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ABSTRACT
COVID-19 is a respiratory disease caused by SARS-CoV-2, an enveloped positive sense RNA virus. The
SARS-CoV-2 spike glycoprotein, human angiotensin-converting enzyme 2 (ACE2) and human trans-
membrane protease serine 2 (TMPRSS2) are essential for the host cell-mediated viral entry. Targeting
these proteins represent viable options to stop the first stage of infection and transmission. Hence, 97
alkaloids from African medicinal plants with reported antiviral activity were evaluated for this purpose
via in silico studies. These alkaloids were docked for their interactions with SARS-CoV-2 spike glycopro-
tein, ACE2, and TMPRSS2. Top 20 alkaloids with highest binding affinities were further screened for
their interactions with spike glycoprotein of SARS-CoV and MERS-CoV, and with ACE2-SARS-CoV-2
receptor-binding domain complex (ACE2-RBD). The energy profiling, molecular dynamics simulation
(MDS), binding free energy base on Molecular Mechanics/Generalized Born Surface Area (MMGBSA),
clustering of MDS trajectories, and virtual physicochemical and pharmacokinetic screening of the best
docked alkaloids were performed. Results revealed that more than 15 alkaloids interacted better than
the reference compounds. 10–Hydroxyusambarensine and Cryptospirolepine were docked in a similar
binding pattern to the S1-specificy pocket of TMPRSS2 as camostat (reference inhibitor). The strong
binding affinities, stability of the alkaloid-protein complexes and amino acid interactions displayed by
cryptospirolepine, 10-hydroxyusambarensine, and cryptoquindoline with important binding hotspots
of the proteins suggest these alkaloids have the potential of altering the capacity of SARS-CoV-2 mem-
brane mediated host cell entry. Further in vitro and in vivo evaluation of these “drug-like” alkaloids as
potential inhibitors of coronavirus cell entry is proposed.
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1. Introduction

Coronaviruses refer to a family of viruses that cause diverse
forms of diseases in multiple animal hosts. Four main genera of
coronaviruses – alpha, beta, gamma, and delta – infect animals
but two of these genera, alpha and beta, transmit to humans
(Paules et al., 2020). Human coronavirus (HCoV) causes respira-
tory tract complications which vary in severity. Prevalence of
HCoVs and their association with upper and lower respiratory
tract diseases ranges from 3.3% to 16% (Cabeça et al., 2013;
Gaunt et al., 2010; Lu et al., 2012; Walsh et al., 2013). Alpha
coronaviruses (HCoV-NL63 and HCoV-229E) and beta coronavi-
ruses (HCoV-OC43 and HCoV-HKU1) are prevalent in human
population and responsible for mild respiratory illnesses such
as sore throat, cough, and common cold (Lu et al., 2012; Walsh
et al., 2013), while beta coronaviruses like MERS-CoV (Middle
East respiratory syndrome coronavirus), SARS-CoV (severe
acute respiratory syndrome coronavirus), and SARS-CoV-2
(severe acute respiratory syndrome coronavirus 2) are rarer in
human but more deadly (Letko et al., 2020). MERS-CoV, SARS-
CoV, and SARS-CoV-2 are believed to have initially transmitted

from a natural host, purported to be bat, via intermediate
mammalian hosts to humans (Al-Tawfiq and Memish, 2014;
Bolles et al., 2011; Zhou et al., 2020). The novel human corona-
virus, SARS-CoV-2, was first identified in Wuhan, China in the
year 2019 (WHO, 2020) and was reported as the causative
agent of COVID-19 (coronavirus disease 2019).

SARS-CoV-2, an enveloped positive-sense RNA virus
(Gorbalenya et al., 2020), utilizes its spike glycoprotein for
receptor recognition and membrane fusion to initiate infection
(Gallagher and Buchmeier, 2001; Simmons et al., 2013). The S1
subunit of coronavirus spike glycoprotein contains the recep-
tor binding domain (RBD), which binds to the peptidase
domain (PD) of host cell angiotensin-converting enzyme 2
(ACE2) (Li et al., 2005), while S2 subunit of the spike glycopro-
tein ensures membrane fusion with host cell (Tong, 2009). The
human ACE2 is a type I integral membrane glycoprotein whose
biological function is to process angiotensin, a peptide hor-
mone that modulates vasoconstriction and blood pressure,
into its matured form. But ACE2 is hijacked by some coronavi-
ruses, like SARS-CoV and SARS-CoV-2, as entry point to host
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cell (Hoffmann et al., 2020). Relative to SARS-CoV, SARS-CoV-2
is believed to bind human ACE2 more efficiently, thereby
increasing its chance of human to human transmission (Wan
et al., 2020). In addition, SARS-CoV-2 just like SARS-CoV, utilizes
host cell transmembrane protease serine 2 (TMPRSS2) to cleave
its spike glycoprotein (Glowacka et al., 2011; Heurich et al.,
2014; Hoffmann et al., 2020; Shulla et al., 2011) to ensure the
fusion of host cell and virus membranes (Hoffmann et al.,
2020). These interactions of SARS-CoV-2 spike glycoprotein
with ACE2 and TMPRSS2 ensure the entry of the viral RNA gen-
ome into the host cell, where viral replication takes place. Both
ACE2 and TMPRSS2 are well expressed in nasal and bronchial
epithelium (Bertram et al., 2012).

Potential therapeutic approaches to curtail COVID-19 include
development of SARS-CoV-2 spike glycoprotein-based vaccine;
usage of transmembrane protease serine 2 (TMPRSS2) inhibitor
to block the cleavage of the spike glycoprotein; usage of anti-
ACE2 peptides or antibody to block ACE2 receptor surface; and
introduction of soluble form of ACE2 to competitively bind with
SARS-CoV-2, slow down viral entry into cells, and protect the
lung from injury through its unique enzymatic function (Zhang
et al., 2020). Computational techniques have been applied for
virtual screening of several FDA approved drugs (Elmezayen
et al., 2020; Lobo-Galo et al., 2020), natural agents (Aanouz et al.,
2020), and repurposing of clinically approved antiviral drugs
(Adeoye et al., 2020; Boopathi et al., 2020; Hendaus, 2020; Khan
et al., 2020; Muralidharan et al., 2020).

Exploration of natural products presents the option of
identifying compounds with minimal side effects. Alkaloids
are secondary metabolites of plants used to manage diverse
diseases. Given the antiviral potentials of alkaloids from
Africa medicinal plants (Dhama et al., 2018; Kudi and Myint,
1999; Meyer et al., 1997; Ogbole et al., 2018), this research
seeks to investigate the potentials of alkaloids to interact
and alter binding function of coronavirus spike glycoprotein,
block the receptor function of ACE2 and/or inhibit cleavage
function of TMPRSS2. These disruptions could serve to pre-
vent SARS-CoV-2 binding and fusion to cell, and conse-
quently prevent infection of cells and viral replication.

