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Abstract

:

Coronary artery disease (CAD) is the most common cause of heart attack and the leading cause of mortality in the world. It is associated with mitochondrial dysfunction and increased level of reactive oxygen species production. According to the Ottawa Heart Genomics Study genome-wide association study, a recent research identified that Q688 spastic paraplegia 7 (SPG7) variant is associated with CAD as it bypasses the regulation of tyrosine phosphorylation of AFG3L2 and enhances the processing and maturation of SPG7 protein. This study aims to identify potential compounds isolated from Traditional Chinese Medicines (TCMs) as potential lead compounds for paraplegin (SPG7) inhibitors. For the crystallographic structure of paraplegin, the disordered disposition of key amino acids in the binding site was predicted using the PONDR-Fit protocol before virtual screening. The TCM compounds saussureamine C and 3-(2-carboxyphenyl)-4(3H)-quinazolinone, have potential binding affinities with stable H-bonds and hydrophobic contacts with key residues of paraplegin. A molecular dynamics simulation was performed to validate the stability of the interactions between each candidate and paraplegin under dynamic conditions. Hence, we propose these compounds as potential candidates as lead drug from the compounds isolated from TCM for further study in drug development process with paraplegin protein for coronary artery disease.
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1. Introduction


Coronary artery disease (CAD), which can also be called coronary atherosclerotic heart disease or ischemic heart disease, is not only the most common cause of heart attack, but also one of the leading causes of mortality in the world [1,2,3,4]. When the inner layer of a coronary artery is damaged, plaques will build up at the site to repair the damage. The formation of multiple atheromatous plaques cause an artery wall thickens in a process called atherosclerosis [5]. The narrow arteries will then restrict blood flow to the heart, increasing the risk of heart attack. Many studies indicate that mitochondrial dysfunction and increased reactive oxygen species production levels are also associated with CAD [6,7,8,9,10,11]. Recently, many studies aim to identify the pathogenesis of diseases in order to determine the potential target proteins for drug design [12,13,14]. According to the Ottawa Heart Genomics Study (OHGS) genome-wide association study (GWAS), recent researches identified that Q688 spastic paraplegia 7 (SPG7) variant is associated with CAD and migraine. Q688 SPG7 variant bypass the regulation of tyrosine phosphorylation of AFG3L2 and enhance the processing and maturation of SPG7 protein and ATP production [15,16].



Human paraplegin (SPG7), which is a member of the ATPases associated with diverse cellular activities (AAA) protein family, is a nuclear-encoded mitochondrial metalloprotease protein [17,18]. It consists of a FtsH extracellular domain, AAA-domain, and metallopeptidase M41 domain [19,20].



In recent studies, compounds from Traditional Chinese Medicine (TCM) have been identified as potential lead candidates for the treatment of cancers, inflammation, and some other common diseases [21,22,23,24]. In the absence of specific evidence about the TCM targets and binding mode, a computational approach involving virtual screening and molecular dynamics (MD) simulations could pave the way for new insights into TCMs as promising therapeutic agents, as successfully described in literature about other case studies [25,26]. To develop a systematic investigation of TCMs, we employed the TCM compounds from the TCM Database@Taiwan [27] to identify potential lead compounds as paraplegin (SPG7) inhibitors. To discuss the structurally disordered disposition in the protein which may induce side-effects and reduce the binding affinity between ligand and target protein [28], we executed the PONDR-Fit protocol to predict the disordered disposition of paraplegin protein before virtual screening. Moreover, a MD simulation was performed after virtual screening to validate the stability of interactions between the paraplegin protein and each potential candidate.




2. Materials and Methods


2.1. Data Collection


The X-ray crystallography structure of the human AAA+ protein paraplegin (SPG7) downloaded from RCSB Protein Data Bank with PDB ID: 2QZ4 [20] was employed as the target protein. The sequence of the paraplegin protein from Swiss-Prot (UniProtKB: Q9UQ90) was employed to predict the disordered amino acids using the PONDR-Fit [29] protocol. The X-ray crystallography structure of paraplegin protein was prepared by the Prepare Protein module in Discovery Studio 2.5 (DS 2.5) to protonate the amino acids and removed crystal water in the X-ray crystallography structure. The TCM compounds were obtained from TCM Database@Taiwan [27], and each compound was prepared by Prepare Ligand module in DS 2.5 to protonate the molecular structure and then filtered using Lipinski’s Rule of Five [30].




2.2. Docking Simulation


The LigandFit protocol [31] in DS 2.5 was employed to virtually screen the TCM compounds and obtain the docking pose in the binding site using a shape filter and Monte-Carlo ligand conformation generation. The suitable docking poses were minimized using the Chemistry at HARvard Macromolecular Mechanics (CHARMM) force field [32] and similar poses were filtered using the clustering algorithm. In this study, we ranked the candidates using the scoring function of Dock Score [31] and considering hydrogen bonds (H-bonds) with residues of paraplegin.




