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A B S T R A C T   

In silico binding studies were conducted on the known plant-derived polyphenolic tetrameric stilbenoids, 
(–)-hopeaphenol (1), vaticanol B (2) and vatalbinoside A (3) and their monomeric derivative resveratrol (8), 
identified from several plant species. The natural products (NPs) 1–3 had been previously evaluated against the 
SARS-CoV-2 protein targets responsible for viral transmission and infection. The two isomeric compounds 
(–)-hopeaphenol and vaticanol B had displayed a high affinity for blocking the binding of the SARS-CoV-2 viral 
spike with the human angiotensin-converting enzyme 2 (ACE2). Molecular docking and molecular dynamics 
simulations have been used to attempt to explain the affinity of the compounds to the spike/ACE2 complex. The 
hydrophobic properties of the respective target sites were computed and compared with the physicochemical 
properties of the NPs to explain the affinity of each compound toward the target site. Molecular docking and 
computed ADMET/DMPK profiles were also used to demonstrate the potential of the NPs and their fragments as 
possible lead compounds for antiviral discovery. These results support the experimental data obtained to date on 
1–3 and clearly identify the stilbenoid structure class as one worthy of future studies during chemical biology 
and/or drug discovery antiviral efforts.   

1. Introduction 

In silico (computer-based) methods for drug discovery cover a broad 
array of structure-based and ligand-based approaches (Ferreira et al. 
2015; Vázquez et al. 2020; Ntie-Kang et al., 2016). The former mostly 
exploits the available three-dimensional (3D) structures of target re
ceptors, being focused on the analysis of drug-receptor interactions and 
providing clues for explaining observed biological activities of small 
molecules that might be developed into drugs (Meek and Weaver, 2022). 
Amongst the most cited methods for structure-based drug design 
methods is molecular docking (Chen, 2015; Morris and Lim-Wilby, 
2008; Lohning et al. 2017), which attempts to predict the orientation 
of a small molecular entity within a receptor site. The advantage is that 
docking is often followed by scoring methods (or mathematical algo
rithms) that attempt to quantify the interactions between the atoms of 

the small molecule and those of the receptor site (Arcon et al. 2021; 
Esmaielbeiki & Nebel, 2014; Kontoyianni, 2017; Rogers et al. 2023; 
Bekono et al., 2018). Scoring methods are mathematical methods for 
quantifying protein-ligand interactions, hence are often used to 
discriminate between active and inactive compounds from large com
pound libraries. This process is known as virtual screening (Baig et al. 
2016; Kontoyianni, 2017; Lionta et al. 2014), but can as well be useful in 
suggesting analogues of a bound small molecule that could interact 
favourably with the target receptor based on the observed drug-target 
interactions in 3D space (Baig et al. 2016; Urbina et al. 2022; Wer
muth, 2006). The clear advantage of such an approach is the 
cost-effectiveness and timeliness when compared to wet lab experiments 
(Horvath, 2011; Kontoyianni, 2017; Macalino et al. 2015; Sciabola et al. 
2022; Tripathi and Bandyopadhyay, 2022; Wermuth, 2006). With the 
increased speed with which high-quality 3D protein structures of drug 
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targets are being obtained, often with co-crystallized small molecules, 
the explosion of new protein structures deposited in the RCSB protein 
data bank (PDB) (Berman et al. 2000; Burley et al. 2017; Burley et al. 
2018) provides an open platform for in silico drug discovery. 

With the advent of the COVID-19 pandemic caused by Severe Acute 
Respiratory Syndrome Coronavirus2 (SARS-CoV-2), the rapid avail
ability of X-ray crystallography structures of SARS-CoV-2 protein drug 
targets resulted in a wealth of published in silico hits (Moumbock et al. 
2023). Most of the published hits were based on molecular docking 
studies, often coupled with molecular dynamics (MD) used to study the 
stability of the structures of drug targets in the presence of small mol
ecules or based on the receptor-small molecule interactions (Ghosh et al. 
2021; Moumbock et al. 2023; Pipitò et al. 2022; Shadrack et al. 2021; 
Tanimoto et al. 2022; Vuai et al., 2022). 