2. Materials and methods

2.1. Protein preparation

The crystal structures of proteins for the docking studies were
retrieved from Protein Databank (http://www.rcsb.org) with
their various identification codes: ACE2 (1R42) (Towler et al.,
2004); TMPRSS2 (2OQ5) (Kyrieleis et al., 2007); SARS-CoV-2 chi-
meric receptor-binding domain complexed with ACE2 tagged as
ACE2-RBD (6VW1) (Shang et al., 2020); SARS-CoV-2 spike glyco-
protein (6VSB) (Wrapp et al., 2020); SARS-CoV spike glycoprotein
(5X5B) (Yuan et al., 2017); and MERS-CoV spike glycoprotein
(5X5C) (Yuan et al., 2017). All the crystal structures were pre-
pared by removing existing ligands and water molecules while
missing hydrogen atoms were added using Autodock version
4.2 program (Scripps Research Institute, La Jolla, CA). Thereafter,
nonpolar hydrogens were merged while polar hydrogens were
added to each protein. The process was repeated for each pro-
tein and subsequently saved into dock-able PDBQT format.

2.2. Ligand preparation

Structure Data Format (SDF) structures of reference inhibitors
(MLN-4760, N-Acetyl-D-Glucosamine, Camostat, and
Nafamostat) and 97 alkaloids reportedly present in African
plants were retrieved from the PubChem database (www.
pubchem.ncbi.nlm.nih.gov), while compounds that were not
available on the database were drawn with Chemdraw ver-
sion 19, and converted to mol2 chemical format using Open
babel (O’Boyle et al., 2011). Polar hydrogen charges of the
Gasteiger-type were assigned while the nonpolar hydrogen
molecules were merged with the carbons, and the internal
degrees of freedom and torsions were set to zero. The ligand
molecules were then converted to dock-able format using
Autodock tools.

2.3. Molecular docking

The initial virtual screening of the alkaloids for active regions
of the human host cell receptor, protease and the coronavi-
ruses spike glycoprotein, were carried out using AutoDock
vina (Trott and Olson, 2010), and validated with BINDSURF
(https://bio-hpc.ucam.edu/achilles/) (S�anchez-Linares et al.,
2012). AutoDock vina provides a one step and faster docking
analysis which relies on both empirical and knowledge-based
scoring functions, for this reason it was selected for the ini-
tial virtual screening. The estimated inhibition constant for
the top-ranked alkaloids and reference compounds was cal-
culated with AutoDock 4.2 (Morris et al., 2009). Twenty-five
million energy evaluations were performed for each com-
pound with a total of ten runs using AutoDock 4.2.
Lamarckian Genetic Algorithm was used and Gasteiger partial
charges were added to the proteins. PDBQT form of each
protein and ligand were used for exhaustive docking calcula-
tions to find the spots with best binding affinities. The pose
with the best affinity was taken as the representation of the
cluster. The top 20 alkaloids with higher binding affinity for
ACE2 were further docked with the complex formed
between ACE2 and SARS-CoV-2 spike glycoprotein receptor-
binding domain (ACE2-RBD). Also, these top 20 alkaloids
were docked with the spike glycoproteins of SARS-CoV and
MERS-CoV. The molecular interactions between these alka-
loids and proteins were viewed with Discovery Studio
Visualizer version 16.

2.4. Energy profile calculations

The energy profiles of the ligand-protein complex in the
selected clusters with the best docked poses were calculated
by BINDSURF. The number of poses and best poses in the
selected clusters from the population cluster for each docked
ligand and the binding coordinates in the cluster were calcu-
lated by the clustering tool.

2.5. Molecular dynamics simulation

Molecular Dynamics Simulation (MDS) using NAMD software
(Phillips et al., 2005) was done on the resulted complexes
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from AutoDockVina docking step. The files required for the
MDS were prepared using CHARMM-GUI web server (Brooks
et al., 2009; Lee et al., 2016). Each complex was minimized
for 10,000 steps then a production run for 100 ns was per-
formed. The simulation temperature was set at 310 K, and
salt concentration was set at physiological concentration of
0.154M NaCl.

The results from the MDS were analyzed using VMD TK con-
sole scripts for calculation of Backbone-Root Mean Square
Deviation (RMSD), Per residue Root Mean Square Fluctuations
(RMSF), Radius of Gyration (RoG), and Surface Accessible
Surface Area (SASA) (Humphrey et al., 1996). In addition,
Molecular Mechanics/Generalized Born Surface Area (MM/
GBSA) (Miller et al., 2012) calculation was performed using
AmberTools 20 (Case et al., 2020). MDS Trajectories were clus-
tered automatically using TTClust Version 4.7.2 by utilizing the
elbow method to calculate the number of clusters and a repre-
sentative structure for each cluster was produced (Tubiana
et al., 2018). Following that was the analysis of the representa-
tive structures using Protein Ligand Interaction Profiler (PLIP)
webserver to know the types and number of bonds that par-
ticipated in the interaction (Salentin et al., 2015).

2.6. Physicochemical and pharmacokinetic study

The alkaloids that demonstrated highest binding affinities to
the proteins were subjected to Lipinski filter to predict their
membrane permeability and ease of intestinal absorption via
passive diffusion. To pass this test, the alkaloids were
expected not to violate more than one criteria for drug-like-
ness of Lipinski’s rule of five: octanol-water partition coeffi-
cient (log P) �5; molecular mass �500; hydrogen bond
donors (OHþNH count) �5; and hydrogen bond acceptors
(OþN atom count) �10 (Lipinski et al., 1997). The pharma-
cokinetic studies were performed with the SDF file and
canonical SMILES of the selected alkaloids. The predicted
absorption, distribution, metabolism, excretion, and toxicity
(ADMET) studies were analyzed using the admetSAR web-
server (Cheng et al., 2012).

3. Results

3.1. Molecular docking

The screened 97 alkaloids from African medicinal flora dem-
onstrated varying degrees of binding with SARS-CoV-2 spike
glycoprotein, human ACE2, and protease TMPRSS2 (Table S1,
Supporting material). From the docking scores obtained from
the analysis, ranking based on negative low value of binding
free energy, and binding orientation in the respective pro-
teins, a hit list of top 20 alkaloids was defined. The binding
energies of alkaloids with highest binding affinities for com-
plex formed between ACE2 and SARS-CoV-2 spike glycopro-
tein receptor-binding domain (ACE2-RBD) are presented in
Table 1. The binding energies of alkaloids with highest bind-
ing affinities for spike glycoproteins of SARS-CoV-2, SARS-
CoV, and MERS-CoV are presented in Table 2, while the esti-
mated inhibition constant of the three top-ranked alkaloids

with highest binding affinities for ACE2, TMPRSS2, and SARS-
CoV-2 spike glycoprotein is presented in Table 3.