2.3. Molecular Dynamics Simulation


Gromacs 4.5.5 [33] was employed to perform the molecular dynamics (MD) simulation. The topology and parameters of paraplegin protein and each candidate were obtained by preparation of pdb2gmx protocol of Gromacs and SwissParam program [34], respectively. The protocol in Gromacs created a cubic box based upon the edge approx 1.2 nm from the protein complexes periphery and solvated with TIP3P water model and 0.145 M NaCl model to form a neutral system. Steepest descents [35] minimization with a maximum of 5000 steps was performed to remove bad van der Waals contacts in the minimization section. Then the protocol in Gromacs performed a position-restrained molecular dynamics with the Linear Constraint algorithm for all bonds in the equilibration section with the condition of NVT equilibration, Berendsen weak thermal coupling method, and Particle Mesh Ewald method. The protocol in Gromacs performed 20 ns trajectories with time step in unit of 2 fs in production simulation with the condition of NPT ensembles and Particle Mesh Ewald (PME) option.



A series of protocols in Gromacs were employed in the MD trajectories analysis. The g_rms protocol was performed to calculate the root mean square deviation (RMSD) [36] to observe the variation of overall structure during the dynamic simulation process. The g_gyrate protocol was performed to measure the radius of gyration of atomic groups as a function of time to observe the variation of compactness during the dynamic simulation process. The g_msd protocol was performed to mean square displacement to observe the diffusion during the dynamic simulation process. The g_energy protocol was performed to analyze the variation of total energy during the dynamic simulation process. The g_rmsf protocol was performed to analyze the root mean square fluctuation (RMSF) of each amino acid to determine the flexibility during the dynamic simulation process. The g_covar and g_anaeig protocols were performed for principal components analysis to analyze the eigenvectors. In addition, this study also performed the protocols to analyze the variation of distance of hydrogen bonds, secondary structure, and calculate the minimum distances between amino acid residues.





3. Results and Discussion


3.1. Disordered Prediction


The sequence of paraplegin protein from Swiss-Prot (UniProtKB: Q9UQ90) was employed to predict the disordered disposition for each amino acids of paraplegin using the PONDR-Fit protocol. In Figure 1, all the key amino acids in the binding site in protein folding do not lay in a disordered domain (>0.5).



This indicates that the structure of the binding domain was folding stably with these amino acids and expresses a stable binding site for docking the suitable compounds. As a result, the crystallographic structure of paraplegin was employed for virtual screening to identify the potential lead compounds.




3.2. Docking Simulation


We employed the LigandFit protocol in DS 2.5 to virtually screen the TCM compounds and ranked the candidates using the scoring function of Dock Score and considering H-bonds with residues of paraplegin (Table 1). Figure 2 displayed the chemical scaffolds of the top three TCM candidates which have H-bonds with key residues of paraplegin and higher Dock score.



According to the information from TCM databases [27], 5-hydroxy-l-tryptophan is extracted from Mucuna pruriens seed, which has been indicated the function of antiproliferative effect [37], neuroprotective effect [38], control blood pressure [39]. In addition, 5-hydroxy-l-tryptophan is also the precursor to biosynthesis of 5-HT. Saussureamine C, extracted from Saussurea lappa Clarke, which has anti-ulcer principles [40], anti-oxidant activity [41], antihepatotoxic activity [42], and the function of ameliorate oxidative myocardial injury [43]. 3-(2-Carboxyphenyl)-4(3H)-quinazolinone is extracted from Isatis indigotica [44], which shows antiviral activity [45,46], antipyretic, antiviral, anti-inflammatory, anti-endotoxin activity, anticancer [47], and inhibitory effects on nitric oxide production [48]. Considering the interactions between each candidate and paraplegin in the binding domain shown in Figure 3A, the top candidates compounds have H-bonds with key residues in the chain from Gly352 to Thr356 (blue) and residues Asp408, Glu409, Ser454 (yellow) (Figure 3B–D), and hydrophobic contacts with residues Pro351, Gly352, Lys355, Thr356, Asp408, and Glu409 (Figure 4), which remain those compounds stable in the binding domain with similar docking poses. In the docking simulation result, the TCM candidates bind with the key residues of the α-helix (Pro351 to Lys360) and β-sheet (Asp408, Glu409, Ser454) in the binding domain of paraplegin. These interactions keep the compounds binding steady in the binding domain of paraplegin.




3.3. Molecular Dynamics Simulation


As a docking simulation performed by LigandFit protocol using a rigid body of paraplegin protein, the interactions between each candidates and paraplegin may not be stable under dynamic conditions. For this reason, the MD simulations were performed by Gromacs to validate the stability of interactions existed in the docking simulation.



Figure 5 displays the variation of root-mean-square deviations of protein and ligand over 20 ns for paraplegin in the apo form and in complexes with three TCM candidates after the MD simulation. Each system of MD simulation tends to stabilize after 16 ns of MD simulation. However, the ligand RMSD for 5-hydroxy-l-tryptophan has three significant variants during MD simulation (10 ns, 13 ns, 17.5 ns). As there is also no significant variance in the total energies for each paraplegin complexes with three TCM candidates (Figure 6), the binding of each ligand does not cause a significant variance for paraplegin protein. Considering the variation of secondary structure assignment and secondary structural feature ratio for paraplegin in apo form and in complexes with three TCM candidates during MD simulation displayed in Figure 7, the feature ratio of α-helices for paraplegin complexes with 5-hydroxy-l-tryptophan and 3-(2-carboxyphenyl)-4(3H)-quinazolinone have slightly decreased while the feature ratio of α-helices for paraplegin complexes with saussureamine C have slightly increased.



