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ABSTRACT: Coronavirus disease 2019 (COVID-19) is a pandemic whose adverse effects have been felt all 

over the world. As of August 2022, reports indicated that over 500 million people in the world had been infected 

and the number of rising deaths from the disease were slightly above 6.4 million. New variants of the causative 

agent, SARS-CoV-2 are emanating now and then and some are more efficacious and harder to manage. SARS-

CoV-2 main protease (Mpro) has essential functions in viral gene expression and replication through proteolytic 

cleavage of polyproteins. Search for SARS-CoV-2 Mpro inhibitors is a vital step in the treatment and 

management of COVID-19. In this study, we investigated whether alkaloids with antiviral and myriad other 

bioactivities from the genus Lycoris can act as SARS-CoV-2 Mpro inhibitors. We conducted a computer-aided 

drug design study through screening optimal ligands for SARS-CoV-2 Mpro from a list of over 150 Lycoris 

alkaloids created from online databases such as ChEMBL, PubChem, ChemSpider, and published journal 

papers. The In silico study involved molecular docking of Lycoris alkaloids to SARS-CoV-2 Mpro active site, 

absorption, distribution, metabolism, elimination and toxicity (ADMET) screening and finally molecular 

dynamic (MD) simulations of the most promising ligand-SARS-CoV-2 Mpro complexes. The study identified 

3,11-dimethoxy-lycoramine, narwedine, O-demethyllycoramine and epilycoramine as drug-like and lead-like 

Lycoris alkaloids with favorable ADMET properties and are very likely to have an inhibition activity on SARS-

CoV-2 Mpro and may become potential drug candidates.  

Keywords: Lycoris alkaloids; SARS-CoV-2 Mpro; Molecular docking; ADMET screening; Molecular dynamic 

simulations; Ligand-receptor interactions. 

1. INTRODUCTION 

COVID-19 is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) which is a 

positive-sense, single-stranded RNA virus that belongs to the family Coronaviridiae [1]. According to World 

Health Organization reports, COVID-19 was declared a global pandemic after spreading to different regions 
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around the world. Its current subsequent global spread has been associated with over 400 million confirmed 

infections and over 5 million deaths [2]. The phylogenetic relationship of full-length SARS-CoV-2 and bat 

coronavirus RaTG13 suggests bats as probable reservoir hosts [3], however, the disease has now progressed to 

be transmitted primarily by human-to-human contact with respiratory secretions, such as droplets[4]. The high 

infection rates and deaths caused by COVID -19 have impeded the economic growth of various countries. 

Furthermore, some countries have experienced a burden on their healthcare system due to an abrupt increase in 

the number of patients who need to be hospitalized [5].  

Although substantial effort has been made towards identifying antivirals for SARS-CoV-2, the current 

vaccines have been met with imminent challenges such as low production capacity that does not meet the 

worldwide demand and lack of affordability by low and middle-income countries [6]. Moreover, the 

development of an effective vaccine is at an unprecedented fast pace and the use of new technologies adopted 

has raised a lot of safety issues worldwide. Therefore, the current vaccines have been deployed with various 

unresolved concerns that only the course of time will shed light on the perception of the vaccine in terms of 

safety and acceptance. Furthermore, it remains to be elucidated whether the current vaccines have high efficacy 

against the viral variants that have emerged [7]. It is for these reasons that it is still of great importance to 

develop safe, effective, affordable and readily available antiviral vaccines or drugs that can be used to prevent 

the high mortality caused by SARS-CoV-2.  

Coronavirus main protease (Mpro) and papain-like protease (PLpro) have essential functions in viral 

gene expression and replication through proteolytic cleavage of polyproteins [8]. SARS-CoV-2 Mpro also 

termed 3-chymotrypsin-like protease (3CLpro) has recently received a lot of attention from researchers as a 

potential drug target for the development of effective antiviral therapies for the treatment of COVID-19 

infection [9, 10]. SARS-CoV-2 open reading frame 1 (ORF 1a) and ORF1ab which are located at the 5’ terminus 

of the genome encodes polyproteins pp1a and pp1ab respectively. The pp1a contains 10 nonstructural proteins 

(nps) whereas pp1ab contains 15 nps which perform important functions on the survival of the virus [11]. SARS-

CoV-2 Mpro specifically cleaves these two large overlapping polyproteins pp1a and pp1ab to functional 

proteins and this auto-processing step is crucial during the SARS-CoV-2 replication cycle [10,12]. From this 

perspective, the proteolytic activity positions Mpro as a key enzyme in virus replication and its inhibition would 

block SARS-CoV-2 replication [10]. Accordingly, viral-encoded proteases have previously emerged as 

successful antiviral drug targets against chronic infections caused by viruses such as the human 

immunodeficiency virus or hepatitis C virus [13].   

Unlike PLpro, the Mpro proteolytic activity is exclusively located on polypeptide sequence after amino 

acid glutamine and this positions Mpro as an ideal potential drug target because there are no reported human 

cell proteases with a similar cleavage specificity [10,14]. Moreover, inhibition of proteolytic activity of Mpro 

has been suggested to be unlikely toxic due to its substrate specificity property [14]. Several compounds such 

as α-ketoamide, velpatasvir and antineoplastic drug carmofur have recently been reported to inhibit SARS-CoV-

2 replication through their SARS-CoV-2 Mpro inhibitory roles [9,15,16]. However, the toxicity and antiviral 

molecular inhibitory mechanisms of these compounds and drugs remain questionable. 

Lycoris Herbert, is a genus in the family Amaryllidaceae comprising of about 20 species that are native 

to the warm temperate areas of eastern Asia such as China, Taiwan, Japan and Korea [17]. Lycoris species have 

been widely used in traditional medicine to treat various diseases such as sore throats, cancer, purulent wounds, 

blisters, mastitis, tympanitis, ulcers, poliomyelitis and neurodegenerative diseases [18,19]. Consequently, 

Lycoris species have been subjected to extensive phytochemical and pharmacological investigations, resulting 
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in the isolation or identification of a rich source alkaloids belonging to different structural types [17]. Lycoris 

alkaloids have been reported to have promising and interesting bioactivities such as antiproliferative [18], anti-

inflammatory and antimalarial activities [20,22], neuroprotective activity [23,24], antitrypanosomal activity 

[22], acetylcholinesterase-inhibiting activity [24], antibacterial, antitumor, antifungal, analgesic, cytotoxic, 

cholinesterase inhibition activities [17], and antiviral activity against several viruses such as poliomyelitis virus, 

herpes simplex virus (type I), dengue virus, SARS-CoV as well as SARS-CoV-2 in in vitro studies [16]. 