The results from this study revealed that MLN-4760 and N-
Acetyl-d-glucosamine (reference inhibitors) interacted with
human ACE2 with binding energy of�7.0 and�5.6 Kcal/mol and
estimated inhibition constant of 25.62 and 65.02mM, respectively
(Tables 1 and 3). It was observed that all the top 20 alkaloids inter-
acted with ACE2 with binding affinity higher than the two refer-
ence inhibitors used in this study. Cryptospirolepine,
10–hydroxyusambarensine, and strychnopentamine showed the
best binding to ACE2 with energies of �10.7, �10.4, and
�9.9Kcal/mol and estimated inhibition constant of 2.67, 5.81, and
4.45mM, respectively (Tables 1 and 3).

Base on the estimated inhibition constant, the 3 top-
ranked alkaloids especially cryptospirolepine had lower val-
ues than the reference compounds (MLN-4760 and N-Acetyl-
d-glucosamine). Furthermore, cryptospirolepine, 10–hydrox-
yusambarensine, and chrysopentamine showed the best
binding affinities to the ACE2-RBD with energies of �10.7,
�10.5, and �10.5 Kcal/mol, respectively (Table 1).

Fifteen of the top-ranked alkaloids interacted with TMPRSS2
with binding affinities better than that camostat (–7.6 Kcal/
mol), a reference inhibitor of TMPRSS2. The interaction of
10–hydroxyusambarensine, cryptospirolepine, and cryptoquin-
doline to TMPRSS2 demonstrated highest binding affinities
with energies of �10.4, �9.9, and �9.7 Kcal/mol (Table 1).
Though the estimated inhibition constant of camostat for
TMPRSS2 (1.56 mM) was lower compared to these 3 top-ranked
alkaloids (Table 3).

The result also revealed that nafamostat, the reference
inhibitor for spike glycoprotein, had better binding tendency
to the spike glycoprotein of SARS-CoV and MERS-CoV than
SARS-CoV-2. Also, more than ten of the top-ranked alkaloids
have higher binding affinities to the spike glycoproteins than
nafamostat (Table 2). The alkaloids, cryptospirolepine, iso-
cryptolepine, and cryptoquindoline interacted with the spike
glycoprotein of SARS-CoV-2 with better binding affinities and
lower estimated inhibition constant than the reference com-
pound (Tables 2 and 3). Cryptospirolepine and 10–hydroxyu-
sambarensine demonstrated highest affinities to the spike
glycoprotein of SARS-CoV and MERS-CoV (Table 2).

3.2. Interaction of alkaloids with amino acid residues of
target proteins

The alkaloids with the highest binding affinities interacted
with various the amino acid residues of human ACE2 and
TMPRSS2, and these are represented in Table 4. Likewise, the
amino acid residues of spike glycoprotein of SARS-CoV-2,
SARS-CoV, and MERS-CoV interacted with top-binding alka-
loids as presented in Table 5.

The interacted residues of ACE2 and TMPRSS2 with
respective ligand groups were majorly through hydrophobic
and hydrogen bond interactions (Table 4). Few hydrogen
bonds below bond distance of 3.40 Å were observed with
coronaviruses spike glycoproteins (Table 5).

The ligand-protein binding interaction showed that MLN-
4760 was docked into the N terminus- and zinc-containing
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subdomain I of ACE2 (Figure 1(a) and 2), while N-acetyl-D-glu-
cosamine interacted with the amino residues in the C ter-
minus-containing subdomain II (Figure 1(b)). MLN-4760 had Pi-
Alkyl interaction with Phe40, Phe390, and His401, a carbon hydro-
gen interaction to Arg393, a Pi-Anion interaction to Asp382,
while the remaining residue interacted via hydrogen bond
(Figure 1(a)). N-Acetyl-D-glucosamine interacted solely via con-
ventional hydrogen bond to the entire amino acid residue
(Figure 1(b)). Cryptospirolepine the topmost docked alkaloid
and 10-hydroxyusambarensine was docked into the

subdomain I of ACE2 in a similar manner as MLN-4760 (Figures
1(c,d) and 2). Cryptospirolepine interacted via carbon and Pi-
donor hydrogen bond to Ala348 and Arg393, respectively. It fur-
ther interacted via Pi-Pi stacking to Phe40 and His401 and via Pi-
Alkyl interaction to Arg393 (Figure 1(c)). 10–hydroxyusambaren-
sine interacted to Pro346, Glu375, and Asn394 via hydrogen
bond. Ala348, Asp382, and Asp350 were seen in a carbon hydro-
gen interaction, while a Pi-Pi T-shaped interaction was
observed between His401, Phe40, Phe390, and 10–hydroxyusam-
barensine (Figure 1(d)).

Table 3. Inhibition constant (Ki) of 3 top-ranked alkaloids with highest affinities for ACE2, TMPRSS2 and SARS-COV-
2 spike glycoprotein.

S/No Compounds

Inhibition constant (mM)

ACE2 TMPRSS2 SARS-COV-2 S glycoprotein

R1 MLN-4760 25.62 ND ND
R2 N-Acetyl-d-glucosamine 65.02 ND ND
R3 Camostat ND 1.56 ND
R4 Nafamostat ND ND 63.03
1 Cryptospirolepine 2.67 6.55 23.21
2 10 -Hydroxyusambarensine 5.81 3.20 ND
3 Strychnopentamine 4.45 ND ND
4 Isocryptolepine ND ND 18.11
5 Cryptoquindoline ND 3.40 15.80

R1, R2, R3, and R4 are reference inhibitors. ND¼ not determined.

Table 4. Interacting amino acid residues of human ACE2 and TMPRSS2 with the top-binding alkaloids from African plants.

Compound
Protein
target

Residues involved in hydrophobic
interactions (bond distance, Å)

Residues involved in hydrogen
bonding (bond distance, Å)

MLN-4760 ACE2 ASP382 (4.33) HIS401 (2.17) PHE40 (4.7) PHE390

(5.04,4.20) ARG393(5.45)
ASN394 (2.17) ALA348 (2.37) ASP382 (2.61)

ASP350 (2.90) TRY385 (3.17)
N-acetyl-D-glucosamine ND LYS470 (2.13) ILE468 (2.87) TRP473(2.23)

PHE473 (3.18) ASN188 (2.97)
Cryptospirolepine HIS378 (4.43) HIS401 (5.15) PHE40 (4.84) ARG393(5.68) ALA348 (2.83) ASN394 (3.18)
10-Hydroxyusambarensine ALA348 (5.21) HIS378 (4.54) HIS401 (4.72) PHE40 (5.33)

PHE390 (3.88)
PRO346 (2.32) GLU375 (2.77) ASN394 (1.98)

Camostat TMPRSS2 ND ARG41 (3.23, 3.57) SER195 (2.88)
ALA190 (2.61) ASP189 TRP215 (2.90) GLN192 (2.76, 2.49)

Cryptospirolepine SER151 (2.55) TYR149 (5.54, 5.26, 5.22) ILE75 (4.78) SER151 (2.02, 4.03) HIS40 SER39 (4.10)
10-Hydroxyusambarensine ALA190 (5.09) HIS96 (4.68) HIS57 (4.65) ARG41 (4.371)

TRP215 (3.63)
GLN192 (4.12) CYS191 (4.53)

SER195 (2.32) SER214 (2.72) ASP189 (2.62) ALA190(2.27)

ACE2¼Angiotensin-Converting Enzyme 2; TMPRSS2¼ Transmembrane protease serine 2.
ND¼Not detected.