Among the most investigated drug targets of interest in SARS-CoV-2 
are the main protease (Mpro) and the viral spike that binds with the 
human angiotensin-converting enzyme 2 (ACE2) involved in the trans
mission of the virus (Arya et al. 2021; Jackson et al. 2022). Since the 
discovery of the parental Wuhan variant of SARS-CoV-2, several muta
tions in the receptor binding domain (RBD) of the SARS-CoV-2 viral 
spike have arisen that confer improved viral fitness, resulting in several 
variants of interest (VOI) and variants of concern (VOC), such as the 
Beta, Delta, Lambda and Omicron variants (Lupala et al. 2022). Each 
mutation has had to be investigated computationally to find small 
molecules that putatively bind specifically or selectively to this viral 
spike/ACE2 protein-protein complex or that bind to the complex from 
several VOC. It is well known that the surface ACE2 receptor protein is 
the primary host factor recognized and targeted by SARS-CoV-2 virions 
(NCATS, 2020). Binding between the SARS-CoV-2 spike protein and the 
host ACE2 initiates binding of the viral capsid and eventually leads to 
viral entry in host cells, which could be disrupted when conformational 
changes within the angiotensin II site prevent recognition of the viral 
spike by the host ACE2 receptor protein (Wrobel, 2023; Yesudhas et al. 
2021). This has been evidenced by MD simulations (Barros et al., 2021; 
Istifli et al., 2022). As an example, Barros et al. conducted an explicitly 
solvated, all-atom, MD simulations of the glycosylated, full-length, 
membrane-bound ACE2 receptor in both an apo and spike RBD-bound 
states and succeeded in demonstrating that mechanical contribution of 
the host receptor toward large spike conformational changes are 
required for viral cell fusion to occur (Barros et al., 2021). Thus, 
disruption of the spike protein/ACE2 interaction may hinder 
SARS-CoV-2 virions from infecting host cells (Bejoy et al., 2023; Li et al., 
2023). 

Natural products (NPs) have been a wonderful source of lead com
pounds for drug discovery and over the past four years several promising 
leads against coronavirus have been identified (Ebob et al. 2021; Omrani 
et al., 2021; Saied et al., 2021). NPs are well known to be an invaluable 
source of drugs and lead compounds for new therapeutic development 
across human diseases (Newman and Cragg, 2020). They have played a 
significant role in anti-infective research including both chemical 
biology and drug discovery (Lam, 2007; Newman and Cragg, 2009; Shu, 
1998). For instance, the discovery in the 1940s of numerous 
penicillin-derived compounds dramatically changed the course of 
medical history and ushered in the antibiotic era (Roche et al., 2019; 
Kayser et al., 2003). Over the ensuing 60+ years, numerous other 
anti-infective agents (e.g. erythromycin, cephalosporin) have been 
discovered from nature. These NPs and various semisynthetic de
rivatives not only served as drugs but also as chemical probes that were 
used for explorations into fundamental molecular mechanisms of action. 
Outcomes from chemical probe research projects with NPs have been 
revolutionary, with improved and critical understandings of cell and 
pathogen biology with subsequent downstream impacts on drug devel
opment and translation. The recent global viral pandemic brought about 
by SARS-CoV-2 has prompted natural product researchers from around 
the world to investigate the natural world for new drugs, leads and 
chemical probes for this devastating viral infection. Several promising 

hit/lead and/or chemical probes have subsequently been discovered 
against SARS, the details of which appear in numerous reviews and 
primary research articles (Raimundo E Silva et al., 2021; Aggarwal et al., 
2023; Chhetri et al., 2022). Continuing studies on antiviral NPs will no 
doubt lead to successful therapeutic outcomes in the future. 

Our interest has been to investigate NPs capable of blocking viral 
transmission by selectively preventing the binding of the SARS-CoV-2 
viral spike and the human ACE2 receptor in vitro. Our previous work 
combining the Davis Open Access Natural Product-Derived Library with 
new biochemical and cell-based assays to assess SARS-CoV-2 activity led 
to the discovery of the stilbenoid tetramers, hopeaphenol (1), vaticanol 
B (2) and vatalbinoside A (3), which are all derivatives of resveratrol (8) 
(Zulfiqar et al. 2017; Kumar et al. 2020; Tietjen et al. 2021), Fig. 1. These 
and other stilbenoids have been isolated from multiple plant sources 
including species of Hopea, Vitis, Shorea, Anisoptera, and Vatica species 
(Abe et al. 2011; Tanaka et al. 2000; Rivière et al. 2012; Nassiri-Asl and 
Hosseinzadeh, 2016; Ito et al. 2000; Guo et al. 2020; Davis et al. 2014; 
Wu et al. 2019). Compound 9 is the known neolignan with IUPAC name: 
9,9’-dihydroxy-3,4-methylenedioxy-3’-methoxy[7-O-4’,8–5’] neo
lignan, previously identified from the dried leaves of the plant species 
Taiwania cryptomerioides (Lin et al., 1999), henceforth also referred to 
simply as compound A. 