Alkaloids of different structural types such as lycorine-type, homolycorine-type, haemanthamine type, 

narsiclasine-type, tazzetine-type, montenine-type and galanthamine-type alkaloids have been identified in 

Lycoris species[19,25,26]. Notable species in the genus whose alkaloids have been identified and investigated 

for various bioactivities include: Lycoris radiata [27], L. aurea, L. straminea, L. sprengeri, L. longituba [28], 

L. caldwelli [29], L. guangxiensis [26],  L. traubii [22],  L. albiflora, L. chinensis, L. haywardii, L. incarnata 

and L. squamigera [25]. 

Over 150 alkaloids have been isolated from Lycoris genus and a majority of their identities have been 

verified and are available in various chemical databases such as PubChem, ChemSpider and ChEMBL. 

Currently, there are no studies that have reported in silico or in vivo anti-SARS-CoV-2 properties of these 

promising Lycoris alkaloids through their inhibitory role by interaction with SARS-CoV-2 Mpro. Therefore, the 

current study sought to use an in silico approach to investigate whether the reported alkaloids from Lycoris 

species are potential inhibitors of the novel SARS-CoV-2 coronavirus through interaction with SARS-CoV-2 

Mpro. Molecular docking, ADMET-related in-silico models and molecular dynamic simulations were utilized 

for screening of the potential anti-SARS-CoV-2 Lycoris alkaloids through interaction with SARS-CoV-2 Mpro. 

Overall, the outcome of this study lays a foundation for the search for anti-SARS- CoV-2 remedies from the 

most promising alkaloids in the genus Lycoris. 

2. MATERIALS AND METHODS 

2.1. Ligand database creation 

Alkaloids reported from various Lycoris species were obtained majorly from PubChem and ChEMBL 

databases [30,31] between April and May 2021. For those alkaloids not found in any of the chemical databases 

but only found in various literature materials, their structures were illustrated in ChemDraw Ultra 8 [32] and all 

file conversions were done in Biovia Discovery Studio [33] eventually leading to the creation of a database of 

186 Lycoris alkaloids. Medicinal chemistry was the main criteria used in the selection of compounds through 

screening for lead-likeness and subjecting Lycoris alkaloids to PAINS and Brenk checks. PAINS identifies 

compounds that are likely to interfere in screening technologies in a number of ways particularly through protein 

reactivity. Such compounds may be suggestive of a selective and optimizable hit but they represent poor choices 

for drug development [34]. PAINS online remover [35] was used to screen for such pan assay interference 

compounds from the database of Lycoris alkaloids used in this study. Brenk screening involves checking 

whether compounds consist of or can form any of 105 structural fragments described by Brenk et al. [36] 

believed to be putatively toxic, chemically reactive, metabolically unstable, or bear properties responsible for 

poor pharmacokinetics. SwissADME returned Brenk warnings if such moieties were found in the Lycoris 

alkaloids under evaluation [37]. 
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2.2. Ligands/receptor preparation and molecular docking 

Lycoris alkaloids that passed the PAINS and Brenk screening were selected for molecular docking. 

Selected alkaloids (ligands) together with the SARS-CoV-2 Mpro 3D structure obtained from Protein Data 

Bank, PDB ID: 6XBG were prepared in UCSF Chimera [38]. Ligands were added hydrogens and charges while 

SARS-CoV-2 MPro was prepared by removal of water and the co-crystalized ligand UAW246 and other 

heteroatoms. Identification of the active sites of SAR-CoV-2 Mpro was done in BIOVIA Discovery Visualizer. 

Molecular docking was done using AutoDock Vina in PyRx [39] by superposing prepared ligands on the active 

site of the SARS-CoV-2 Mpro receptor within the AutoDock Vina search space, the number of independent 

docking runs were set at 9 for each complex. The co-crystalized ligand UAW246 was also included in the 

docking studies as the positive control. The resulting complexes were visualized in Biovia Discovery Visualizer 

to identify various binding energies of the various poses and the best docking pose from each complex with 

favorable interactions. 

2.3. ADMET screening 

The created database was then subjected to ADMET screening using SwissADME [37] and 

ADMETSAR [40] programs. Each compound was screened for lipophilicity, water-solubility, oral drug 

absorption, pharmacokinetics such as gastrointestinal (GI) absorption, Blood Brain Barrier (BBB) permeation, 

skin permeability and cytochrome P450 enzymes inhibition, drug-likeness and physicochemical parameters 

such as the number of rotatable bonds, fraction of carbons in the sp3 hybridization. Number of hydrogen bond 

acceptors, number of hydrogen bond donor, molar refractivity and topological polar surface area of each 

alkaloid was also investigated. 

2.4. Molecular dynamic simulations 

Molecular dynamic (MD) simulations were done using the GROMACS simulation package in WebGro, 

which is a fully automated online tool for performing molecular dynamic simulations of macromolecules alone 

or in complex with ligands (https://simlab.uams.edu/index.php). Mpro is functionally dimeric enzyme 

consisting of Chain A and Chain B [41]. Only chain A of the Mpro dimer was employed for MD simulations 

because the targeted active site was on Chain A. It has been proposed that there is an asymmetry in SARS-CoV-

2 Mpro functioning and only one binding site is active at a time and ligand binding at one cavity induces 

conformational changes on the ligand-free pocket that renders it inactive. Hence, it is advisable to remove any 

other chain and remain with only the chain of interest during molecular docking and MD simulations [9]. 