Table 5. Interacting amino acid residues of spike glycoprotein of coronaviruses with the top-binding alkaloids from African plants.

Compound Coronavirus
Residues involved in hydrophobic
interactions (bond distance, Å)

Residues involved in hydrogen
bonding (bond distance, Å)

Nafamostat SARS-Cov-2 THR286 (3.02) GLN218 (3.15) PHE220 (5.87) LYS300 (3.36) SER297 (2.33)
Cryptospirolepine VAL860 (5.12) LEU828 (4.12) THR732 (4.14) HIS1058 (5.01)

PRO863 (4.11) PRO862 (3.80) ASP867 (2.90)
ND

Isocryptolepine LYS417 (4.33) ARG403 (2.33) ILE418 (4.79) TYR453 (6.13) (2.33)
Nafamostat SARS-CoV PRO575 (4.00, 5.39) SER574 (5.00)

PHE558 (2.00) ASP560 (2.02) ASP554 (3.72)
ASP554 (2.51)

Cryptospirolepine TYR300 (2.02) LEU948 (4.88, 5.78) PHE837 (5.79, 4.52, 3.75)
LYS836 (5.38) ARG982 (4.64)

ND

10-Hydroxyusambarensine THR535 (5.15, 5.38) PRO575 SER574 (3.95, 3.69, 4.76)
PHE578 (4.31) CYS576 VAL308 (5.33)

THR535 (2.24) CYS576 (3.72)

Nafamostat MERS-CoV SER51 (3.48) HIS348 (5.43) HIS670 (4.12) ILE337 (5.37)
PHE354 (3.89) LEU344 (5.12) ARG335 (5.07)

SER51 (1.95) ASN342 (2.67)
HIS670 (2.80) HIS348 (3.55)

10-Hydroxyusambarensine ASN342 (2.72) HIS348 (5.11, 4.88) HIS670 (5.19, 5.38)
ILE337(5.03, 5,08, 5.15) LEU344 (5.36, 5,35)
LYS668 (4.25) LYS668 (4.42, 5.23) PHE341(4.97)

SER51 (3.36, 4.13) PHE354 (2.72)

Cryptospirolepine ILE337 (5.50) PHE354 (5.03) ASP49 (3.79) GLN78 (4.05)
SER51 (3.14)

ND¼Not detected.
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Camostat was docked into the S1-specificity pocket of
TMPRSS2 (Figures 3(a) and 4). It interacted via carbon hydro-
gen interaction to Gln192 and via conventional hydrogen
bond to five amino residues (Arg41, Ser195, Trp215, Ala190, and
Asp189) to TMPRSS2. The conventional hydrogen bond was
formed in the direction of the guanidine group in this order:
first ester bond, second ester bond, while the last three resi-
dues interacted with amidinonitrogen of guanidine group,
respectively. The phenyl ring was responsible for the carbon
hydrogen interaction with Gln192 (Figure 3(a)). While crypto-
spirolepine was docked close to the binding pocket,
10–hydroxyusambarensine (the highest docked alkaloid to
TMPRSS2) was observed in the S1-specificity pocked of
TMPRSS2 (Figures 3(b) and 4), in a similar manner as camo-
stat (Figure 3(a)). The difference observed was a Pi-Sigma

interaction to Trp215, an Amide-Pi Stacking to Cys191, and an
additional Pi-Alkyl interaction to His96 and His57 (Figure 3(c)).

Nafamostat, a reference inhibitor of the spike glycoprotein
of SARS-CoV and MERS-CoV interacted with the spike glyco-
protein of SARS-CoV-2 in a different manner. Nafamostat was
docked into the subdomain SD1 and SD2 region of the S1
subunit of SARS-CoV spike glycoprotein (Figure 5(a)). The
same inhibitor was docked into to the N-terminal domain
(NTD) region of the S1 subunit of MERS-CoV spike glycopro-
tein (Figure 6(a)).

Cryptospirolepine with the highest binding affinity for
SARS-CoV-2 spike glycoprotein also interacted with SARS-CoV
and MERS-CoV spike glycoprotein in a different binding pat-
tern. It formed mainly hydrophobic interaction with SARS-
CoV-2 spike glycoprotein (Figure 7(b)) A Pi-Sigma interaction
with Val860, Leu828, and Thr732 was observed between crypto-
spirolepine and SARS-CoV-2 spike glycoprotein, others
include Pi-cation, Pi-alkyl, and Pi-Pi T-Shaped interactions
with His1058, Pro863, and Pro862, respectively (Figure 7(b)).
Cryptospirolepine was docked into the S2 subunit region of
SARS-CoV spike glycoprotein. Most of the interaction was
with amino acid residue in the heptad repeat (HR1) domain
of the S2 subunit (Figure 5(b)). Ala748 and Gln936 interacted
via a carbon and Pi-donor hydrogen bond respectively;
Arg996 and Gln939 and Asp932 via Pi-cation and Pi-anion,
respectively (Figure 7(b) and Table 5). Cryptospirolepine was
docked into the receptor-binding domain (RBD) of the S1
Subunit of MERS-CoV spike glycoprotein through hydropho-
bic interaction. A P-Pi T-shaped, Pi-alkyl, Pi-anion interaction,
and Pi-donor hydrogen bond was observed with Phe354,
Ile337, Asp49, and Ser51, Gln78, respectively (Figure 6(c)). 10-
Hydroxyusambarensine interacted with the amino acid resi-
due of the SD1 and SD2 region of the spike glycoprotein of
SARS-CoV interacting via conventional carbon-hydrogen

Figure 1. The interactive view of ligands in binding cavity of human ACE2. Ligands in sticks representation are presented by colors: (a) Red: MLN-4760, (b) Yellow:
N-Acetyl-D-Glucosamine, (c) Blue: Cryptospirolepine, (d) Green: 10–Hydroxyusambarensine. Types of interactions are represented by Green-dotted lines: hydrogen
bond interactions, light purple-dotted line: hydrophobic interactions (Pi-Alkyl, Alkyl, and pi-stacking) purple-dotted line: Pi-Pi T Shaped, yellow-dotted lines: Pi-sul-
fur interactions, pi-stacking interactions. Three-letter amino acids are in red color.

