose of co-crystal, i.e., GSK552 with POP resulted in an RMSD of 0.094 nm. The low RMSD ensured the credibility of our docking protocol. Using the affirmed docking parameters of GSK552, 189 candidate inhibitors were docked at the active site of POP. From the largest cluster obeying the binding mode of the co-crystal, best pose was selected based on higher score than that of reference compounds and interaction with key residues. GoldScore fitness for Ref1 and Ref2 was 70.5265 and 68.4808, respectively. Metergoline with a GoldScore fitness of 72.6547 was the only compound to score better than both Ref1 and Ref2. Pipercallosine with a GoldScore fitness of 68.6628 attained a slightly higher docking score than that of Ref2 (68.4808). Additionally, since JTP-4819 was also considered in clinical trials as POP inhibitor, we also docked it against POP. The GoldScore fitness value for JTP-4819 against POP was 60.0431. Apart from metergoline and pipercallosine, six other alkaloids, celacinnine, lobeline, cystodytin G, lycoperine A, hookerianamide J, and martefragin A, fared better than JTP-4819. These collectively will be referred to as hit candidates from now on. The docking scores of all these compounds are tabulated in Supplementary Table 1.
After gaining knowledge on binding affinity via docking scores, we explored the interaction pattern of the hit candidates and reference compounds with POP. Because of its high docking score, we were mainly interested in learning about metergoline’s interaction with POP active site residues. “Show 2d diagram” of DS was utilized to inspect the molecular interactions with POP. Ref1, Ref2, and metergoline all interacted with the active site residues. Ref1 formed hydrogen bond with Trp595 and Arg643 and Ref2 formed hydrogen bond with Trp595, Tyr599, and Arg643. Metergoline like Ref1 and Ref2 was involved in hydrogen bond formation with Arg643 and Trp595, thus maintaining the necessary hydrogen bond interactions. These hydrogen bond interactions are depicted in Figures 1(a)–1(c). Ref1 and Ref2 demonstrated non-covalent π interactions with Phe173, Met235, Cys255, Phe476, Val580, Ala594, Trp595, and Val644 with Ref1 showing an additional interaction with Ile591. Metergoline formed π interactions with Phe173, Met235, Arg252, Cys255, Phe476, Val580, Ile591, Ala594, and Trp595. van der Waals interactions were formed by both Ref1 and Ref2 with Arg252, Gly254, Tyr473, Ile478, Asn555, and His680 residues of POP. Ref1 and Ref2 developed an additional van der Waals interaction with Tyr599 and Ile591, respectively. Both Ref1 and Ref2 displayed a carbon-hydrogen bond with Ser554. Additionally, Ref2 formed a carbon-hydrogen bond with Arg643 also. Metergoline established van der Waals bonds with Ser174, Cys175, Asn188, Gln208, Gly236, Gly237, Ser250, Gly254, Tyr473, Ser554, Asn555, Tyr599, Val644, and His680 residues. Metergoline also formed a carbon-hydrogen bond with Met235. All these interactions are presented in Figures 1(d)–1(f).
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Figure 1: Molecular docking based intermolecular interactions. Upper panel (a–c) demonstrates hydrogen bond interactions of POP residues (blue) with (a) Ref1, (b) Ref2, and (c) metergoline. Lower panel (d–f) is the 2D representation of all the molecular interactions between POP and (d) Ref1, (e) Ref2, and (f) metergoline. Green dashed lines in upper and lower panel represent hydrogen bond. All the other dashed lines represent various types of π bonds. Light green colored spheres indicate the residues participating in van der Waals interactions.