Root mean square fluctuations (RMSFs) for each residue in apo form of paraplegin protein and in paraplegin complexes with three TCM candidates over 20 ns MD simulation and the correlation between each complex are shown in Figure 8. The flexibility of residues of paraplegin protein was similar, which illustrated that each ligand does not cause a significant variance for paraplegin protein under dynamic condition after docking. Considering the correlation between each complex, paraplegin complexes with 5-hydroxy-l-tryptophan and saussureamine C have similar variations for paraplegin protein with a correlation index of 0.8283. However, as the correlation index between paraplegin complexes with 5-hydroxy-l-tryptophan and paraplegin in the apo form is only 0.7031, it indicates that 5-hydroxy-l-tryptophan may cause a significant variance for the residues close to the binding domain under dynamic conditions. For paraplegin complexes with 3-(2-carboxyphenyl)-4(3H)-quinazolinone, the correlation index with the apo form of paraplegin was better than paraplegin complexes with other two candidates, which indicates that 3-(2-carboxyphenyl)-4(3H)-quinazolinone causes a different variation in the residues of paraplegin protein close to the binding domain after MD simulation than the other two candidates. Similar results were also obtained in eigenvector distribution of paraplegin protein complexes shown in Figure 9. 5-hydroxy-l-tryptophan have a significant shift for the PC1 and 3-(2-carboxyphenyl)-4(3H)-quinazolinone caused a significant variation in the eigenvector distribution of paraplegin protein.



The representative structures of paraplegin in apo form and in complexes with the three TCM candidates after MD simulation were decided by the RMSD values and graphical depiction of the clusters analysis and displayed in Figure 10. Comparing to the interactions in docking simulation, 5-hydroxy-l-tryptophan cannot binding stably in the binding domain and loses all the H-bonds with key residues in the chain from Gly352 to Thr356 (blue) after MD simulation. To consider the variances of H-bonds during MD simulation, the H-bond occupancy and distance variations during MD simulation are displayed in Table 2 and Figure 11. In Figure 11, all H-bonds have disconnected since 8 ns of MD simulation and connected after 17 ns of MD simulation. It shows that the docking pose of 5-hydroxy-l-tryptophan is not stable under MD simulation.



For the other candidates, the paraplegin complexes with saussureamine C tends to stable after a short period of MD simulation, and the interactions between protein and ligand have increased to become more stable and paraplegin complexes with 3-(2-carboxyphenyl)-4(3H)-quinazolinone is also binding stably during MD simulation. The distance variations of H-bonds displayed in Figure 12 illustrated that the H-bonds have been variated at 5 ns of MD simulation and tend to stabilized. The H-bonds between Thr356 and saussureamine C were shifted between two equal carboxylic ions of saussureamine C due to the rotation (Figure 12A), and the H-bonds between saussureamine C and Glu409 were shifted repeatedly between the equal oxygen atoms OE1 and OE2 of Glu409. In Figure 13, 3-(2-carboxyphenyl)-4(3H)-quinazolinone also has stable H-bonds with Asp408, and the H-bonds were shifted repeatedly between equal oxygen atoms OD1 and OD2 of Asp408. Both saussureamine C and 3-(2-carboxyphenyl)-4(3H)-quinazolinone remain the interactions with key residues in the chain from Gly352 to Thr356 (blue) and residues Asp408, Glu409, Ser454 (yellow), which indicates that the binding poses of those two TCM candidates in the docking simulation are stable under dynamics condition.



To consider the effect of each ligand upon the paraplegin protein after docking, Figure 14, Figure 15, Figure 16 and Figure 17 illustrated the transport pathways for paraplegin proteins in each complex and the variation of radii of gyration, total solvent accessible surface area, mean square displacements for paraplegin protein and each ligand during MD simulation, respectively. As the mean square displacements of ligand for 5-hydroxy-l-tryptophan has a sharply variation during MD simulation, it indicates that the docking pose of 5-hydroxy-l-tryptophan has a significant variation under dynamic condition and 5-hydroxy-l-tryptophan may not be binding stably in the binding domain. For the other candidates, the system tends to stable after 3 ns of MD simulation.



The interaction between 5-hydroxy-l-tryptophan and paraplegin protein is not stable enough to retain the 5-hydroxy-l-tryptophan in the binding site under dynamic conditions, so the mean square displacements of 5-hydroxy-l-tryptophan show a sharp variation during MD simulation and the eigenvector distribution of paraplegin protein with 5-hydroxy-l-tryptophan has a significant shift in the PC1 coordinate. As 5-hydroxy-l-tryptophan has left the binding domain during the MD simulation, it causes a significant variance for the residues closed to the binding domain under dynamics condition. These results indicate that 5-hydroxy-l-tryptophan is not a potential candidate for docking with paraplegin.



For saussureamine C, the correlation index between paraplegin complexes with saussureamine C and paraplegin in the apo form is 0.7957, which is better than paraplegin complexes with the other compounds. Saussureamine C has a similar effect as 5-hydroxy-l-tryptophan for paraplegin complexes (the correlation index is 0.8283), but the eigenvector distribution of paraplegin protein with saussureamine C and the docking pose of saussureamine C after MD simulation indicate that eigenvector distribution of saussureamine C does not have a significant shift in the PC1 coordinate and the interactions between saussureamine C and protein have increased to become more stable after MD simulation.