Selected complexes that had favorable binding scores and interactions were converted into PDB format and 

ligand topology files generated using the PRODRG server [42]. Ligand topology files were uploaded alongside 

their corresponding complexes in Webgro MD simulation tool. GROMOS96 43a1 was selected as force field 

type, flexible simple point-charge water model was used, box type was triclinic and 0.15M NaCl was added. 

Under energy minimization, steepest descent was selected at 5000 steps while under equilibration and MD 

simulation run parameters; pressure of 1 bar, NVT/NPT pressure equilibration type and temperature of 300K, 

leapfrog MD integrator were selected. The number of frames per simulation was set at 1000 and MD simulation 

was set to run for 100 nanoseconds (ns) in WebGro to determine the root mean square deviation (RMSD) of the 

given structure, root mean square fluctuation (RMSF), the radius of gyration, or structural compactness (Rg), 

Solvent accessible surface area (SASA) and number of H-bonds in each frame over time. 
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3. RESULTS AND DISCUSSION 

3.1. Molecular docking  

Lycorine is one of the widely studied Lycoris alkaloids and has been reported to have myriad 

bioactivities including antiviral activities especially the fact that it has been argued to have anti-SARS-CoV-2 

activity [43], however, it didn’t pass the PAINS and Brenk checks because it can form potentially toxic alkene 

moieties. Toxic interactions of lycorine with host ribosomes in the management of SARS-CoV-2 have indeed 

been reported by Ren [43], and hence it was not selected for molecular docking. Out of 186 Lycoris alkaloids 

investigated in the current study, only 17 were selected for molecular docking and ADMET screening after 

PAINS and Brenk checks. Molecular docking results which include binding energies of the various complexes, 

amino acids showing hydrogen bonds, hydrophobic bonds and other interactions are shown in Table 1. The 

more negative the binding energy is, the better the docking score/binding score. 

Compounds that had high number of hydrogen bond interactions with SARS-CoV-2 Mpro included              

7-oxodihydrolycorine, lycoricidine and 7-deoxynarciclasine with 6 hydrogen bonds, lycoramine, 

dihydrolycorine, and cherylline with 5 hydrogen bonds while epilycoramine and narciclasine interacted with 

SARS-CoV-2 Mpro through 7 hydrogen bonds. Co-crystallized ligand UAW246 which was used as the positive 

control interacted with Mpro through 4 hydrogens bonds. A higher number of hydrogen bonds in the protein-

ligand complex is favorable and enhance ligand-receptor interactions leading to high binding score or lower 

binding energy [53]. Besides, all the compounds interacted with the receptor through various hydrophobic and 

other interactions which also contributed to the overall binding score of each ligand-Mpro complex. The highest 

docking score of- 7.9 kcal mol-1 was observed in UAW246-Mpro complex, followed by second highest docking 

score of - 7.7 kcal mol-1 in 7-oxodihydrolycorine-Mpro complex while the lowest docking score of -6.0 kcalmol-

1 was observed in assoanine-Mpro complex. The complex or the pose with the best binding score may not 

always be selected for further exploration because the best binding score is not a reliable criterion for the 

selection of the best solution in common docking applications as argued by Ramírez and Caballero [54]. It is 

strongly recommended to choose the best docking solution for further studies such as MD simulations based on 

the interactions involved and additional structural criteria described for the ligand under investigation [54]. The 

most common amino acids which formed hydrogen bonding with Lycoris alkaloids were GLU166, CYS145, 

SER144, GLN189 and GLY143. These are conserved residues in the active site of SARS-CoV-2 Mpro as 

reported by Yoshino et al. [55] hence any ligand interacting with these residues has the potential of inhibiting 

SARS-CoV-2 Mpro. 

3.2. ADMET properties of Lycoris alkaloids 

Selected Lycoris alkaloids were drug-like and fulfilled Lipinski (Pfizer) filter, the pioneer rule-of-five 

[56], Ghose (Amgen) [57], Veber (GSK) [58], Egan (Pharmacia) [59] and Muegge (Bayer) [60] filters for 

prospective oral drugs. The above five filters have varying cut-offs for lipophilicity, molecular size, polarity, 

saturation and number of rotatable bonds for potential drugs. The topological polar surface area of selected 

Lycoris alkaloids ranged from between 20 and 130 Å2, their molar refractivity ranged from 40 to 130 m3mol−1 

and the fraction of carbons in the sp3 hybridization was not less than 0.25. They were all soluble in water (log 

S was not higher than 6) and were lead-like compounds whose molecular weight ranged from 250 to 350 

daltons. ADMET predicted profiles of the seventeen selected Lycoris alkaloids are displayed in Tables 2, 3                   

and 4.  
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Table 1. Binding energies and ligand-receptor interactions. 

Lycoris alkaloid Source 
Alkaloid-Mpro Complex 

Binding energy [ΔG 
bind(kcalmol-1)] 

Amino acids that 
interact with compounds through 

hydrogen bonds 

Amino acids that make hydrophobic 
and other Interactions (van der Waals, pi-sigma bonds, alkyl, 

pi-alkyl, Pi-Anion, Pi-Pi T-shaped, Pi-Sigma) 

O-demethyllycoramine [44] -7.2 SER144, HIS 163, GLU166, GLN189 PHE140, CYS145, HIS164, MET165, HIS41, ASN142, LEU141 

7-oxodihydrolycorine [19] -7.7 
GLN189, ASN142, GLY143, YS145, 

SER144, LEU141 
MET49, THR25, HIS163, MET165, GLU166 

7-deoxynarciclasine [45] -7.2 
MET165, CYS145, HIS163(2), 

SER144, PHE140 
HIS172, LEU141, GLU166, ASN142, 

5,6-dihydro-5-methyl-2-
hydroxyphenanthridine 

[20] -6.7 GLU166, SER144, LEU141, THR190 
GLN189, GLU166, ASN142, CYS145, HIS163, HIS164, 

MET165 

3,11-dimethoxy-lycoramine [26] -7.1 GLU166(2), PHE140, CYS145 
HIS41, GLN189, ASP187, HIS164, MET165, HIS172, HIS163, 

LEU141, SER144, ASN142, GLY143 
(2R)-2-methoxy-1,2,3,4-tetrahydro 
[1,3] dioxolo[4,5-j] phenanthridine 