Figure 2. Surface view of ligands in binding cavity of human ACE2. (a) Green:
10–Hydroxyusambarensine; (b) Blue: Cryptospirolepine; and (c) Red: MLN-4760.
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interaction to Thr535 and Cys576 respectively; Amide-Pi stack-
ing to SER574 and Pi-alkyl interaction to Pro575, Phe578, and
Val308 (Figure 5(c)). The same ligand interacted to the spike
glycoprotein of MERS-CoV via hydrogen bond to Ser51 and
Phe354; Pi-Pi T and Pi-Pi stacking Phe341 and His348, respect-
ively; Pi-alkyl and alkyl to His670, Lys698, and Leu344 Lys668,
respectively. The binding pattern exhibited by 10-hydroxyu-
sambarensine was similar to that of Nafamostat to
MERS-CoV.

3.3. Energy profile of best docked alkaloids to
respective proteins

The number of poses and best poses in the selected clusters
from the population cluster for each docked ligand and the

binding coordinates in the cluster are shown in Table 6. The
energy profiles of alkaloid-protein complex in the selected
clusters with the best docked poses are shown in Figures
8–12. Gauss 1 (blue) and 2 (leaf green) bars represent the
nonbonding interactions, red bar represents repulsion, light
blue bar represents hydrophobic interaction, purple bar rep-
resents hydrogen bonds, light green bar represents rotational
forces, while the black bar represents the total binding affin-
ity which is a representative contribution of all bonding and
nonbonding interactions between the alkaloids and the pro-
tein residues (Figures 8(a)–12(a)).

The contributions of the various type of interaction shows
that of the total binding energy of �10.6 Kcal/mol exhibited
by the binding of cryptospirolepine to the spike glycoprotein
of SARS-CoV-2, �2.2 Kcal/mol was contributed by hydropho-
bic interaction, while the rest of the binding energy was con-
tributed by nonbonding interaction mainly van der Waals,
repulsive and rotational forces. A hydrophobic interaction
and hydrogen bond energy of �0.5 and �1.5 Kcal/mol,
respectively were contributed to the total binding energy
between cryptospirolepine and spike glycoprotein of SARS-
CoV. A hydrophobic interaction of �1.8, �1.6, and �2.3 Kcal/
mol was contributed to the total binding energy of the spike
glycoprotein of MERS-CoV, ACE2, and TMPRSS2 and respect-
ive alkaloids, while the rest of the energy was contributed by
nonbonding interactions. The overall energy profile of the
ligand-receptor complex of selected cluster with display of
individual energetic contributions for each atom in the lig-
and are shown in Figures 8(b)–12(b). These reveal that the
hydrogen bond energy that was contributed to the overall
binding energy of MERS-CoV spike glycoprotein and respect-
ive ligand was mainly contributed by the interaction of oxy-
gen atom with SER51 and PHE354, while oxygen and nitrogen

Figure 4. Surface view of ligands in binding cavity of human TMPRSS2. (a) Yellow:
10–Hydroxyusambarensine; (b) Black: Cryptospirolepine; (c) Green: Camostat.

Figure 3. The interactive view of ligands in binding cavity of human TMPRSS2. Ligands in sticks representation are presented by colors: (a) Yellow: Camostat, (b)
Black: Cryptospirolepine, (c) Green: 10-Hydroxyusambarensine. Types of interactions are represented by Green-dotted lines: hydrogen bond interactions, light pur-
ple-dotted line: hydrophobic interactions (Pi-Alkyl, Alkyl, and pi-stacking) purple-dotted line: Pi-Pi T Shaped, yellow-dotted lines: Pi-sulfur interactions, pi-stacking
interactions. Three-letter amino acids are in red color.
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Figure 5. (i) 3D and (ii) 2D visualization of interacting amino acid residues of SARS-CoV spike glycoprotein with ligands: (a) Nafamostat, (b) Cryptospirolepine, (c)
10–Hydroxyusambarensine. The ligands in stick representation are presented in (3D) as blue color while the (2D) as gray color.
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Figure 6. (i) 3D and (ii) 2D visualization of interacting amino acid residues of MERS-CoV spike glycoprotein with ligands: (a) Nafamostat, (b)
10–Hydroxyusambarensine, (c) Cryptospirolepine. The ligands in stick representation are presented in (3D) as blue color while the (2D) as gray color.
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atom contributed the total hydrogen bond energy of
�1.4 Kcal/mol.

3.4. Results from molecular dynamics simulation

The complexes of best docked alkaloids to the target pro-
teins were analyzed for MDS at 100 ns run. The results were
analyzed using VMD Tk console scripts to calculate RMSD,
SASA, RoG (Figure 13), and RMSF (Figure 14).
TMPRSS2_Cryptospirolepine, and TMPRSS2_camostat com-
plexes expressed similar RoG. The values of RoG of the S pro-
tein_3-Benzoylhosloppone complex, fluctuated about certain
values towards the end of the run. The RMSD of the four
protein-drug complexes has mean values of 3.36 Å, 1.99 Å,
11.9 Å, and 2.14 Å, and RMSF with mean values of 1.43 Å,
0.66 Å, 7.92 Å, and 0.73 Å for ACE2_(Cryptospirolepine),
TMPRSS2_(Cryptospirolepine), S protein_3-
Benzoylhosloppone, and TMPRSS2_camostat, respectively.
The RMSF results for each protein-drug complex shows
spikes at the end, which corresponds to the motion of the
terminals (Figure 14).

Molecular Mechanics/Generalized Born Surface Area
(MMGBSA) algorithm implemented in AmberTools 20 was
utilized to find the binding affinity between protein and
drug in the four complexes. All frames (�1000 frame) were
used in this calculation for each protein-ligand complex. The

binding energy (Kcal/mol) produced from the MM-GBSA ana-
lysis with the standard deviation as error bars revealed
TMPRSS2_camostat complex (–53.5059 Kcal/mol) had the
best binding affinity (Figure 15).

The cluster representatives for each trajectory with the
number of bonds between the drug and the protein are
shown in Table 7. Compared to camostat, cryptospirolepine
in the representative cluster displayer week interaction with
TMPRSS2, and this coincides with the MM-GBSA results
(Figures 15–17). The most common interactions are hydro-
phobic interactions in case of ACE2_cryptospirolepine com-
plex, while the predominant interaction was hydrogen bond
in TMPRSS2_Camostat complex. Figures 16–19 show the first
and last representative frame (whenever possible) of
the complexes.