For 3-(2-carboxyphenyl)-4(3H)-quinazolinone, although the eigenvector distribution of paraplegin protein with 3-(2-carboxyphenyl)-4(3H)-quinazolinone indicates a significant variation in the PC1 coordinate, the docking poses in Figure 10 display that 3-(2-carboxyphenyl)-4(3H)-quinazolinone still has interactions with key residues in the chain from Gly352 to Thr356 and residues Asp408, Glu409, Ser454 with a docking pose other than saussureamine C. Both saussureamine C and 3-(2-carboxyphenyl)-4(3H)-quinazolinone thus have stable docking poses with paraplegin protein to maintain the compounds in the binding domain.





4. Conclusions


This study aimed to identify potential lead drugs from among compounds isolated from TCMs for further development of inhibitors against paraplegin protein for the treatment of coronary artery disease. The top TCM compounds, 5-hydroxy-l-tryptophan, saussureamine C, and 3-(2-carboxyphenyl)-4(3H)-quinazolinone, have potential binding affinities and H-bonds with key residues Lys355, Asp408, Glu409, and hydrophobic contacts with residues Pro351, Gly352, Lys355, Thr356, Asp408, and Glu409. However, the interactions between paraplegin protein and 5-hydroxy-l-tryptophan are not stable under dynamic conditions while the other TCM candidates, saussureamine C, and 3-(2-carboxyphenyl)-4(3H)-quinazolinone maintain similar docking poses under dynamic conditions. In addition, those two TCM compounds retain the interactions with key residues in the chain from Gly352 to Thr356 and residues Asp408, Glu409, Ser454, which stabilize their docking poses in the binding site under dynamic conditions. Hence, we propose these two TCM compounds, saussureamine C and 3-(2-carboxyphenyl)-4(3H)-quinazolinone, as potential lead drug candidates isolated from TCMs for further study in the drug development process with paraplegin protein for coronary artery disease.







Acknowledgments


The research was supported by grants from China Medical University Hospital (DMR-104-001, DMR-104-084, DMR-104-118), China Medical University (CMU102-BC-9) and Asia University (ASIA102-CMU-1, ASIA102-CMU-2, ASIA102-CMU-3). This study is also supported in part by Taiwan Ministry of Health and Welfare Clinical Trial and Research Center of Excellence (MOHW105-TDU-B-212-133019) and CMU under the Aim for Top University Plan of the Ministry of Education, Taiwan.




Author Contributions


K.-B.C., P.-C.C., T.-T.C. and Y.-C.C. conceived of and designed the experiments. K.-C.C., Y.-L.C., K.-L.C. performed the experiments. K.-C.C., Y.-L.C., K.-L.C. and Y.-C.C. analyzed the data and wrote the paper. YCC contributed reagents, materials, and analysis tools. All authors read and approved the final manuscript.




Conflicts of Interest


The authors declared that there is no conflict of interests.




References


	



Djousse, L.; Gaziano, J.M. Dietary cholesterol and coronary artery disease: A systematic review. Curr. Atheroscler. Rep. 2009, 11, 418–422. [Google Scholar] [CrossRef] [PubMed]

	



Faxon, D.P.; Creager, M.A.; Smith, S.C.; Pasternak, R.C.; Olin, J.W.; Bettmann, M.A.; Criqui, M.H.; Milani, R.V.; Loscalzo, J.; Kaufman, J.A.; et al. Atherosclerotic vascular disease conference—Executive summary—Atherosclerotic vascular disease conference proceeding for healthcare professionals from a special writing group of the American Heart Association. Circulation 2004, 109, 2595–2604. [Google Scholar] [CrossRef] [PubMed]

	



Oliver, M.F. Diet and coronary heart disease. Hum. Nutr. Clin. Nutr. 1982, 36, 413–427. [Google Scholar] [PubMed]

	



Finegold, J.A.; Asaria, P.; Francis, D.P. Mortality from ischaemic heart disease by country, region, and age: statistics from World Health Organisation and United Nations. Int. J. Cardiol. 2013, 168, 934–945. [Google Scholar] [CrossRef] [PubMed]

	



Ross, R. The pathogenesis of atherosclerosis: A perspective for the 1990s. Nature 1993, 362, 801–809. [Google Scholar] [CrossRef] [PubMed]

	



Bullon, P.; Newman, H.N.; Battino, M. Obesity, diabetes mellitus, atherosclerosis and chronic periodontitis: A shared pathology via oxidative stress and mitochondrial dysfunction? Periodontol. 2000 2014, 64, 139–153. [Google Scholar] [CrossRef] [PubMed]

	



Mercer, J.R.; Cheng, K.K.; Figg, N.; Gorenne, I.; Mahmoudi, M.; Griffin, J.; Vidal-Puig, A.; Logan, A.; Murphy, M.P.; Bennett, M. DNA damage links mitochondrial dysfunction to atherosclerosis and the metabolic syndrome. Circ. Res. 2010, 107, 1021–1031. [Google Scholar] [CrossRef] [PubMed]