We also performed interaction analysis of JTP-4819 and other hit compounds (pipercallosine, celacinnine, lobeline, cystodytin G, lycoperine A, hookerianamide J, and martefragin A) with POP. JTP-4819 demonstrated four hydrogen bonds: one each with Arg128 and Cys255 and two with Arg643. π interactions were seen between Phe173, Phe476, Ile591, Ala594, Trp595, and JTP-4819. With the other active site residues such as Met235, Asn555, Val580, Tyr599, and Val644, JTP-4819 established van der Waals interactions. Pipercallosine established one hydrogen bond with Arg643. Cystodytin G demonstrated a total of three hydrogen bonds, two with Cys255 and one with Tyr473. Lobeline, lycoperine A, and hookerianamide J established two hydrogen bonds. Lobeline and hookerianamide J established hydrogen bonds, one each with Cys255 and Arg643, whereas lycoperine A established hydrogen bonds, one each with Cys255 and Tyr473. Interestingly, martefragin A demonstrated 5 hydrogen bonds: a bifurcated hydrogen bond with Ser554 and His680 and one each with Cys255, Tyr473, and Arg643. However, celacinnine did not display any hydrogen bonds. All the hit compounds interacted with all the active site residues except for cystodytin G which did not demonstrate any interaction with the active site residue Ala594. It however displayed interactions with all the other active site residues. These interactions are demonstrated in Supplementary Figure 1.
3.3. Molecular Dynamic Simulations for Binding Stability
We performed a 50 ns MD simulation using GROMACS in order to access the binding stability of POP when bound to Ref1, Ref2, and metergoline. RMSD for backbone atoms and potential energy calculations were executed to determine the stability of protein-ligand complex. As illustrated in Figure 2(a), very low average backbone RMSDs of 0.12 nm, 0.13 nm, and 0.13 nm for Ref1, Ref2, and metergoline, respectively, indicated that the protein-ligand complexes were stable. Also, the potential energy profile for all the three systems remained largely unvaried throughout the simulation as depicted in Figure 2(b).
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Figure 2: Stability analysis from MD insights. (a) RMSD profiles for POP with Ref1, Ref2, and metergoline; (b) potential energy profiles for POP with Ref1, Ref2, and metergoline.


As the RMSD and potential energy profiles were reflecting stability of protein-ligand complexes, reference structures for all the three systems from last 5 ns were extracted and superimposed to check if the binding mode was retained. This analysis, as depicted in Figure 3, revealed that metergoline was retained at the active site while holding onto the binding mode of the reference molecules.


	
		
	
	
	
		
		
		
		
	
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	

Figure 3: Binding mode analysis of POP with Ref1, Ref2, and metergoline. (a) Superimposed image of representative structures; (b) enlarged view. Protein is shown in grey wire model and compounds are depicted in stick models.


Further, hydrogen bond interactions sustained for Ref1 and Ref2 with Trp595 and Arg643. In case of metergoline, hydrogen bond with Trp595 was persistent and a new π interaction was established with Arg643. Additionally, metergoline also formed a carbon-hydrogen bond with Phe173. Ref1 and Ref2 interacted with all the active site residues. Apart from the interactions with Asn555, Val580, and Tyr599, interactions with all the other active site residues were maintained in case of metergoline. However, metergoline additionally formed van der Waals interactions with other residues. Figure 4 displays all these interactions.


	
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
	

(a)


	
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
	

(b)


	
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	

(c)


	
		
	
	
		
		
		
		
	

(d)


	
		
	
	
		
		
		
		
	

(e)


	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	

(f)
Figure 4: Post-MD intermolecular interactions. Upper panel (a–c) demonstrates hydrogen bond interactions of POP residues (blue) with (a) Ref1, (b) Ref2, and (c) metergoline. Lower panel (d–f) is the 2D representation of all the molecular interactions between POP and (d) Ref1, (e) Ref2, and (f) metergoline. Green dashed lines in upper and lower panel represent hydrogen bonds. All the other dashed lines represent various types of π bonds. Light green colored spheres indicate the residues participating in van der Waals interactions.