Using an AlphaScreen-based method to monitor the binding of the 
receptor binding domain (RBD) of viral spike protein to the host ACE2 
entry receptor, we observed that compounds 1–3, but not compound 8, 
could inhibit this interaction with respective half-maximal inhibitory 
concentrations (IC50 values) of 0.11, 0.067, and 0.24 μM, with > 90-fold 
selectivity over disruption of an unrelated ligand-receptor interaction 
(PD-1/PD-L1; Tietjen et al. 2021). Importantly, compounds 1–3, but not 
compound 4, could also inhibit SARS-CoV-2 replication in vitro, with 
respective half-maximal effective concentrations (EC50 values) of 10.2, 
37.0 and 13.8 μM, compared to an EC50 of 2.5 μM for control inhibitor 
remdesivir, as well as similar antiviral activities against the Alpha and 
Beta VOC (Tietjen et al. 2021). While these data support stilbenoids and 
their derivatives as new NP-based leads to inhibit SARS-CoV-2 entry and 
replication across multiple VOC, the mechanisms by which these com
pounds dock with spike and/or ACE2, as well as whether they retain 
activity against more recent variants like Delta or Omicron, are not re
ported. To gain insights into the binding of the natural polyphenolic 
compounds 1–3, we embarked on an in silico docking studies using the 
well-refined protein crystal structure (PDB ID: 6M0J, refinement =
2.45 Å) (Lan et al. 2020). Five theoretical fragments (5–7) and the 
neolignan (9) were also included in these studies since we were curious 
to know whether the large and complex molecular framework associated 
with compounds 1–3 was required for the biological activity. Identifi
cation of promising fragments was forecast to guide future natural 
product isolation efforts but was also identified as a means by which to 
guide further synthetic and medicinal chemistry efforts. 

There are several reported docking sites in the SARS-CoV-2 viral 
spike/ACE2 protein-protein complex in the literature (Figs. 2 and 3), 
including the groove of dynamic residues at the interactive (recognition) 
surface between the receptor binding domain (RBD) that constitutes the 
interface between the viral spike and the human ACE2 protein, where 
most of the mutations are reported (Williams-Noonan et al. in 2021), as 
well as the angiotensin 2 binding site situated in the interior of the ACE2 
receptor (Figs, 2 and 3, Lan et al. 2020). 

It has been reported that compounds that bind putatively to the 
angiotensin 2 binding site are capable of distorting recognition of the 
viral spike by the ACE2 protein, hence preventing transmission of the 
viral or viral entry into the host cells (Fig. 3, Arya et al. 2021; Jackson 
et al. 2022). Since this interaction is not present in PD-1 nor PD-L1, this 
could potentially account for the binding selectivity observed for 
stilbenoids. 

As an example, previous work had aimed at determining the effect 
that a distal active site-bound MLN inhibitor of ACE2 would have on 
modulating the conformation of the ACE2 N-terminal helices 
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(Williams-Noonan et al., 2021), which led to the identification of the 
s-protein binding site, thus affecting the binding between ACE2 and the 
SARS-CoV-2 spike. In another study, several small molecules were 
docked into diverse sites in the complex, including the ACE2 site, fol
lowed by MD simulations to verify the stability of the docked poses 
(García-Iriepa et al. 2020). The authors measured the force required to 
pull the s-protein from ACE2 in the presence of and in the absence of 
small molecules bound to ACE2 s-protein binding site. This showed that 

the unbinding free energy from MD simulations was higher in the 
absence of a small molecule bound to the ACE2 binding site, demon
strating that the ACE2 binding site was a putative docking site for virtual 
screening studies. 

In this work, we present results from the in silico investigation of NPs 
and their theoretical fragments that were recently tested in vitro. We 
have employed a panel of computational methods, including molecular 
docking, per-residue interaction energy decomposition with the protein 

Fig. 1. Ligands used in the small molecule database for the in silico studies.  
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target, molecular docking and binding-free energy calculations, 
including solvation models in an attempt to explain the observed bio
logical activities and selectivities towards a human protein-protein 
complex. We have also provided insights into the potential offuture 
medicinal chemistry investigations on the stilbenoid-based NP frag
ments and derivatives. 

2. Material and methods 

2.1. Molecular docking procedure 

A summary of the computational docking protocol/workflow has 
been shown in Fig. 4. 