	



Victor, V.M.; Apostolova, N.; Herance, R.; Hernandez-Mijares, A.; Rocha, M. Oxidative stress and mitochondrial dysfunction in atherosclerosis: Mitochondria-targeted antioxidants as potential therapy. Curr. Med. Chem. 2009, 16, 4654–4667. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.; Harrison, C.M.; Chuang, G.C.; Ballinger, S.W. The role of tobacco smoke induced mitochondrial damage in vascular dysfunction and atherosclerosis. Mutat. Res. 2007, 621, 61–74. [Google Scholar] [CrossRef] [PubMed]

	



Madamanchi, N.R.; Runge, M.S. Mitochondrial dysfunction in atherosclerosis. Circ. Res. 2007, 100, 460–473. [Google Scholar] [CrossRef] [PubMed]

	



Lin, C.-P.; Lin, F.-Y.; Huang, P.-H.; Chen, Y.-L.; Chen, W.-C.; Chen, H.-Y.; Huang, Y.-C.; Liao, W.-L.; Huang, H.-C.; Liu, P.-L.; et al. Endothelial Progenitor Cell Dysfunction in Cardiovascular Diseases: Role of Reactive Oxygen Species and Inflammation. BioMed. Res. Int. 2013, 2013. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Y.J.; Ho, T.J.; Lin, T.H.; Hsu, W.Y.; Huang, S.M.; Liao, C.C.; Lai, C.H.; Liu, X.; Tsang, H.; Lai, C.C.; et al. P-coumaric acid regulates exon 12 splicing of the ATP7B gene by modulating hnRNP A1 protein expressions. Biomedicine 2015, 5. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Y.; Li, X.; Yang, W.; Hawke, D.H.; Zheng, Y.; Xia, Y.; Aldape, K.; Wei, C.; Guo, F.; Chen, Y.; et al. PKM2 Regulates Chromosome Segregation and Mitosis Progression of Tumor Cells. Mol. Cell 2014, 53, 75–87. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.Y. EZH2: Novel therapeutic target for human cancer. Biomedicine 2014, 4. [Google Scholar] [CrossRef] [PubMed]

	



Almontashiri, N.A.M.; Chen, H.H.; Mailloux, R.J.; Tatsuta, T.; Teng, A.C.T.; Mahmoud, A.B.; Ho, T.; Stewart, N.A.S.; Rippstein, P.; Harper, M.E.; et al. SPG7 Variant Escapes Phosphorylation-Regulated Processing by AFG3L2, Elevates Mitochondrial ROS, and Is Associated with Multiple Clinical Phenotypes. Cell Rep. 2014, 7, 834–847. [Google Scholar] [CrossRef] [PubMed]

	



Winsvold, B.S.; Nelson, C.P.; Malik, R.; Gormley, P.; Anttila, V.; Vander Heiden, J.; Elliott, K.S.; Jacobsen, L.M.; Palta, P.; Amin, N.; et al. Genetic analysis for a shared biological basis between migraine and coronary artery disease. Neurol. Genet. 2015, 1. [Google Scholar] [CrossRef] [PubMed]

	



Casari, G.; De Fusco, M.; Ciarmatori, S.; Zeviani, M.; Mora, M.; Fernandez, P.; De Michele, G.; Filla, A.; Cocozza, S.; Marconi, R.; et al. Spastic paraplegia and OXPHOS impairment caused by mutations in paraplegin, a nuclear-encoded mitochondrial metalloprotease. Cell 1998, 93, 973–983. [Google Scholar] [CrossRef]

	



De Michele, G.; De Fusco, M.; Cavalcanti, F.; Filla, A.; Marconi, R.; Volpe, G.; Monticelli, A.; Ballabio, A.; Casari, G.; Cocozza, S. A new locus for autosomal recessive hereditary spastic paraplegia maps to chromosome 16q24.3. Am. J. Hum. Genet. 1998, 63, 135–139. [Google Scholar] [CrossRef] [PubMed]

	



Juhola, M.K.; Shah, Z.H.; Grivell, L.A.; Jacobs, H.T. The mitochondrial inner membrane AAA metalloprotease family in metazoans. FEBS Lett. 2000, 481, 91–95. [Google Scholar] [CrossRef]

	



Karlberg, T.; van den Berg, S.; Hammarstrom, M.; Sagemark, J.; Johansson, I.; Holmberg-Schiavone, L.; Schuler, H. Crystal structure of the ATPase domain of the human AAA+ protein paraplegin/SPG7. PLoS ONE 2009, 4, e6975. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.M.; Liu, S.P.; Lin, H.L.; Chan, M.C.; Chen, Y.C.; Huang, Y.L.; Tsai, M.C.; Fu, R.H. Irisflorentin improves alpha-synuclein accumulation and attenuates 6-OHDA-induced dopaminergic neuron degeneration, implication for Parkinson’s disease therapy. Biomedicine 2015, 5. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, T.C.; Tung, Y.T.; Kuo, Y.H.; Liao, J.W.; Tsai, H.C.; Chong, K.Y.; Chen, H.L.; Chen, C.M. Anti-inflammatory effects of Antrodia camphorata, a herbal medicine, in a mouse skin ischemia model. J. Ethnopharmacol. 2015, 159, 113–121. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.C.; Tseng, Y.H.; Wu, H.R.; Chu, F.H.; Kuo, Y.H.; Wang, S.Y. Anti-proliferation Effect on Human Breast Cancer Cells via Inhibition of pRb Phosphorylation by Taiwanin E Isolated from Eleutherococcus trifoliatus. Nat. Prod. Commun. 2014, 9, 1303–1306. [Google Scholar] [PubMed]