For JTP-4819 and other hit compounds, we performed 20 ns MD simulation with POP. The average RMSD for pipercallosine, lobeline, martefragin A, lycoperine A, cystodytin G, and celacinnine was observed to be 0.11 nm and for JTP-4819 and hookerianamide J, the average RMSD value was 0.12 nm. The RMSD profiles of all these systems were below the accepted value of 0.15 nm thus indicating stability when bound to POP. Potential energy profiles of these compounds with POP also strengthened and supported the stability observation. The RMSD and potential energy profiles are depicted in Supplementary Figure 2. Owing to the stability conferred by the protein-ligands complexes, the representative structure was picked from the last 5 ns. These representative structures were aligned and superimposed. All the hit molecules remained at the active site. Although martefragin A, lycoperine A, and cystodytin G largely remained at the active site, compared to other molecules, a slight drift was observed. The aligned and superimposed representative structures of JTP-4819 along with other hit compounds are shown in Supplementary Figure 3. Upon checking for the hydrogen bond interactions after MD simulations, it was learnt that JTP-4819 lost hydrogen bond interactions with Arg128 and Arg643. However, hydrogen bond interaction with Cys255 persisted. Interestingly, pipercallosine which had demonstrated only one hydrogen bond interaction with Arg643 prior to MD formed an additional hydrogen bond with Trp595. Hookerianamide J retained its hydrogen bond with Arg643. Although its interaction with Cys255 was lost, hookerianamide J formed a new hydrogen bond interaction with Trp595. Lobeline maintained its hydrogen bond interaction with Arg643. Surprisingly, all the hydrogen bond interactions observed in the docked pose of martefragin A were lost after MD and a new hydrogen bond was formed with Gly254. Cystodytin G and lycoperine A did not demonstrate any hydrogen bond. Similar to the interactions before MD, celacinnine failed to show any hydrogen bond interaction. These hydrogen bonds along with the other π and van der Waals interactions formed by the hit compounds with POP are detailed in Supplementary Figure 4.
4. Discussion
Due to POP’s ability to alter several aspects and function of CNS such as learning, memory, mood, and hypertension [29] and its involvement in alpha synuclein accumulation, POP surfaces out as an appealing target for PD. Although the initial clinical trials results were promising for Z-321, S 17092, and JTP-4819, these were discontinued [12]. JTP-4819 had demonstrated poor BBB permeability [30]. Moreover, safety-related concerns always exist in drug discovery processes. Plants harbor a major reserve of pharmaceutically active compounds and accordingly, interest in natural products based drugs discovery is on the rise. Owing to the therapeutic ability of alkaloids in PD mentioned in the introduction, our work was aimed at exploiting them against POP, computationally. The results demonstrate the POP inhibitory ability of certain alkaloids with metergoline, pipercallosine, hookerianamide J, and lobeline emerging out as notable potential POP inhibitors.
Metergoline is an ergoline alkaloid obtained from taxa such as fungi and some higher plants [31]. There are studies reporting the various therapeutic roles of metergoline: for anti-microbial activity [32, 33] and as antidepressant in seasonal affective disorders [34]. Of interest in relation to Parkinson’s disease where the dopamine receptor level is seen to be imbalanced [35], metergoline has been shown to have high affinity for D1 and D4 dopamine receptors [36]. In addition to this, it has been shown that voltage-gated sodium channels have a role in cognitive impairments of PD in rats [37] and Lee and colleagues have recently identified the role of metergoline in inhibiting neural Na+ channels [38]. Pipercallosine is an alkaloid enamide isolated from various Piper species [39–41]. It is an active apoptosis inducer [41]. Hookerianamide J is a steroid alkaloid obtained from Sarcococca hookeriana. It is shown to possess antileishmanial and antibacterial activity and is an effective cholinesterase inhibitor [42]. Lobeline is an optically active piperidine alkaloid obtained from plants particularly in Genus lobelia. It binds to and activates a nicotinic acetylcholine receptor and has been shown to be useful in protection of dopaminergic neurons and in reducing the symptoms of parkinsons disease [17, 43].
Upon performing molecular docking of POP with prospective compounds, the GoldScore fitness of Z-321, S-17092, and JTP-4819 was 70.5265, 68.4808, and 60.0431, respectively. Metergoline with a GoldScore fitness of 72.6547 surpassed all the above mentioned inhibitors, while pipercallosine showed a slightly higher GoldScore fitness value of 68.6628 as compared to S-17092. Celacinnine, lobeline, cystodytin G, lycoperine A, hookerianamide J, and martefragin A showed higher GoldScore fitness as compared to JTP-4819 (Supplementary Table 1). Additionally, we also docked berberine against POP which resulted in Goldscore fitness value of 49.319. It was observed that berberine formed interactions with fewer active site residues (Cys255, Phe476, Asn555, Val580, Trp595, Arg643, and Val644) as compared to our hit molecules (data not shown). All our identified alkaloid hits have achieved much higher score than berberine and because berberine has already been tested in vitro for POP inhibitory activity, we believe our compounds will have a greater edge over demonstrating in vitro POP inhibition.
Phe476, Asn555, Val580, Trp595, Tyr599, and Val644 form the S1 Subsite of active site, Arg643 forms the S2 subsite and S3 subsite is formed by Phe173, Met235, Cys255, Ile591, and Ala594. The best docked poses of all our hits molecules demonstrated interactions with all these residues, except only for cystodytin G which apart from Ala594 interacted with all the residues. Interaction monitoring after MD analysis of these hit compounds with POP revealed that metergoline, pipercallosine, hookerianamide J, and lobeline demonstrated crucial hydrogen bond interaction with either Trp595 or Arg643 or with both. Pipercallosine and hookerianamide J both showed both Trp595 and Arg643 hydrogen bond interactions. Metergoline and lobeline demonstrated hydrogen bond interaction with Trp595 and Arg643, respectively. All these compounds were retained at the active site as was observed from the aligned and superimposed MD poses (Figure 3 and Supplementary Figure 3). Because metergoline has demonstrated the best molecular docking scores and docked pose had indicated hydrogen bond interactions with Arg643, which was lost after MD, we looked for reasons behind this loss. It was learnt that this hydrogen bond was formed by HH11 (hydrogen) of Arg643 from POP with O25 (oxygen) of metergoline. We compared the metergoline-POP complex profiles at 0, 25, and 49 ns as depicted in Figure 5. Firstly, it was learnt that Arg643 was part of a loop; therefore, it had freedom to move. Secondly, it was observed that the benzene ring in metergoline had moved during the course of simulation. Owing to these reasons, the distance between HH11 of Arg643 and O25 of metergoline had moved from an initial distance of 3.005 Å at 0 ns to 3.188 Å at 25 ns and to 3.450 Å by the end of simulation, thus resulting in loss of the hydrogen bond. However, interaction with Arg643 was pursued in the form of π -cation interaction.