3.5. Pharmacokinetic properties of selected alkaloids

Five of the best docked alkaloids: cryptospirolepine, 10-
hydroxyusambarensine, cryptoquindoline, isocryptolepine,
and strychnopentamine (Figure 20) fulfilled the requirement
for Lipinski analysis of the rule of-five with corresponding
favorable predicted ADME/tox parameters (Table 8). The
physicochemical and pharmacokinetics analyses suggested
these five alkaloids (Figure 20) have a high probability of
absorption, subcellular distribution, except for AMES toxicity

Figure 7. The interactive view of ligands in binding cavity of SARS-Cov-2 spike glycoprotein. Ligands in sticks representation are presented by colors: (a) Blue:
Nafamostat, (b) Yellow: Cryptospirolepine, and (c) Red: Isocryptolepine. Types of interactions are represented by Green-dotted lines: hydrogen bond interactions,
light purple-dotted line: hydrophobic interactions (Pi-Alkyl, Alkyl, and pi-stacking) purple-dotted line: Pi-Pi T Shaped, yellow-dotted lines: Pi-sulfur interactions, pi-
stacking interactions. Three-letter amino acids are in red color.

Table 6. The binding profile of the ligand in the selected cluster.

Receptor-ligand complex Poses in Cluster Best Pose Binding site coordinate

Cryptospirolepine-6VSB 62 1547 214.25, 205.16, 213.99
Cryptospirolepine-5X5B 89 1746 13.00, �7.77, �9.61
10 –Hydroxyusambarensine-5X5C 87 338 34.87, �14.23, 0.60
Cryptospirolepine-IR42 102 28 65.46, 70.54, 30.12
Cryptospirolepine-2OQ5 92 132 (–2.85, 27.80, 22.38)
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parameter which indicated cryptoquindoline to be toxic at a
probability of 0.89. All the top docked alkaloids were indi-
cated to be non-carcinogenic, with very low acute toxicity
and aqueous solubility of <0. The gastrointestinal absorption
index was indicated to be high for 10–hydroxyusambaren-
sine, isocryptolepine and 6-oxoisoiguesterin but low for cryp-
tospirolepine and cryptoquindoline (Table 8).

4. Discussion

Recognition of receptor on the host cell by coronavirus is
obligatory for infection to occur. Both SARS-CoV and SARS-
CoV-2 have been reported to utilize sites on ACE2 of the
human cell as receptor (Hoffmann et al., 2020). The massive
surface area of the lung, and the vast distribution of ACE2 in
human alveolar epithelial cells makes the lungs a vulnerable

Figure 8. Overall energy profile of cryptospirolepine binding groups in SARS-Cov-2 spike glycoprotein: (a) Energetic contribution to the binding and (b) Energetic
contributions for each atom in the ligand.
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target organ for the virus (Zhao et al., 2020). Thus, com-
pounds that hinder viral entry into cell, or directly disrupt
viral replication processes will halt transmissibility and patho-
genicity. Blocking the cell entry effectively ensures the virus
is denied access to host cell mechanism for replication. We
hypothesized that alkaloids from African medicinal plants
with reported bioactivity including antiviral potentials may
interrupt coronavirus cell entry and consequently halt viral

replication, pathogenicity, and transmissibility. To understand
this, we evaluated the virtual binding of the alkaloids to the
coronavirus spike glycoprotein, human ACE2, TMPRSS2, and
the complex formed between the spike glycoprotein RBD
and ACE2 (ACE2-RBD).

Computer modeling reveals the spike glycoproteins of
SARS-CoV and SARS-CoV-2 have about 80% amino acid
similarity (Li et al., 2005; Xia et al., 2020; Xu et al., 2020). The

Figure 9. Overall energy profile of cryptospirolepine binding groups in SARS-CoV spike glycoprotein: (a) Energetic contribution to the binding energy and (b)
Energetic contributions for each atom in the ligand.
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receptor binding domain (RBD) in the spike glycoproteins of
SARSCoV and SARSCoV-2 are similar, with a root mean
square deviation (RMSD) of about 0.68 Å over 139 pairs of Ca
atoms (Yan et al., 2020). The spike glycoprotein is a type I
fusion protein. In addition to binding to the receptor with S1
subunit, it uses S2 subunit to facilitate fusion of viral enve-
lope with host cell membrane (Tong, 2009; Zhou et al.,
2020). These two domains could be therapeutic targets. The
top 20 alkaloids demonstrated good binding affinities to the

spike glycoprotein. Cryptospirolepine, isocryptolepine, crypto-
quindoline, and 10-hydroxyusambarensine had better bind-
ing to the spike glycoprotein of SARS-CoV-2, SARS-CoV, and
MERS-CoV compared to the reference compound nafamostat.
The binding strength of cryptospirolepine to the coronavi-
ruses was consistently better than that of other alkaloids
except for 10-hydroxyusambarensine that slightly demon-
strated better binding to the spike glycoprotein of MERS-
CoV. The interactions of these alkaloids with the spike

Figure 10. Overall energy profile of 10 –Hydroxyusambarensine binding groups in MERS-CoV spike glycoprotein: (a) Energetic contribution to the binding energy
and (b) Energetic contributions for each atom in the ligand.
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glycoprotein could alter the stabilizing effects that Leu455,
Gln493, and Asn501 in the RBD offers to the hotspots of ACE2.
Also, the insertion of Phe486 from SARS-CoV-2 RBD into the
hydrophobic pocket (Shang et al., 2020) may be hindered,
thereby weakening the possible interaction of SARS-CoV-2
RBD with ACE2. The strong binding affinities of these alka-
loids for spike glycoproteins suggest their capacity to alter
the conformation of the spike glycoproteins of these corona-
viruses and halt their binding to host receptor.

Compounds that bind ACE2 have potential to block the
interactions of SARS-CoV-2 and SARS-CoV. ACE2 is a receptor
essential for viral cell entry. SARS-CoV-2 and SARS-CoV have
been reported to utilize ACE2 as functional cell receptor
(Hoffmann et al., 2020; Li et al., 2003; Wan et al., 2020; Zhou
et al., 2020) but the spike glycoprotein of SARS-CoV-2 was
reported to have more than 10 times higher binding affinity
compared with SARS-CoV (Wrapp et al., 2020). This high
affinity of SARS-CoV-2 for ACE2 appears to contribute to the

Figure 11. Overall energy profile of Cryptospirolepine binding groups in human ACE2: (a) Energetic contribution to the binding energy and (b) Energetic contribu-
tions for each atom in the ligand.