[46] -6.7 CYS145, HIS164, ASN142, THR190 
MET165, ARG189, GLN189, LEU141, PHE140, GLU166, 

HIS163 

Zephyranthine [47] -7.1 GLU166, LEU141, CYS145 
GLN189, MET165, ARG188, ASP187, HIS164, HIS41, 
CYS145, HIS163, SER144, PHE140, GLY143, ASN142 

Lycoramine [48] -6.6 
GLU166(2), PHE140, CYS145, 

HIS164 
MET145, HIS172, SER144, LEU141, HIS163, GLY143, 

ASN142, GLN189, HIS41, ASP187, ARG188 

Lycoricidine [49] -7.0 
THR190(2), ARG188, GLU166, 

CYS145, LEU141 
PRO168, ALA191, GLN192, GLN189, MET165, HIS164, 

CYS145, GLY143, ASN142, SER144 

Perlolyrine [24] -7.2 GLU166(2), PHE140, HIS164 
PRO168, MET165, CYS145, ASN142, SER144, HIS163, 
HIS172, LEU141, HIS41, GLN189, THR190, ALA191 

Dihydrolycorine [27] -7.2 
GLU166(2), HIS164, CYS145, 

LEU141 
ASN142, PHE140, SER144, GLY143, HIS163, ASP187, HIS41, 

ARG188, GLN189, MET165 

Anhydrolycorine [25] -6.9 CYS145 
TYR54, ARG188, ASP187, GLN189, MET165, HIS164, 

GLU166, LEU141, ASN142, GLY143, CYS145, HIS41, MET49 

Assoanine [25] -6.0 GLY143, THR26 
ASN142, THR25, LEU27, HIS41, CYS145, MET49, HIS164, 

MET165, GLN189, GLU166 

Cherylline [25] -6.7 
GLU166, ASN142, GLY143, SER144, 

PHE140 
PRO168, LEU167, HIS172, HIS163, LEU141, GLN189 

Epilycoramine [50] -6.9 
GLU166, ASN142, HIS163, SER144, 

HIS164, GLN189(2) 
PHE140, LEU141, HIS41, MET165, CYS145 

Narciclasine [51] -7.6 
GLU166, CYS145, HIS163(2), 

SER144, ASN142, GLN189 
THR190, MET165, HIS164, CYS145, PHE140, LEU141 

Narwedine [52] -6.7 GLU166 
MET165, HIS164, GLN189, HIS41, CYS145, MET49, ASN142, 

LEU141, HIS163, SER144, HIS172, PHE140 

UAW246 
Co-crystallized with 

PDB ID:6XBG 
-7.9 HIS41, SER144, HIS163, PHE140 

HIS164, MET165, GLN189, THR190, ALA191, PRO168, 
THR26, THR25, CYS145, LEU27, GLY143, ASN142, GLU166, 

LEU141, HIS172 
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3.2.1. Predicted absorption and distribution 

Under absorption, all selected compounds except narciclasine had high GI absorption, negative log Kp 

(cm/s) values implying low skin permeability and all were soluble with their log S ranging from -4 to -2 [37] 

(Table 2). Predicted absorption across the intestinal epithelium showed that all ligands had CaCo2 permeability 

except 7-oxodihydrolycorine, 7-deoxynarciclasine, lycoricidine, perlolyrine and narciclasine. The plasma 

protein binding (PPB) ranged from the lowest value of 41.3% in O-demethyllycoramine to the highest value                        

of 96.9% in 5,6-dihydro-5-methyl-2-hydroxyphenanthridine. On the other hand, the distribution of                              

selected compounds indicated that they could all pass through the BBB except 7-oxodihydrolycorine,                                 

7-deoxynarciclasine, zephyranthine, lycoricidine, dihydrolycorine, narciclasine. Although very small molecules 

may just pass through the BBB, this uncontrolled passage into the brain may not be desirable and strategies are 

being developed for controlled passage as well as targeted drug delivery to the brain [61].  

All selected alkaloids can act as P-glycoprotein (P-gp) substrates except 7-deoxynarciclasine, 

lycoricidine and narciclasine (Table 2). P-gp is involved in the transport of different classes of drugs such as 

antineoplastic drugs which include docetaxel, etoposide, vincristine sulphate and calcium channel blockers like 

amlodipine, cyclosporin, digoxin and erythromycin [62]. Drugs that induce P-gp such as rifampicin, can reduce 

the bioavailability of some other drugs in the body while P-gp inhibitors may increase the bioavailability of             

P-gp susceptible drugs. It has also been reported that many drugs transported by P-gp can also be metabolized 

by cytochrome P4503A4 [63]. P-gp is important in the efflux of drugs through biological membranes, for 

instance from the gastrointestinal wall to the lumen or from the brain. Indeed, one major role of P-gp is the 

protection of the central nervous system from xenobiotics [64].  

3.2.2. Cytochrome P450 inhibition 

Cytochrome P450 (CYP) isoenzymes play a key role in drug elimination through metabolic 

biotransformation [65]. CYP enzymes and P-gp can process small molecules synergistically to improve the 

protection of tissues [66]. The five major CYP isoforms which are substrates for about 90% of all therapeutic 

molecules include: CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4 as reported by Daina et al. [37]. 

Inhibition to any of the major cytochrome P450 isoenzymes results in pharmacokinetics-related drug-drug 

interactions which can lead to toxicity or other undesirable adverse effects due to lower clearance and 

accumulation of the drug [67]. Some compounds may inhibit all or specific CYP isoenzymes and it is important 

to predict the degree with which the potential drug molecule will inhibit the CYP isoenzymes by determining 

the isoenzymes likely to be affected [68]. Preferable drugs are those that are P-gp substrates that don’t inhibit 

the majority of CYP isoenzymes notably CYP3A4 and CYP2D6 which are the most significant in drug 

elimination [69]. Most of the compounds under study inhibited specific CYP isoenzymes. From the prediction 

studies, 7-oxodihydrolycorine, 7-deoxynarciclasine, lycoricidine, epilycoramine, narciclasine and narwedine 

did not inhibit any of the CYP isoenzymes while cherylline, dihydrolycorine, lycoramine, zephyranthine,                 

3,11-dimethoxy-lycoramine and O-demethyllycoramine inhibited only CYP2D6 (Table 3). 