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
			
			
			
			
			
			
			
			
		
		
		
			
			
			
			
			
			
			
			
			
		
		
		
			
			
			
			
			
			
			
			
			
		
	
	
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
		
	

Figure 5: Left image displays superimposed metergoline-POP complex at 0, 25, and 49 ns. Right panel displays the enlarged view of Arg643 and metergoline while highlighting the distance between HH11 of Arg643 with O25 of metergoline at (a) 0 ns, (b) 25 ns, and (c) 49 ns.


GSK552 docking with POP resulted in a GoldScore fitness value of 73.88. Additionally, interaction analysis of docked pose of GSK552 also demonstrated hydrogen bonds with Trp595 and Arg643. We also performed a 20 ns MD for GSK552 in complex with POP. The average RMSD was observed to be 0.09 nm (Supplementary Figure 2). Trp595 and Arg643 hydrogen bonds were preserved and interactions with all the other active site residues were also observed. The 2D representation of the docked pose and MD representative structure of GSK552 are indicated in Supplementary Figures 1 and 4, respectively.
It has been reported that, for a drug to efficiently cross BBB, its molecular weight should be in the range of 314–420 Da, it should be highly lipophilic, i.e., logP should be in the range of 0.66–6, PSA less than 60–70 Å2, H-bond donors should be <2, H-bond acceptors should be less than <6, and total number of nitrogen + oxygen atoms should be less than 6 [30, 44].
Literature survey indicated that while Ref1, Ref2 [30], and berberine [45] were capable of crossing BBB, JTP-4819 demonstrated poor BBB permeability [30]. Table 1 compares the properties of Ref1, Ref2, and JTP4819 with metergoline, pipercallosine, hookerianamide J, and lobeline. While Ref1 and Ref2 satisfied the conditions of crossing BBB, with a logP of 0.527, PSA of 89.94, and total number of N + O atoms exceeding 6, JTP-4819 did not satisfy the conditions of BBB permeability, probably which is why it was not able to cross the BBB in clinical trials. Metergoline, pipercallosine, and lobeline satisfied all these conditions of crossing BBB. While hookerianamide J satisfied all the other conditions, its molecular weight is slightly higher (442.677 Da) than the accepted range of efficient BBB crossers, i.e., 314–420 Da. These results further strengthen our proposal for testing them as prospective CNS drugs. Properties pertaining to effective BBB crossing for GSK552, berberine, and other compounds are given in Supplementary Table 2.
Table 1: Comparison of BBB permeability properties.
	