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 15



efficient human to human transmission of the virus, and the
rate at which it infects cells. The multiple binding of SARS-
CoV to the receptor results in down regulation of ACE2
expression, thereby causing reduced protective mechanism
of ACE2 against lung injury (Imai et al., 2005; Kuba et al.,
2005), and enhanced renin-angiotensin pathway which favors
tissue injury through ACE: these make the virus lethal. SARS-
CoV spike protein binds strongly with human ACE2 (Li et al.,
2005); Glutamine (residue 479) in the receptor-binding

domain (RBD) of SARS-CoV which corresponds to residue 394
in SARS-CoV-2 (Wan et al., 2020) binds to essential lysine 31
on the human ACE2 receptor (Wu et al., 2012). The interac-
tions of SARS-coronaviruses with ACE2 are similar. Each pep-
tidase domain of ACE2 accommodates one receptor binding
domain in S1 subunit of spike protein. This interaction is
mediated mainly through polar interactions (Song et al.,
2018; Yan et al., 2020). However, the receptor binding
domain in S1 subunit of SARS-CoV and SARS-CoV-2 are

Figure 12. Overall energy profile of Cryptospirolepine binding groups in human TMPRSS2: (a) Energetic contribution to the binding energy and (b) Energetic con-
tributions for each atom in the ligand.
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Figure 13. The Radius of Gyration (RoG), Root Mean Square Deviation (RMSD), and Surface Accessible Surface Area (SASA) for each of protein-ligand complex.
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reported to show sequence and conformational variations in
their interfaces with ACE2: variations at the N terminus of a1
where Arg426, Tyr484, and Thr487 in SARS-CoV are respectively
replaced by Asn439, Gln498, and Asn501 in SARS-CoV-2; vari-
ation at the C terminus of a1 where Leu472 in SARS-CoV is
replaced by Phe486 in SARS-CoV-2 (Yan et al., 2020); and the
replacement of Tyr442 and Asn479 in SARS-CoV by Leu455 and
Gln493 respectively in SARS-CoV-2 (Walls et al., 2020). These
variations appear to be responsible for the difference in
affinity of these coronaviruses for ACE2. The affinity of the
viral spike glycoprotein for the host cellular receptor dictates
binding. Alteration of this affinity limits viral nucleocapsid

access to the host cytosol. This alteration can be achieved by
changing the conformation of the host cell receptor, or dir-
ect binding of the spike glycoprotein by chemical agents.
The binding affinities of reference compounds (MLN-4760
and N-Acetyl-d-glucosamine) for ACE2 was lesser relative to
the alkaloids cryptospirolepine, 10-Hydroxyusambarensine,
and strychnopentamine which have binding energy of
�10.7, �10.4, and �9.9 Kcal/mol, respectively. The stronger
binding of these alkaloids to ACE2 could alter the receptor.
Lys31 and Lys353 are reported as the hotspots of ACE2, essen-
tial for the binding of coronavirus (Li et al., 2005; Shang
et al., 2020). Interactions of compounds with this region is

Figure 14. The Root Mean Square Fluctuation for ACE2_(Cryptospirolepine), TMPRSS2_(Cryptospirolepine), TMPRSS2_(Camostat), and S glycoprotein_(3-
Benzoylhosloppone), respectively. The spikes at the end of TMPRSS2_camostat, and ACE2_(Cryptospirolepine) corresponds to the motion of the terminals.

Figure 15. The binding energy and standard deviation in (Kcal/mol) produced from the MM-GBSA analysis.
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Table 7. Clusters, its representative frame and the protein-ligand complexes interactions.

TMPRSS2_ camostat complex

Cluster number (representative frame) Hydrophobic Hydrogen bond Salt-bridges Pi-cation

Cluster 1 (frame 92) None A190 (2) Q192 D217 E218 A220 D189 H57
Cluster 2 (frame 618) Q192–V213 R41 A190 S195 D217 E218 H57–D189 None
Cluster 3 (frame 284) Q192 A190 (2) S195 D217 (2) D189 None
Cluster 4 (frame 728) None
Cluster 5 (frame 915) Q192

TMPRSS2_(Cryptospirolepine) complex

Cluster number (representative frame) Hydrophobic Pi-stacking Pi-cation

Cluster 1 (frame 747) No Interactions
Cluster 2 (frame 121) Y149(2) None R41
Cluster 3 (frame 515) No Interactions
Cluster 4 (frame 966) P28, H119 W207 None
Cluster 5 (frame 699) No Interactions

ACE2_(Cryptospirolepine) complex

Cluster number (representative frame) Hydrophobic Hydrogen bond Pi-stacking

Cluster 1 (Frame 39) L73, L100, F390, L391 None None
Cluster 2 (Frame157) L39, F40 (2), W69, L73, F390 (2), L391 N394 F40, W69
Cluster 3 (Frame433) L39, F40 (2), W69 (3), L73, A99, F390 (2) None F40, W69
Cluster 4 (Frame736) F40, W69 (2), L73, L100, F390 (2) None F40, W69
Cluster 5 (Frame843) F40, L73, F390 None W69

S protein_(3-Benzoylhosloppone) complex

Cluster number (representative frame) Hydrophobic Hydrogen bond Pi-stacking
Cluster 1 (Frame316) Y38, E224, P225 Y38 F43
Cluster 2 (Frame577) F43 None F43

The amino acids in bold are the most common in each complex.

Figure 16. The representative structure for each cluster for TMPRSS2_Camostat and the types of interactions. Gray-dotted line is hydrophobic interactions, blue
lines are hydrogen bond interactions, yellow-dotted lines represent salt-bridges, and green-dotted lines represent pi-stacking interactions. Single-letter amino acids
are in red color. (a) Cluster 1 representative frame: 92 (b) Cluster 5 representative frame: 915.
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proposed to affect the binding of coronavirus (Gaunt et al.,
2010). The interaction of these alkaloids with adjacent resi-
dues rather than the hotspots of ACE2 suggest the ability of
the alkaloids to alter the suitable hydrophobic environment
that is needed for coronavirus binding. This possible alter-
ation may halt the interaction of RBD of the spike glycopro-
tein with ACE2.

In addition to the ability of alkaloids to block access to
ACE2, we tested the possibility of them binding to the com-
plex formed between the spike glycoprotein RBD and ACE2
(ACE2-RBD). From the list of alkaloids, cryptospirolepine,
10–hydroxyusambarensine, and chrysopentamine demon-
strated best binding with ACE2-RBD, with binding energy of
�10.7, �10.5, and �10.5 Kcal/mol. These alkaloids affinities
for ACE2-RBD indicate that cryptospirolepine, 10–hydroxyu-
sambarensine, and chrysopentamine may disrupt cell entry
of SARS-CoV-2 even at the point when the S1 subunit of
spike glycoprotein binds to ACE2. Stabilization of the inter-
face between RBD of SARS-CoV-2 and human ACE2 is essen-
tial, and achieved by coronavirus by its residues at the RBD.
The hotspots (Lys31 and Lys353) on ACE2 need to be suitably
accommodated in hydrophobic setting for effective binding of
coronavirus. To achieve this, SARS-CoV-2 neutralizes the

charges of lysine residues by stabilizing Lys31 of ACE2 with
Leu455 and Gln493, and further stabilizing Lys353 of ACE2 by
Asn501 (Shang et al., 2020). These contribute to favorable rec-
ognition of ACE2 receptor. Both cryptospirolepine and
10–hydroxyusambarensine, by their interactions, may be good
candidates to block access of spike glycoprotein to ACE2, and
destabilize the ACE2-RBD complex.