3.2.3. Pharmacokinetic inhibitors and medicinal chemistry 

All the selected compounds were not multidrug and toxin extrusion 1 (MATE1) inhibitors, they also 

did not inhibit OATP2B1 but inhibited both OATP1B1 and OATP1B3 organic anion uptake transporters (Table 

3). MATE1 is highly expressed in the kidney, adrenal gland, liver, skeletal muscle and several other tissues.  
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Table 2. Predicted drug-likeness, absorption and distribution of Lycoris alkaloids. 

   Drug-likeness Absorption Distribution 

Name Formula MW 
Consensus Log 
P/ Lipophilicity 

Lipinski 
suitability 

GI 
absorption 

Skin permeability/ 
log Kp (cm/s) 

Solubility/ 
Log S 

Caco2 
permeability 

Plasma 
Protein B 

BBB 
permeant 

P-gp 
substrate 

O-demethyllycoramine C16H21NO3 275.15 1.77 Yes High -6.82 Soluble + 0.413 Yes Yes 

7-oxodihydrolycorine C16H17NO6 319.31 -0.01 Yes High -8.75 Soluble - 0.814 No Yes 

7-deoxynarciclasine C14H13NO6 291.26 -0.42 Yes High -9.04 Soluble - 0.814 No No 

5,6-dihydro-5-methyl-2-
hydroxyphenanthridine 

C15H13NO3 255.27 2.35 Yes High -5.94 Soluble + 0.969 Yes Yes 

3,11-dimethoxy-lycoramine C17H23NO3 289.37 2.07 Yes High -6.67 Soluble + 0.654 Yes Yes 

(2R)-2-methoxy-1,2,3,4-
tetrahydro[1,3]dioxolo[4,5-

j]phenanthridine 
C15H15NO3 257.28 2.51 Yes High -6.08 Soluble + 0.835 Yes Yes 

Zephyranthine C16H20NO4 290.33 1.05 Yes High -7.54 Soluble + 0.77 No Yes 

Lycoramine C17H23NO3 289.37 2.09 Yes High -6.67 Soluble + 0.654 Yes Yes 

Lycoricidine C14H13NO6 291.26 -0.42 Yes High -9.04 Soluble - 0.725 No No 

Perlolyrine C16H12N2O2 264.28 2.55 Yes High -6.33 Soluble - 0.78 Yes Yes 

Dihydrolycorine C16H19NO4 289.33 1.09 Yes High -7.53 Soluble + 0.77 No Yes 

Anhydrolycorine C16H13NO2 251.28 2.89 Yes High -5.64 Soluble + 1.124 Yes Yes 

Assoanine C17H17NO2 267.32 3.01 Yes High -5.64 Soluble + 0.855 Yes Yes 

Cherylline C17H19NO3 285.34 2.34 Yes High -6.26 Soluble + 0.657 Yes Yes 

Epilycoramine C17H23NO3 289.37 2.09 Yes High -6.67 Soluble + 0.654 Yes Yes 

Narciclasine C14H13NO7 307.26 -0.61 Yes Low -9 Soluble - 0.828 No No 

Narwedine C17H19NO3 285.34 2.01 Yes High -6.8 Soluble + 0.49 Yes Yes 
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It has been reported that MATE1 could play a role in the renal tubular secretion of cationic drugs in 

humans. MATE1 also acts as an efflux transporter of cellular substrates in other tissues [70]. Hence MATE1 is 

suitable for the distribution of drugs in tissues. In the kidney, MATE1 mediates the efflux of drugs from 

epithelial cells into urine [71]. On the other hand, OATP1B1 and OATP1B3 anion uptake transporters are 

exclusively expressed on the sinusoidal side of hepatocytes [72]. OATP1B1, OATP2B2 and OATP1B3 enhance 

metabolism through intestinal and hepatic uptake of a diverse array of xenobiotics from blood. In vitro and in 

vivo studies have shown that some drugs inhibit these transporters and cause clinically relevant drug-drug 

interactions [73,74]. As a large number of therapeutic reagents are substrates or inhibitors of OATP1B1 and 

OATP1B3, we should be aware of the extent of drug-dependent interactions caused by the inhibition of these 

transporters [74]. Since the severity of drug-dependent interactions may be minor or major, the FDA and EMA 

recommend in vitro testing of OATP1B1 and OATP1B3 interactions for drug candidates that are eliminated in 

part via the liver or are co-administered with substrates for these pharmacokinetic transporters [75]. 

Human organic cationic transporters (OCT1 and OCT2) are polyspecific transporters of small and 

hydrophilic organic cations, including toxic substances, endogenous compounds and clinically used drugs [76]. 

Among the OCT family, OCT1 is expressed mainly in the basolateral membrane of hepatocytes [77]. In the 

kidney, OCT2 is expressed on the basolateral membrane of the proximal tubule epithelium and is involved in 

the uptake of many cations and xenobiotics from the bloodstream into renal epithelial cells [78].                            

Selected alkaloids did not inhibit human organic cationic transporters (OCT1 and OCT2) except 5,6-dihydro-

5-methyl-2-hydroxyphenanthridine, (2R)-2-methoxy-1,2,3,4-tetrahydro[1,3]dioxolo[4,5-j] phenanthridine, 

anhydrolycorine, assoanine and cheryline which inhibited OCT1. Assoanine is the only alkaloid which inhibited 

OCT2 (Table 3). 

3.2.4. Predicted toxicity 

Predicted Ames mutagenesis was negative for all compounds except 7-deoxynarciclasine, (2R)-2-

methoxy-1,2,3,4-tetrahydro [1,3] dioxolo [4,5-j] phenanthridine, lycoricidine and perlolyrine where the test was 

positive (Table 4). AMES is a short-term bacterial reverse mutation assay and it is used to detect chemicals that 

can cause DNA damage leading to mutations [79]. For oral toxicity, all compounds fell under class III and only 

assoanine was placed under class II. Class III includes substances with chemical structures that permit a strong 

initial presumption of safety or may even suggest significant toxicity or have reactive functional groups. Class 

II  includes substances that are less harmless than class I substances but do not contain structural features 

suggestive of toxicity like those substances in class III [80,81]. No eye irritation and corrosion were reported in 

all the compounds. Seven Lycoris alkaloids were predicted to be hepatotoxic, unlike the ten compounds which 

were predicted not to be hepatotoxic (Table 4). 