	Properties	Ref1	Ref2	JTP-4819	Metergoline	Pipercallosine	Hookerianamide J	Lobeline
	

	Molecular weight (Da)	344.5	384.5	359.185	403.517	329.433	442.677	337.455
	logP	2.378	3.203	0.527	4.249	4.758	4.935	3.933
	Polar surface area (Å2)	65.92	65.92	89.94	46.5	47.56	52.57	40.54
	Hydrogen bond donor	0	0	2	1	1	2	1
	Hydrogen bond acceptor	3	3	4	3	3	3	3
	N + O atoms	4	4	7	5	4	4	3
	



Although this research was started keeping Parkinson’s disease in mind, literature survey during the process highlighted the role of POP inhibitors not just in PD but in various other disorders such as schizophrenia [30], autism [46], Huntington disease [47], hepatocyte steatosis [48], and acute myeloid leukemia [49]. The role of POP in Alzheimer’s disease is contradictory, where certain studies have reported increased POP activity in AD [50] and others have reported decreased POP activity [51, 52]. Based on this, we speculate that the identified hit compounds might be potential pharmaceutical candidates in host of other diseases as well.
5. Conclusion
Safety of potential drug candidates is of utmost importance in development of new drugs. Due to their abundance and relative low toxicity, research in identifying plant-based drugs has seen an uptrend. Additionally, crossing of BBB is a major roadblock but an absolute necessary requirement for development of CNS drugs. Using in silico approaches, this work unravels the likely ability of alkaloids in inhibiting prolyl oligopeptidase, which has been indicated as therapeutic target in many diseases. By comparing POP inhibitors that had reached clinical trials, our work displayed better affinity of metergoline, pipercallosine, hookerianamide J, and lobeline for POP. Finally, MD simulations confirmed their stability in complex with POP. Therefore, the research conducted here provides promising results for further investigation of metergoline, pipercallosine, hookerianamide J, and lobeline as effective POP inhibitors.
Data Availability
The datasets generated or analyzed in the current study are available from the corresponding author upon request.
Conflicts of Interest
The authors declare no conflicts of interest.
Acknowledgments
This research was supported by the Bio & Medical Technology Development Program of the National Research Foundation (NRF) and funded by the Korean Government (MSIT) (no. NRF-2018M3A9A7057263). The authors would like to thank Dr. Rabia Mukhtar Rana and Ms. Shraddha Parate for the insightful discussions during the course of this research.
Supplementary Materials
Supplementary Table 1: docking scores of hit compounds and reference inhibitors. Supplementary Figure 1: molecular docking-based intermolecular interactions of JTP-4819, GSK552, and other hit compounds. Supplementary Figure 2: RMSD and potential energy profiles of JTP-4819, GSK552, and other hit compounds. Supplementary Figure 3: binding mode analysis of POP with JTP-4819, GSK552, and other hit compounds. Supplementary Figure 4: post-MD intermolecular interactions of JTP-4819, GSK552, and other hit compounds. Supplementary Table 2: BBB permeability properties of celacinnine, cystodytin G, lycoperine A, martefragin A, berberine, and GSK552. Supplementary Figure 5: chemical structures of the proposed inhibitors. (Supplementary Materials)
References
	K. Wakabayashi, K. Tanji, F. Mori, and H. Takahashi, “The Lewy body in Parkinson’s disease: molecules implicated in the formation and degradation of α-synuclein aggregates,” Neuropathology, vol. 27, no. 5, p. 494, 2007.
	I. Brandt, M. Gérard, K. Sergeant et al., “Prolyl oligopeptidase stimulates the aggregation of α-synuclein,” Peptides, vol. 29, no. 9, p. 1472, 2008.