	



Chien, S.C.; Tseng, Y.H.; Hsu, W.N.; Chu, F.H.; Chang, S.T.; Kuo, Y.H.; Wang, S.Y. Anti-inflammatory and Anti-oxidative Activities of Polyacetylene from Dendropanax dentiger. Nat. Prod. Commun. 2014, 9, 1589–1590. [Google Scholar] [PubMed]

	



Cichero, E.; Espinoza, S.; Tonelli, M.; Franchini, S.; Gerasimov, A.S.; Sorbi, C.; Gainetdinov, R.R.; Brasili, L.; Fossa, P. A homology modelling-driven study leading to the discovery of the first mouse trace amine-associated receptor 5 (TAAR5) antagonists. Medchemcomm 2016, 7, 353–364. [Google Scholar] [CrossRef]

	



Cichero, E.; Espinoza, S.; Franchini, S.; Guariento, S.; Brasili, L.; Gainetdinov, R.R.; Fossa, P. Further Insights Into the Pharmacology of the Human Trace Amine-Associated Receptors: Discovery of Novel Ligands for TAAR1 by a Virtual Screening Approach. Chem. Biol. Drug Des. 2014, 84, 712–720. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.Y.C. TCM database@Taiwan: The world’s largest traditional Chinese medicine database for drug screening in Silico. PLoS ONE 2011, 6, e15939. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chen, C.Y.; Tou, W.I. How to design a drug for the disordered proteins? Drug Discov. Today 2013, 18, 910–915. [Google Scholar] [CrossRef] [PubMed]

	



Xue, B.; Dunbrack, R.L.; Williams, R.W.; Dunker, A.K.; Uversky, V.N. PONDR-FIT: A meta-predictor of intrinsically disordered amino acids. Biochim. Biophys. Acta 2010, 1804, 996–1010. [Google Scholar] [CrossRef] [PubMed]

	



Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J. Experimental and computational approaches to estimate solubility and permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 2001, 46, 3–26. [Google Scholar] [CrossRef]

	



Venkatachalam, C.M.; Jiang, X.; Oldfield, T.; Waldman, M. LigandFit: A novel method for the shape-directed rapid docking of ligands to protein active sites. J. Mol. Graph. Model. 2003, 21, 289–307. [Google Scholar] [CrossRef]

	



Brooks, B.R.; Bruccoleri, R.E.; Olafson, B.D.; States, D.J.; Swaminathan, S.; Karplus, M. CHARMM: A program for macromolecular energy minimization and dynamics calculations. J. Comput. Chem. 1983, 4, 187–217. [Google Scholar] [CrossRef]

	



Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E. GROMACS 4: Algorithms for highly efficient, load-balanced, and scalable molecular simulation. J. Chem. Theory Comput. 2008, 4, 435–447. [Google Scholar] [CrossRef] [PubMed]

	



Zoete, V.; Cuendet, M.A.; Grosdidier, A.; Michielin, O. SwissParam: A fast force field generation tool for small organic molecules. J. Comput. Chem. 2011, 32, 2359–2368. [Google Scholar] [CrossRef] [PubMed]

	



Fletcher, R. Optimization; Academic Press: New York, NY, USA; London, UK, 1969. [Google Scholar]

	



Maiorov, V.N.; Crippen, G.M. Size-independent comparison of protein three-dimensional structures. Proteins 1995, 22, 273–283. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, P.; Rawat, A.; Keshari, A.K.; Singh, A.K.; Maity, S.; De, A.; Samanta, A.; Saha, S. Antiproliferative effect of isolated isoquinoline alkaloid from Mucuna pruriens seeds in hepatic carcinoma cells. Nat. Prod. Res. 2016, 30, 460–463. [Google Scholar] [CrossRef] [PubMed]

	



Yadav, S.K.; Prakash, J.; Chouhan, S.; Westfall, S.; Verma, M.; Singh, T.D.; Singh, S.P. Comparison of the neuroprotective potential of Mucuna pruriens seed extract with estrogen in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD mice model. Neurochem. Int. 2014, 65. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhary, S.K.; De, A.; Bhadra, S.; Mukherjee, P.K. Angiotensin-converting enzyme (ACE) inhibitory potential of standardized Mucuna pruriens seed extract. Pharm. Biol. 2015, 53, 1614–1620. [Google Scholar] [CrossRef] [PubMed]

	



Yoshikawa, M.; Hatakeyama, S.; Inoue, Y.; Yamahara, J. Saussureamines A, B, C, D, and E, new anti-ulcer principles from Chinese Saussureae Radix. Chem. Pharm. Bull. 1993, 41, 214–216. [Google Scholar] [CrossRef] [PubMed]

	