Human Ether-à-go-go-Related Gene (hERG) is a gene that codes for a protein known as Kv11.1; the 

alpha subunit of a potassium ion channel [82]. This gene is important for cardiac repolarization and dysfunction. 

The hERG causes long QT syndrome and sudden death making its inhibition an important anti-target that must 

be avoided during drug design and drug development [83]. In the current study, most of the compounds did not 

inhibit the hERG gene except (2R)-2-methoxy-1,2,3,4-tetrahydro [1,3] dioxolo [4,5-j] phenanthridine, 

assoanine and cherylline (Table 4) hence further explorations of the three compounds should be avoided. A 

micronucleus test is used in toxicological screening for potential genotoxic compounds [84]. 
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Table 3. Predicted metabolism and medicinal chemistry of Lycoris alkaloids. 

 Metabolism 
Medicinal chemistry 

 Cytochrome P450 inhibition pharmacokinetics transporters inhibition 

Name 
CYP 
1A2 

CYP 
2C19 

CY 
P2C9 

CYP 
2D6 

CYP 
3A4 

MATE
1 

OATP
1B1 

OATP 
1B3 

OATP 
2B1 

OCT1 OCT2 
PAINS 
alerts 

Brenk 
alerts 

Lead-
likeness 

Synthetic 
availability 

O-demethyllycoramine No No No Yes No - + + - - - 0 0 Yes 4.24 

7-oxodihydrolycorine No No No No No - + + - - - 0 0 Yes 4.03 

7-deoxynarciclasine No No No No No - + + - - - 0 0 Yes 4.01 

5,6-dihydro-5-methyl-2-
hydroxyphenanthridine 

Yes No No Yes Yes - + + - + - 0 0 Yes 2.73 

3,11-dimethoxy-
lycoramine 

No No No Yes No - + + - - - 0 0 Yes 4.36 

(2R)-2-methoxy-
1,2,3,4-tetrahydro [1,3] 

dioxolo[4,5-j] 
phenanthridine 

Yes Yes No Yes Yes - + + - + - 0 0 Yes 3.06 

Zephyranthine No No No Yes No - + + - - - 0 0 Yes 4.02 

Lycoramine No No No Yes No - + + - - - 0 0 Yes 4.36 

Lycoricidine No No No No No - + + - - - 0 0 Yes 4.01 

Perlolyrine Yes No No Yes Yes - + + - - - 0 0 Yes 2.98 

Dihydrolycorine No No No Yes No - + + - - - 0 0 Yes 3.99 

Anhydrolycorine Yes No No Yes Yes - + + - + - 0 0 Yes 2.67 

Assoanine Yes No No Yes Yes - + + - + + 0 0 Yes 2.68 

Cherylline No No No Yes No - + + - + - 0 0 Yes 2.88 

Epilycoramine No No No No No - + + - - - 0 0 Yes 4.36 

Narciclasine No No No No No - + + - - - 0 0 Yes 4.09 

Narwedine No No No No No - + + - - - 0 0 Yes 4.29 
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Table 4. Predicted toxicity profiles of Lycoris alkaloids. 

 Ames 
mutagenesis 

Acute Oral 
Toxicity [c] 

Eye corrosion Eye irritation Hepatotoxicity 
Human either-a-
go-go inhibition 

Micro-nuclear 

O-demethyllycoramine - III - - - - - 

7-oxodihydrolycorine - III - - - - + 

7-deoxynarciclasine + III - - + - + 
5,6-dihydro-5-methyl-2-
hydroxyphenanthridine 

- III - - + - + 

3,11-dimethoxy-lycoramine - III - - - - - 
(2R)-2-methoxy-1,2,3,4-tetrahydro 

[1,3] dioxolo [4,5-j] 
phenanthridine 

+ III - - - + - 

Zephyranthine - III - - - - + 

Lycoramine - III - - - - - 

Lycoricidine + III - - + - + 

Perlolyrine + III - - + - + 

Dihydrolycorine - III - - - - + 

Anhydrolycorine - III - - + - + 

Assoanine - II - - + + + 

Cherylline - III - - - + + 

Epilycoramine - III - - - - - 

Narciclasine - III - - + - + 

Narwedine - III - - - - - 
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The micronucleus test is now recognized as one of the most reliable assays for genotoxic substances. 

Six Lycoris alkaloids were negative for the micronucleus test which are O-demethyllycoramine, 3,11-

dimethoxy-lycoramine, (2R)-2-methoxy-1,2,3,4-tetrahydro [1,3] dioxolo[4,5-j] phenanthridine, epilycoramine 

and narwedine while majority of the compounds were positive for micronucleus test making them potential 

genotoxic compounds (Table 4). 

Based on molecular docking and ADMET prediction results, 4 alkaloids with high docking scores 

whose complexes showed favorable interactions, drug-likeness, absorption and distribution, metabolism, 

medicinal chemistry and toxicity were regarded as potential inhibitors of the SARS-CoV-2 Mpro. These 

compounds are O-demethyllycoramine, 3,11-dimethoxy-lycoramine, epilycoramine and narwedine. 2D 

structures of the compounds including UAW246, SARS-CoV-2 Mpro 3D structure  nd 3D structures of the 

docked ligands are displayed in Figures 1-5. 

 

 
Figure 1. 2D structures of Lycoris alkaloids selected for MD simulations, SARS-CoV-2 Mpro 3D structure (showing 

Chain A and B) and 2D structure of Mpro co-crystallized ligand: UAW 246. 
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Figure 2. 3, 11-dimethoxy-lycoramine-Mpro interactions include: Van der Waals forces observed in ASP187, GLN189, 

HIS41, HIS164, MET165, GLY143, ASN142, SER144 and LEU141, conventional hydrogen bond seen in GLU166, pi-

donor hydrogen bonds seen in CYS145, pi-Alkyl interactions observed in HIS172 and HIS163 and carbon-hydrogen 

bonds observed in GLU166 and PHE 140; Binding energy= -7.1 kcalmol-1. 