	M. J. Hannula, T. T. Myöhänen, J. Tenorio-laranga, P. T. Männistö, and J. A. Garcia-horsman, “Corrigendum to “prolyl oligopeptidase colocalizes with α-synuclein, β-amyloid, tau protein and astroglia in the post-mortem brain samples with Parkinson’s and Alzheimer’s diseases” [neuroscience 242 (2013) 140–150],” Neuroscience, vol. 248, p. 344, 2013.
	Z. Szeltner and L. Polgár, “Structure, function and biological relevance of prolyl oligopeptidase,” Current Protein & Peptide Science, vol. 9, no. 1, pp. 96–107, 2008.
	G. Bellemère, H. Vaudry, L. Mounien, I. Boutelet, and S. Jégou, “Localization of the mRNA encoding prolyl endopeptidase in the rat brain and pituitary,” Journal of Comparative Neurology, vol. 471, no. 2, p. 128, 2004.
	J. P. Huston and R. U. Hasenöhrl, “The role of neuropeptides in learning: focus on the neurokinin substance P,” Behavioural Brain Research, vol. 66, no. 1-2, pp. 117–127, 1995.
	D. F. Cunningham and B. O’Connor, “Proline specific peptidases,” Biochimica et Biophysica Acta, vol. 1343, no. 2, pp. 160–186, 1997.
	R. Kumar, R. Bavi, M. G. Jo et al., “New compounds identified through in silico approaches reduce the α-synuclein expression by inhibiting prolyl oligopeptidase in vitro,” Scientific Reports, vol. 7, no. 1, 2017.
	R. Svarcbahs, U. H. Julku, and T. T. Myöhänen, “Inhibition of prolyl oligopeptidase restores spontaneous motor behavior in the α-synuclein virus vector-based Parkinson’s disease mouse model by decreasing α-synuclein oligomeric species in mouse brain,” The Journal of Neuroscience, vol. 36, no. 49, p. 12485, 2016.
	R. Svarcbahs, U. H. Julku, S. Norrbacka, and T. T. Myöhänen, “Removal of prolyl oligopeptidase reduces alpha-synuclein toxicity in cells and in vivo,” Scientific Reports, vol. 8, no. 1, 2018.
	T. Myöhänen, M. Hannula, R. Van Elzen et al., “A prolyl oligopeptidase inhibitor, KYP-2047, reduces α-synuclein protein levels and aggregates in cellular and animal models of Parkinson’s disease,” British Journal of Pharmacology, vol. 166, no. 3, p. 1097, 2012.
	R. Svarcbahs, U. Julku, T. Kilpeläinen, M. Kyyrö, M. Jäntti, and T. T. Myöhänen, “New tricks of prolyl oligopeptidase inhibitors—a common drug therapy for several neurodegenerative diseases,” Biochemical Pharmacology, vol. 161, p. 113, 2019.
	S. Guardiola, R. Prades, L. Mendieta et al., “Targeted covalent inhibition of prolyl oligopeptidase (POP): discovery of sulfonylfluoride peptidomimetics,” Cell Chemical Biology, vol. 25, no. 8, pp. 1031–1037, 2018.
	T. Tarrago, N. Kichik, J. Seguí, and E. Giralt, “The natural product berberine is a human prolyl oligopeptidase inhibitor,” ChemMedChem, vol. 2, no. 3, p. 354, 2007.
	T. Tarragó, N. Kichik, B. Claasen, R. Prades, M. Teixidó, and E. Giralt, “Baicalin, a prodrug able to reach the CNS, is a prolyl oligopeptidase inhibitor,” Bioorganic & Medicinal Chemistry, vol. 16, no. 15, p. 7516, 2008.
	R. Hellinger, J. Koehbach, A. Puigpinós et al., “Inhibition of human prolyl oligopeptidase activity by the cyclotide psysol 2 isolated from psychotria solitudinum,” Journal of Natural Products, vol. 78, no. 5, p. 1073, 2015.
	G. Hussain, A. Rasul, H. Anwar et al., “Role of plant derived alkaloids and their mechanism in neurodegenerative disorders,” International Journal of Biological Sciences, vol. 14, no. 3, p. 341, 2018.
	S. Girdhar, A. Girdhar, S. K. Verma, V. Lather, and D. Pandita, “Plant derived alkaloids in major neurodegenerative diseases: from animal models to clinical trials,” Journal of Ayurvedic and Herbal Medicine, vol. 1, no. 3, pp. 91–100, 2015.