Chang, K.M.; Choi, S.I.; Kim, G.H. Anti-oxidant Activity of Saussurea lappa C.B. Clarke Roots. Prev. Nutr. Food Sci. 2012, 17, 306–309. [Google Scholar] [CrossRef] [PubMed]

	



Yaeesh, S.; Jamal, Q.; Shah, A.J.; Gilani, A.H. Antihepatotoxic activity of Saussurea lappa extract on d-galactosamine and lipopolysaccharide-induced hepatitis in mice. Phytother. Res. 2010, 24 (Suppl. S2), S229–S232. [Google Scholar] [CrossRef] [PubMed]

	



Saleem, T.S.; Lokanath, N.; Prasanthi, A.; Madhavi, M.; Mallika, G.; Vishnu, M.N. Aqueous extract of Saussurea lappa root ameliorate oxidative myocardial injury induced by isoproterenol in rats. J. Adv. Pharm. Technol. Res. 2013, 4, 94–100. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Liu, Y.; Sheng, W.; Sun, J.; Qin, G. Chemical constituents of Isatis indigotica. Planta Med. 1997, 63, 55–57. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.F.; Chen, M.H.; Guo, Q.L.; Lin, S.; Xu, C.B.; Jiang, Y.P.; Li, Y.H.; Jiang, J.D.; Shi, J.G. Antiviral glycosidic bisindole alkaloids from the roots of Isatis indigotica. J. Asian Nat. Prod. Res. 2015, 17, 689–704. [Google Scholar] [CrossRef] [PubMed]

	



Chang, S.J.; Chang, Y.C.; Lu, K.Z.; Tsou, Y.Y.; Lin, C.W. Antiviral Activity of Isatis indigotica Extract and Its Derived Indirubin against Japanese Encephalitis Virus. Evid. Based Complement. Altern. Med. 2012, 2012. [Google Scholar] [CrossRef]

	



Chung, Y.C.; Tang, F.Y.; Liao, J.W.; Chung, C.H.; Jong, T.T.; Chen, S.S.; Tsai, C.H.; Chiang, E.P. Isatis indigotica induces hepatocellular cancer cell death via caspase-independent apoptosis-inducing factor translocation apoptotic pathway in vitro and in vivo. Integr. Cancer Ther. 2011, 10, 201–214. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Wang, G.; Wang, M.; Jiang, H.; Chen, L.; Zhao, F.; Qiu, F. Indole alkaloids from the roots of Isatis indigotica and their inhibitory effects on nitric oxide production. Fitoterapia 2014, 95, 175–181. [Google Scholar] [CrossRef] [PubMed]






	
Sample Availability: Not available.










[image: Molecules 21 00588 g001 550] 





Figure 1. Disordered disposition for amino acids of paraplegin predicted by PONDR-Fit. 
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Figure 2. Chemical scaffold of top three TCM candidates, (A) 5-hydroxy-l-tryptophan; (B) saussureamine C; and (C) 3-(2-carboxyphenyl)-4(3H)-quinazolinone. 
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Figure 3. (A) Binding site of paraplegin and docking pose of paraplegin complexes with (B) 5-hydroxy-l-tryptophan; (C) saussureamine C; and (D) 3-(2-carboxyphenyl)-4(3H)-quinazolinone. 
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Figure 4. Hydrophobic contacts between residues of paraplegin and (A) 5-hydroxy-l-tryptophan; (B) saussureamine C; and (C) 3-(2-carboxyphenyl)-4(3H)-quinazolinone. 
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Figure 5. Variation of root-mean-square deviations, of (A) protein and (B) ligand over 20 ns for paraplegin in apo form and in complexes with three TCM candidates. 
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Figure 6. Distribution and variation of total energy for paraplegin protein in (A) apo form and complexes with (B) 5-hydroxy-l-tryptophan; (C) saussureamine C; and (D) 3-(2-carboxyphenyl)-4(3H)-quinazolinone. 
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Figure 7. Secondary structure assignment and secondary structural feature ratio variations for paraplegin protein in (A) apo form and complexes with (B) 5-hydroxy-l-tryptophan; (C) saussureamine C; and (D) -(2-carboxyphenyl)-4(3H)-quinazolinone. 
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Figure 8. Root mean square fluctuation (RMSF) for residues in apo form of paraplegin protein and in paraplegin complexes with 5-hydroxy-l-tryptophan, saussureamine C, and 3-(2-carboxyphenyl)-4(3H)-quinazolinone and the correlation between each complex. 
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Figure 9. Eigenvector distribution of paraplegin protein in apo form (blue) and paraplegin complexes (red) with (A) 5-hydroxy-l-tryptophan; (B) saussureamine C; and (C) 3-(2-carboxyphenyl)-4(3H)-quinazolinone. 
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Figure 10. RMSD matrix and clustering diagram of MD comformations with the middle RMSD structure in the major cluster for (A) apo form of paraplegin protein and paraplegin complexes with (B) 5-hydroxy-l-tryptophan; (C) saussureamine C; and (D) 3-(2-carboxyphenyl)-4(3H)-quinazolinone and the correlation between each complex. 
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Figure 11. Distance variation of H-bonds for paraplegin complexes with 5-hydroxy-l-tryptophan during MD simulation. Display the distances between compound and amino acids (A) Gly352, Gly354, Lys355, Thr356, Leu357, (B) Asp408, and (C) Glu409. 
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Figure 12. Distance variation of H-bonds for paraplegin complexes with saussureamine C during MD simulation. Display the distances between compound and amino acids (A) Thr356; (B) Asp408; and (C) Glu409. 
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Figure 13. Distance variation of H-bonds for paraplegin complexes with 3-(2-carboxyphenyl)-4(3H)-quinazolinone during MD simulation. Display the distances between compound and amino acid Asp408. 
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Figure 14. Analysis of transport pathways for paraplegin protein in (A) apo form and complexes with (B) 5-hydroxy-l-tryptophan; (C) saussureamine C; and (D) 3-(2-carboxyphenyl)-4(3H)-quinazolinone. 
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Figure 15. Variation of radii of gyration of (A) protein and (B) ligand over 20 ns for paraplegin in apo form and in complexes with three TCM candidates. 