 

 
Figure 3. Epilycoramine-Mpro interactions include: Van der Waals forces in PHE 140, LEU141, CYS145 and MET165, 

conventional hydrogen bonds in HIS 163 and SER 144, pi-donor hydrogen bond in GLN189, pi-sigma in HIS41 and 

carbon-hydrogen bonds in GLN 189, HIS 164, ASN 142 and GLU166; Binding energy= -6.9 kcalmol-1. 

 

 
Figure 4. Narwedine-Mpro interactions include: Van der Waals forces observed in HIS172, PHE140, SER144, LEU141, 

HIS163, ASN142, MET49, HIS41, HIS164 and GLN189, conventional hydrogen bond in GLU166 and pi-Alkyl in both 

MET145 and CYS145; Binding energy= -6.7 kcalmol-1. 
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Figure 5. O-demethyllycoramine-Mpro interactions include Van der Waals forces in PHE140, CYS145, HIS164, 

MET165, HIS41, ASN142 and LEU141, conventional hydrogen bonds in SER144 and HIS163 and pi-Donor hydrogen 

bonds in GLU166 and GLN189; Binding energy= -7.2 kcalmol-1. 

 

3.3. MD simulations of docked Lycoris alkaloids 

MD simulations for the four promising Lycoris alkaloids were done in WebGro for 100ns. Root mean 

square deviation of the given structure (RMSD), root mean square fluctuation (RMSF), radius of gyration or 

structural compactness (Rg), solvent-accessible surface area (SASA) and number of H-bonds in each frame 

over time of the simulated complexes is shown Figures 6-10. Root mean square deviation (RMSD) computes 

the average distance between the backbone atoms of starting structure with simulated structures when 

superimposed [85]. RMSD was plotted to compare the protein backbone stability (Figure 6). The backbones of 

all the five complexes under investigation showed significant RMSD fluctuations within the first 20 ns of the 

simulations. In the first 20ns, there were significant fluctuations in RMSD noticed in epilycoramine-Mpro, 

narwedine-Mpro and 3,11-dimethoxy-lycoramine-Mpro, followed by slight fluctuations in RMSD till the end 

of simulation time implying the systems for the three compounds reached equilibrium within 20ns. However, 

O-demethyllycoramine-Mpro and UAW246-Mpro significant fluctuations in RMSD persisted till the end of 

simulation time. Average RMSD values in Å (1Å = nm*10) for the five complexes were: 3,11-dimethoxy-

lycoramine-Mpro (3.1Å), narwedine-Mpro (3.3Å), O-demethyllycoramine-Mpro (3.3Å), epilycoramine-Mpro 

(3.5Å) and UAW246-Mpro (3.2Å). High average RMSD values implies high fluctuations seen in complexes 

making them less stable while low RMSD values mean fewer fluctuations and these low values are seen in a 

more stable complex. Low RMSD values for structure are preferred, a generally acceptable range of the RMSD 

when a model is overlapped to a template is 2Å [86,87]. But this RMSD cannot be considered as the only criteria 

for evaluation of MD simulation results. Some deviations at times can be considered [88,89]. Since there is an 

asymmetry on the functioning of SARS CoV-2 Mpro, ligand binding at one cavity induces conformational 

changes on the ligand-free pocket and to some extent on the whole receptor [9]. Hence fluctuations in RMSD 

could also be associated with reorganization of the dimer interface upon considering only one chain was 

employed for MD simulations.  

Fluctuations or standard deviation of atomic positions of each amino acids (residues) in the trajectory 

were computed and displayed in Figure 7. RMSF values provide insight into structural fluctuations as well as 

the flexibility of different regions of a protein, if RMSF values are low, it means that the residues are stable, if 

the RMSF values are high it means the residues are unstable and their atomic positions change more during the 

simulation time [90]. Average RMSF values (in Å) for the five complexes over the 100 ns were: 3,11-
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dimethoxy-lycoramine-Mpro (1.7 Å), narwedine-Mpro (1.6 Å), O-demethyllycoramine-Mpro (1.6 Å), 

epilycoramine-Mpro (1.6 Å) and UAW246-Mpro (1.8 Å). Most of the proteins’ residues in the five complexes 

showed low RMSF values of  ≤1.8 Å and the general shape of the fluctuation’s curve for the five complexes 

was more or less the same (Figure 7) and there were no significant changes in all ligands in the Mpro binding 

pocket.  

 

 
Figure 6. Root mean square deviation (RMSD) of the backbone over 100 ns. 

 

 
Figure 7. RMSF of the backbone atoms over 100 ns. 
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Binding stabilities of the protein-ligand complexes were evaluated by calculating the hydrogen bond 

profiles in GROMACS and the number of hydrogen bonds over time (Figure 8). The analysis revealed that 

more hydrogen bonds were observed in O-demethylycoramine-Mpro (maximum four hydrogens bonds), 

epilycoramine-Mpro complex (maximum of three hydrogen bonds) and UAW246-Mpro (maximum three 

hydrogens bonds), least hydrogen bonds were observed in 3,11-dimethoxy-lycoramine-Mpro, and in narwedine-

Mpro complex. It has been argued that a higher number of hydrogens bonds make ligand-receptor complexes 

more stable [53]. Hence with regard to hydrogen bonding, binding stabilities were higher in                                                     

O-demethylycoramine-Mpro and epilycoramine-Mpro complexes. However, the overall docking score is not 

just due to hydrogens bond interactions but due to a cumulative effect of various interactions of the ligand-

receptor complex. 

 

 
Figure 8. Number of hydrogen bonds over 100 ns. 