	Y. Bi, P.-C. Qu, Q.-S. Wang et al., “Neuroprotective effects of alkaloids from Piper longum in a MPTP-induced mouse model of Parkinson’s disease,” Pharmaceutical Biology, vol. 53, no. 10, p. 1516, 2015.
	C. D. Haffner, C. J. Diaz, A. B. Miller et al., “Pyrrolidinyl pyridone and pyrazinone analogues as potent inhibitors of prolyl oligopeptidase (POP),” Bioorganic & Medicinal Chemistry Letters, vol. 18, no. 15, p. 4360, 2008.
	 BIOVIA, Discovery Studio Modeling Environment, Dassault Systèmes, San Diego, CA, USA, 2016.
	 The UniProt Consortium, “UniProt: a worldwide hub of protein knowledge the UniProt consortium,” Nucleic Acids Research, vol. 47, pp. 506–515, 2019.
	M. L. Verdonk, J. C. Cole, M. J. Hartshorn, C. W. Murray, and R. D. Taylor, “Improved protein-ligand docking using GOLD,” Proteins: Structure, Function, and Bioinformatics, vol. 52, no. 4, p. 609, 2003.
	M. J. Abraham, T. Murtola, R. Schulz et al., “Gromacs: high performance molecular simulations through multi-level parallelism from laptops to supercomputers,” SoftwareX, vol. 1-2, p. 19, 2015.
	X. Zhu, P. E. M. Lopes, and A. D. Mackerell, “Recent developments and applications of the CHARMM force fields,” WIREs Computational Molecular Science, vol. 2, no. 1, p. 167, 2012.
	V. Zoete, M. A. Cuendet, A. Grosdidier, and O. Michielin, “SwissParam: a fast force field generation tool for small organic molecules,” Journal of Computational Chemistry, vol. 32, no. 11, p. 2359, 2011.
	M. Parrinello and A. Rahman, “Polymorphic transitions in single crystals: a new molecular dynamics method,” Journal of Applied Physics, vol. 52, no. 12, p. 7182, 1981.
	I. Franc, A. Lipinski, and P. J. Feeney, “Lipinski rule,” Advanced Drug Delivery Reviews, vol. 23, no. 1-3, 1997.
	J. Lawandi, S. Gerber-Lemaire, L. Juillerat-Jeanneret, and N. Moitessier, “Inhibitors of prolyl oligopeptidases for the therapy of human diseases: defining diseases and inhibitors,” Journal of Medicinal Chemistry, vol. 53, no. 9, p. 3423, 2010.
	A. López, L. Mendieta, R. Prades, S. Royo, T. Tarragó, and E. Giralt, “Peptide POP inhibitors for the treatment of the cognitive symptoms of schizophrenia,” Future Medicinal Chemistry, vol. 5, no. 13, p. 1509, 2013.
	A. Markert, N. Steffan, K. Ploss et al., “Biosynthesis and accumulation of ergoline alkaloids in a mutualistic association between Ipomoea asarifolia (Convolvulaceae) and a clavicipitalean fungus,” Plant Physiology, vol. 147, no. 1, 2008.
	K. Kang, K.-S. Wong, C. Jayampath Seneviratne, L. P. Samaranayake, W.-P. Fong, and P. W.-K. Tsang, “In vitro synergistic effects of metergoline and antifungal agents against Candida krusei,” Mycoses, vol. 53, no. 6, p. 495, 2010.
	M. J. Ellis, C. N. Tsai, J. W. Johnson et al., “A macrophage-based screen identifies antibacterial compounds selective for intracellular Salmonella typhimurium,” Nature Communications, vol. 10, no. 1, 2019.
	E. H. Turner, P. J. Schwartz, C. H. Lowe et al., “Double-blind, placebo-controlled study of single-dose metergoline in depressed patients with seasonal affective disorder,” Journal of Clinical Psychopharmacology, vol. 22, no. 2, p. 216, 2002.
	M. J. Hurley and P. Jenner, “What has been learnt from study of dopamine receptors in Parkinson’s disease?” Pharmacology & Therapeutics, vol. 111, no. 3, p. 715, 2006.
	J. M. Hooker, S. W. Kim, A. T. Reibel, D. Alexoff, Y. Xu, and C. Shea, “Evaluation of [11C]metergoline as a PET radiotracer for 5HTR in nonhuman primates,” Bioorganic & Medicinal Chemistry, vol. 18, no. 22, p. 7739, 2010.
	Z. Wang, Y. Lin, W. Liu et al., “Voltage-gated sodium channels are involved in cognitive impairments in Parkinson’s disease-like rats,” Neuroscience, vol. 418, p. 231, 2019.