Figure 15. Variation of radii of gyration of (A) protein and (B) ligand over 20 ns for paraplegin in apo form and in complexes with three TCM candidates.



[image: Molecules 21 00588 g015]







[image: Molecules 21 00588 g016 550] 





Figure 16. Variation of total solvent accessible surface area of (A) protein and (B) ligand over 20 ns for paraplegin in apo form and in complexes with three TCM candidates. 
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Figure 17. Variation of mean square displacements of (A) protein and (B) ligand over 20 ns for paraplegin in apo form and in complexes with three TCM candidates. 
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Table 1. Scoring functions of top candidates from TCM database screening and correlated residues of paraplegin for H-bonds.
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Name

	
Dock Score

	
H-Bond Forming Residues

	
H-Bond Quantity






	
5-Hydroxy-l-tryptophan

	
203.573

	
Lys355, Leu357, Asp408, Glu409

	
4




	
Saussureamine C

	
188.993

	
Lys355, Thr356, Asp408, Glu409, Ser454, Asn456

	
6




	
3-(2-Carboxyphenyl)-4(3H)-quinazolinone

	
180.181

	
Gly352, Lys355, Asp408, Glu409

	
4




	
Saussureamine B

	
164.449

	
Lys355, Thr356

	
2




	
Crotalaburnine

	
160.377

	
Asp408, Glu409

	
2




	
Labiatic acid

	
154.729

	
Gly354, Lys360, His492

	
3




	
Saussureamine A

	
152.977

	
Gly352, Lys355, Asp408

	
3




	
l-Valine-l-valine anhydride

	
149.351

	
Gly352, Asp408, Glu409

	
3




	
N-Methyl tyramine-O-alpha-l-rhamnopyranoside

	
147.058

	
Gly354, Asp408, Glu409

	
3




	
Riddelline

	
146.166

	
Gly352, Asp408, Glu409

	
3
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Table 2. Analysis of H-bond occupancies for each ligand during MD simulation.
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Name

	
H-Bond Interaction

	
Occupancy






	
5-Hydroxy-l-tryptophan

	
Gly352: HN/O13

	
19.00%




	

	
Gly352: HN/O14

	
12.80%




	

	
Thr356: HG1/O13

	
18.00%




	

	
Thr356: HG1/O14

	
13.30%




	

	
Glu377: OE2/H28

	
10.00%




	

	
Asp408: OD1/H28

	
36.60%




	

	
Asp408: OD2/H28

	
38.00%




	

	
Glu409: OE1/H28

	
51.50%




	

	
Glu409: OE2/H28

	
37.10%




	
Saussureamine C

	
Gly352: HN/O23

	
30.77%




	

	
Gly352: HN/O24

	
69.83%




	

	
Thr356: HG1/O23

	
62.74%




	

	
Thr356: HG1/O24

	
15.48%




	

	
Thr356: HN/O23

	
75.72%




	

	
Thr356:HN/O24

	
23.98%




	

	
Thr356: OG1/H52

	
61.64%




	

	
Asp408: OD1/H52

	
100.00%




	

	
Asp408: OD2/H52

	
100.00%




	

	
Glu409: OE1/H50

	
46.15%




	

	
Glu409: OE2/H50

	
19.78%




	

	
Ser454: HG1/O28

	
76.02%




	

	
Asn456: HD22/N27

	
99.70%




	

	
Asn456: OD1/H50

	
100.00%




	
3-(2-carboxyphenyl)-4(3H)-quinazolinone

	
Gly352: HN/O11

	
95.50%




	

	
Gly352: HN/O19

	
81.70%




	

	
Gly352: HN/O20

	
88.90%




	

	
Cys353: HN/O19

	
34.40%




	

	
Cys353: HN/O20

	
97.10%




	

	
Gly354: HN/O20

	
96.60%




	

	
Lys355: HZ3/O19

	
85.70%




	

	
Lys355: HZ3/O20

	
52.40%




	

	
Lys355: HN/O20

	
99.40%




	

	
Thr356: HN/O20

	
51.30%




	

	
Asp408: OD1/H30

	
100.00%




	

	
Asp408: OD2/H30

	
100.00%








Cut-off = 0.35 nm.








© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license ( http://creativecommons.org/licenses/by/4.0/).
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