 

 Radius of gyration (Rg) computes the radius of gyration of a molecule; the radii of gyration about the 

x-, y- and z-axes, as a function of time [91]. It is a measurement of the distance between the center of mass of 

the protein atoms with its terminal in a given time frame. Generally, a compact protein or globular protein shows 

low or less variation in the gyration value while the expanded form of the structure shows a higher Rg value 

[90]. In the five complexes, the Rg values ranged from 2.58 nm to 2.44 nm. Over the 100 ns simulation time, 

Rg values in all were seen to decrease from the initial 2.58 nm value. A sharp decrease in Rg is also seen in all 

the complexes within the first 10ns from 2.58 nm to 2.50 nm. Average Rg values for the five complexes over 

the 100 ns were: 3,11-dimethoxy-lycoramine-Mpro (2.47 nm), narwedine-Mpro (2.43 nm), O-demethyllycor-

amine-Mpro (2.44 nm), epilycoramine-Mpro (2.45 nm) and UAW246-Mpro (2.46 nm) (Figure 9). From the 

average Rg values and the Rg fluctuation curve we can conclude that the structural compactness of the 

complexes under study was more or less the same over the 100,000 picoseconds (100ns). Reduced Rg values 

indicates that the complexes became more stable/more compact with increase in simulation time and the reduced 

Rg values could also be attributed to reorganization of amino acids in the Mpro dimer over the simulation time. 
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Figure 9. Radius of gyration over 100 ns. 

 

 

Figure 10. Solvent Accessible Surface Area (SASA) over 100 ns. 

 

Solvent-accessible surface area (SASA) is an approximate surface area of a biomolecule that is 

accessible to a solvent (in most cases water) with respect to simulation time [92]. Average SASA values (nm2) 

over the 100 ns for 3,11-dimethoxy-lycoramine, narwedine, O-demethyllycoramine, epilycoramine and 

UAW246 were 231.37 nm2, 232.39 nm2, 231.35 nm2, 235.63 nm2 and 235.62 nm2 respectively (Figure 10). 

Lower SASA implies that the ligand is consistent and doesn’t shift much in its binding pocket [93]. Hence 3,11-

dimethoxy-lycoramine and O-demethyllycoramine with lower SASA implied that the two ligands were more 

stable and consistent in the binding pocket of SARS-CoV-2 Mpro compared to the other ligands under study 
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which stuck out to solvent and have higher SASA. Generally, SASA for the five ligands was seen to decrease 

over the 100ns meaning the ligands did not shift much in their binding pockets and less of their surfaces were 

exposed to solvent with an increase in simulation time. Similarly, a decrease in SASA over the simulation time 

can be a consequence of the reorganization of Mpro ligand binding regions. 

Drug development process is constantly experiencing issues in rising costs and achieving FDA approval 

[94]. Novel approaches are essential to identify drug targets correctly and perform efficacy predictions with 

ease. In silico computational approaches provide means to qualitatively and quantitatively investigate various 

treatments on specific diseases on a wider scale by subjecting such treatment to different conditions prior to in 

vitro/vivo evaluation, and this allows optimization during drug development. In silico methods such as 

pharmacophore modelling, Quantitative Structure Activity Relationship (QSAR), Scaffold hopping and 

molecular docking are some of the methods of rapidly screening extensive libraries of ligands and targets and 

offer various solutions to current problems in drug development [95]. Generally, in silico methods offer more 

practical and cost-effective experiments, are less expensive, less time consuming, allow constant drug 

optimization, have higher reproducibility and have low compound synthesis requirements. Furthermore, 

computer aided drug design methods limit the use of animal models in research which supports the idea of 

designing novel and safe drug candidates [96,97]. 

One of the main drawbacks of in silico methods is ensuring appropriate scoring functions and 

algorithms for molecular screening are implemented to ensure accuracy of these methods. Nevertheless, post-

processing algorithms with more accurate scoring functions have been developed [98,99]. Another limitation 

of in silico methods is the complexity of molecular dynamics. Performing MD simulations is computationally-

demanding, requires ultra-fast computers and is dependent on the size of the simulated systems and the some 

longest reported analysis periods range from hundred nanoseconds to microseconds. Such a limited time period 

is often too short to simulate most of the interactions seen in molecular docking experiments and this leads to 

generation of inadequate and unreliable MD simulation results [100,101]. 

4. CONCLUSIONS 

MD simulation analysis showed that RMSD and RMSF for the five compounds did not fluctuate much 

over the simulation time except for O-demethyllycoramine-Mpro and UAW246-Mpro. With regard to Rg and 

SASA, a decrease in Rg and SASA over time was observed in all the five docked compounds pointing to more 

compact and stable complexes. However, a higher number of hydrogens bonds was observed in O-

demethylycoramine-Mpro, epilycoramine-Mpro and UAW246-Mpro complexes compared to 3,11-dimethoxy-

lycoramine-Mpro and narwedine-Mpro complexes. MD simulation analysis revealed that although the four 

Lycoris alkaloids besides UAW246 formed stable complexes with SARS-CoV-2 Mpro, higher stability was 

observed in O-demethylycoramine-Mpro, epilycoramine-Mpro and UAW246-Mpro over 100 ns simulation 

time. The study indicates that the four Lycoris alkaloids are drug-like and lead-like compounds with favorable 

ADMET properties and are very likely to have an inhibition potential against SARS-CoV-2 and may become 

potential drug candidates. However, further in vitro and in vivo studies of the four Lycoris alkaloids are required 

to validate these findings.  

 

Abbreviations: 

ADMET, absorption, distribution, metabolism, elimination and toxicity; BBB, blood-brain barrier; COVID-19, 

coronavirus disease 2019; CYP, cytochrome P450; GI, gastrointestinal absorption; hERG, Human Ether-à-go-
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go-Related Gene; MATE1, multidrug and toxin extrusion 1; MD, molecular dynamic simulations; Mpro, main 

protease; OATP, organic anion transporting polypeptide; OCT; organic cationic transporter; PAINS, pan assay 

interference compounds; P-gp, p glycoprotein; PPB, plasma protein binding; Rg, radius of gyration; RMSD, 

root mean square deviation; RMSF, root mean square fluctuation; SARS-CoV-2, severe acute respiratory 

syndrome coronavirus 2; SASA, solvent accessible surface area. 
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