	J.-h. Lee, J. Liu, M. Shin, M. Hong, S.-y. Nah, and H. Bae, “Metergoline inhibits the neuronal Nav1.2 voltage-dependent Na+ channels expressed in Xenopus oocytes,” Acta Pharmacologica Sinica, vol. 35, no. 7, p. 862, 2014.
	G.-H. Tang, D.-M. Chen, B.-Y. Qiu et al., “Cytotoxic amide alkaloids from Piper boehmeriaefolium,” Journal of Natural Products, vol. 74, no. 1, p. 45, 2011.
	N. Choudhary and V. Singh, “A census of P. longum’s phytochemicals and their network pharmacological evaluation for identifying novel drug-like molecules against various diseases, with a special focus on neurological disorders,” PLoS One, vol. 13, no. 1, Article ID e0191006, 2018.
	L. Pan, S. Matthew, D. D. Lantvit et al., “Bioassay-guided isolation of constituents of Piper sarmentosum using a mitochondrial transmembrane potential assay,” Journal of Natural Products, vol. 74, no. 10, p. 2193, 2011.
	K. P. Devkota, B. N. Lenta, J. D. Wansi et al., “Bioactive 5α-pregnane-type steroidal alkaloids from Sarcococca hookeriana,” Journal of Natural Products, vol. 71, no. 8, p. 1481, 2008.
	C.-Y. Li, L.-M. Zhao, X.-W. Shi, and J.-D. Zhang, “Lobeline shows protective effects against MPTP-induced dopaminergic neuron death and attenuates behavior deficits in animals,” Experimental and Therapeutic Medicine, vol. 7, no. 2, p. 375, 2014.
	E. H. Kerns and L. Di, Drug-like Properties: Concepts, Structure Design and Methods, Academic Press, Cambridge, MA, USA, 2008.
	W. Jiang, S. Li, and X. Li, “Therapeutic potential of berberine against neurodegenerative diseases,” Science China Life Sciences, vol. 58, no. 6, pp. 564–569, 2015.
	N. Momeni, B. M. Nordström, V. Horstmann, H. Avarseji, and B. V. Sivberg, “Alterations of prolyl endopeptidase activity in the plasma of children with autistic spectrum disorders,” BMC Psychiatry, vol. 5, no. 1, 2005.
	D. Mantle, G. Falkous, S. Ishiura, P. J. Blanchard, and E. K. Perry, “Comparison of proline endopeptidase activity in brain tissue from normal cases and cases with Alzheimer’s disease, Lewy body dementia, Parkinson’s disease and Huntington’s disease,” Clinica Chimica Acta, vol. 249, no. 1-2, pp. 129–139, 1996.
	D. Zhou, B.-H. Li, J. Wang et al., “Prolyl oligopeptidase inhibition attenuates steatosis in the L02 human liver cell line,” PLoS One, vol. 11, no. 10, Article ID e0165224, 2016.
	H. Cao, X. Zhao, S. Lu, and Z. Wang, “Prolyl oligopeptidase inhibitor suppresses the upregulation of ACSDKP in patients with acute myeloid leukemia,” Experimental and Therapeutic Medicine, vol. 15, pp. 5431–5435, 2018.
	T. Aoyagi, T. Wada, M. Nagai et al., “Increased γ-aminobutyrate aminotransferase activity in brain of patients with Alzheimer’s disease,” Chemical & Pharmaceutical Bulletin, vol. 38, no. 6, p. 1748, 1990.
	A. M. Gibson, J. A. Edwardson, and J. R. McDermott, “Post mortem levels of some brain peptidases in Alzheimer’s disease: reduction in proline endopeptidase activity in cerebral cortex,” Neuroscience Research Communications, vol. 9, pp. 73–81, 1991.
	D. Terwel, J. Bothmer, E. Wolf, F. Meng, and J. Jolles, “Affected enzyme activities in Alzheimer’s disease are sensitive to antemortem hypoxia,” Journal of the Neurological Sciences, vol. 161, no. 1, pp. 47–56, 1998.


EPUB/Navigation/nav.xhtml


		

			

		  1. Introduction

		  2. Materials and Methods

		  3. Results

		  4. Discussion

		  5. Conclusion

		  References 





EPUB/Content/page-template.xpgt
 

   


     
	 
    

     
	 
    


     
	 
    


     
         
             
             
             
        
    

  