TMPRSS2 is a member of the human type II transmem-
brane protease serine which is defined by N-terminal trans-
membrane domain, and a C-terminal extracellular serine
protease domain. The spike glycoprotein of SARS-CoV and
SARS-CoV-2 are reported to be primed by host protease
TMPRSS2 (Glowacka et al., 2011; Hoffmann et al., 2020); an
essential step for fusion of viral and host cell membranes. The
S2 subunit in the spike glycoprotein of SARS-CoV-2 appears
to facilitate fusion of viral envelope with host cell membrane
better than that of SARS-CoV (Xia et al., 2020). This promotes
entry of viral content into host cell cytoplasm. Inhibiting this
fusion will also limit the viral spread. In vitro study reveals
that blocking the activity of TMPRSS2 inhibits cell entry of
SARS-CoV (Kawase et al., 2012). The SARS-CoV-2 spike protein
has several multi-basic arginine residues at the S1/S2 cleavage
site. This indicates a high tendency of cleavage at this point

Figure 17. The second and fourth clusters in TMPRSS2_(Cryptospirolepine) complex. Gray-dotted line represents hydrophobic interactions, orange-dotted lines rep-
resent pi-cation interactions, and green-dotted lines represent pi-stacking interactions. Single-letter amino acids are in red color. (a) Cluster 2 Representative frame:
121 and (b) Cluster 4 representative frame: 966.
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Figure 18. The first and last clusters in ACE2_(Cryptospirolepine) complex. Gray-dotted line represents hydrophobic interactions, and green-dotted lines represent
pi-stacking interactions. Single-letter amino acids are in red color. (a) Cluster 1 representative frame: 39 and (b) Cluster 5 Representative frame: 843.

Figure 19. The first and last clusters in spike glycoprotein_(3-Benzoylhosloppone) complex. Gray-dotted line represent hydrophobic interactions, blue lines represents
hydrogen bond interactions, and green-dotted lines represent pi-stacking interactions. (a) Cluster 1 representative frame: 316 and (b) Cluster 3 Representative frame: 772.
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(Hoffmann et al., 2020). Report suggests that annulment of
the S1/S2 cleavage site in the spike glycoprotein of SARS-CoV-
2 affects its mediated cell entry (Walls et al., 2020). This indi-
cates the importance of the cleavage performed by the host
cell protease TMPRSS2, as the cleavage activates fusion of
viral and host cell membranes, to guarantee viral infective-
ness. The alkaloids 10–hydroxyusambarensine, cryptospirole-
pine, and cryptoquindoline demonstrated binding energy of
�10.4, �9.9, and �9.7 Kcal/mol, respectively to the host pro-
tease TMPRSS2. These affinities were better than the binding
provided by the reference compound (camostat). Camostat
mesylate, a serine protease inhibitor, was reported to block
the activity of TMPRSS2 (Zhou et al., 2015) and compounds
with similar antiviral activity could be considered as anti-
SARS-CoV-2 (Yamamoto et al., 2016). While 10–hydroxyusam-
barensine had the best binding affinity, it interacted in similar
manner as camostat: both were docked into the S1-specificity
pocket of TMPRSS2. Both compounds interacted with residue
Ala190, Asp189 and Gln192 which are amino acid located at the
basement of the pocket. This essential interaction with Asp189

determines the specificity of the S1 pocket for basic residues
Arg and Lys of the substrate (Kyrieleis et al., 2007). The ami-
dino nitrogen and hydroxyl group of 9H-pyrido[3,4-b]indol-6-
ol moiety of 10–hydroxyusambarensine were responsible
for the hydrogen bond with the protein. Similar to the

phenylquanidine of camostat, the 9H-pyrido[3,4-b]indol-6-ol
moiety of 10–hydroxyusambarensine, with its hydroxyl group
directed towards the carboxylate group of Asp189, formed
strong hydrogen bond with Asp189 and other residue in the
pocket. The phenyl group of the 9H-pyrido[3,4-b]indol-6-ol
further had hydrophobic interactions with CYS119 and TRP215,
just as the peptide planes of the bonds between
Trp215–Gly216 and Cys191–Gln192 sandwiched the phenyl ring
of benzamidine in the native ligand to TMPRSS2 (Kyrieleis
et al., 2007). Apart from the 9H-pyrido[3,4-b]indol-6-ol moiety,
other groups of 10–hydroxyusambarensine interacted with
the imidazol ring of His57 of the S2 pocket that is found next
to the S1 pocket and ARG41 which are outside the hydropho-
bic cleft. A similar interaction was observed with camostat.
The additional hydrophobic interaction by 10–hydroxyusam-
barensine may be responsible for its higher binding affinity
relative to camostat. In a similar docking study with SARS-
CoV-2 3CLpro, 10–hydroxyusambarensine, cryptospirolepine,
and cryptoquindoline were observed to be docked in strik-
ingly similar pattern as ritonavir with even higher binding
affinities (Gyebi et al., 2020). The interaction of these alkaloids
with TMPRSS2 may limit its protease function, thereby pre-
venting the fusion of viral and human cell membranes. The
potential exhibited by 10–hydroxyusambarensine, cryptospir-
olepine, and cryptoquindoline to inhibit the cleavage of spike

Figure 20. Structure of alkaloids with highest binding affinity to ACE2, TMPRSS2 and SARS-CoV-2 spike glycoprotein (a) Cryptospirolepine, (b) Cryptoquindoline, (c)
Isocryptolepine, (d) 10–Hydroxyusambarensine, and (e) Strychnopentamin.
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glycoprotein by interacting with TMPRSS2, suggest they may
function as inhibitors of SARS-CoV-2 cell entry. The result
from the MDS analysis of the top docked alkaloids with their
complexed proteins showed that the complexes were stable
and could be therefore subjected to experimental processes
in further studies. The Lipinski filtering analysis showed that
these five alkaloids are drug-like, with no more than one vio-
lation of Lipinski’s rule (Lipinski et al., 1997). Likewise, the pre-
dicted ADMET filtering evaluation shows that these alkaloids
may be well absorbed, distributed, metabolized, and not
toxic. Though 10–hydroxyusambarensine may be more
absorbed in the gastrointestinal tract than cryptospirolepine.
However, these alkaloids may be optimized more to improve
their physicochemical and pharmacokinetics properties.

5. Conclusion

In summary, this study provides evidence that alkaloids from
Africa medicinal plants may disrupt cell entry of SARSCoV-2 by
binding to the spike glycoprotein, by blocking the human cell
receptor ACE2, and inhibiting the host cell serine protease
TMPRSS2 utilized by SARS-CoV-2 for spike glycoprotein priming.
Given the capacity to interact with the proteins essential for
receptor-binding and membrane fusion, cryptospirolepine, 10-
hydroxyusambarensine, and cryptoquindoline could serve as
pan-SARS-coronavirus cell entry inhibitors. These alkaloids could
serve as essential inhibitors to prevent and/or treat COVID-19,
and other coronavirus diseases that may emerge in future.
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