2.1.1. Protein preparation 
The crystal structures of spike/ACE2 complex of SARS-CoV-2 (PDB 

ID: 6M0J, Lan et al. 2020) which is the Wuhan variant, along with the 

human PD-1/PD_L1 (PDB ID: 4ZQK) were downloaded from the Protein 
Data Bank (PDB; www.rcsb.org) (Berman et al. 2000; Burley et al. 2017; 
Burley et al. 2018). MOE software was used to delete all water molecules 
(Chemical Computing Group, 2016). Furthermore, Protein Preparation 
Wizard of Schrödinger software was used for further preparation of the 
protein (Schrödinger, 2017; Madhavi et al., 2013). At this stage, bond 
orders were assigned, and hydrogen atoms added, missing side chains 
were filled using the PRIME tool incorporated in the Maestro package, 
and the H-bond network was subsequently optimised. The protonation 
states at pH=7.0 were predicted using the Epik-tool in the Maestro 
package commercialised by Schrödinger (Schrödinger, 2017; Shelley 
et al., 2007). The structures were finally subjected to a restrained energy 
minimization step, in which the root mean square deviation (RMSD) of 
the atom displacement for terminating the minimization was 0.3 Å, 
using the OPLS2005 force field (Banks et al., 2005). 

Fig. 2. Crystal Structure of ACE2-RBD-spike protein (6M0J) showing the viral entry of the spike into the human system by binding to the human ACE2 at the Spike 
ACE2 RBD. The amino acid residues of the groove and those of the angiotensin II site are shown in stick representation (Williams-Noonan et al., 2021). 

Fig. 3. Crystal Structure of ACE2-RBD-spike protein (6M0J) showing the viral entry of the spike into the human system by binding to the hACE2 at the Spike ACE2 
RBD. The amino acid residues of the groove region are magnified. 
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2.1.2. Ligand preparation 
The 3D structures of the fragments and for the natural polyphenolic 

compounds 1–3 (Fig. 1) were generated, using Molecular Operating 
Environment (MOE, Chemical Computing Group, 2016). All compounds 
were minimised using MMFF94 force field (Halgren, 1999) prior to 
docking studies towards the angiotensin 2 binding site. After molecular 
docking, the results were extracted and selected descriptors were 
computed using MOE (Chemical Computing Group, 2016) to charac
terise the nature of each docked compound (or fragment) and the nature 
of each docking site and qualitatively explain binding and/or selectivity 
towards a specific docking site (Table 1). The ligands were then pre
pared for docking using the LigPrep tool (Release version 2017–2), as 

implemented in Schrödinger’s software, where all possible tautomeric 
forms were generated. They were subsequently energy-minimised using 
the integrated Optimised Potentials for Liquid Simulations (OPLS, 2005) 
force field (Banks et al., 2005). Finally, ConfGen was used to calculate 60 
conformers of the prepared ligands using the default settings and 
allowing minimization of the output conformations (S. Release, 2017–2; 
Watts et al., 2010). 

2.2. Docking towards the SARS-CoV-2 spike RBD/ACE2 and the human 
PD1/PD-L1 

Molecular docking procedures were performed using similar 

Fig. 4. Summary of computational workflow.  

Table 1 
Biological activities and computed descriptors of SARS-CoV-2 spike/ACE2.  

Ligands aIC50 (μM) 
spike/ACE2 

bIC50 (μM) 
PD1/PD-L1 

cSI dLogPo/w 
eTPSA (Å2) fVol (Å3) gEele 

spike/ACE2 (kcal/mol) 

hEele 

PD1/PD-L1 (kcal/mol)  

1 0.110 28.300 257.27  10.9  185.9  812.3  -19.16  -20.58  
2 0.067 16.600 247.76  10.9  185.9  816.1  -23.39  -26.86  
3 0.240 22.300 92.92  8.6  245.2  946.3  14.50  -7.49  
4 NDi NDi NDi  5.7  110.0  414.0  -37.20  -36.40  
5 NDi NDi NDi  6.9  130.6  529.2  -45.00  -43.00  
6 NDi NDi NDi  4.2  90.1  310.5  -31.90  -29.10  
7 NDi NDi NDi  3.5  189.5  547.4  23.60  18.80  
8 inactive NDi NDi  3.7  60.7  222.9  -31.70  -32.00  
9 NDi NDi NDi  2.3  88.4  316.6  9.70  6.00  

a In vitro IC50 values derived from the AlphaScreen (Tietjen et al., 2021); bInhibitory concentration against PD1/PD-L1 binding Tietjen et al., 2021); cSelectivity 
index, calculated as the ratio of the IC50 values derived from the AlphaScreen and the inhibitory concentration against PD1/PD-L1 binding; dComputed logarithm of 
n-octanol/water partition coefficient; eTotal polar surface area; fMolecular volume in Å3; gElectrostatic component (Coulombic term) of the total forcefield potential 
energy of the low energy conformation of the molecules after minimization by the MMFF94 forcefield for the viral spike/ACE2 complex; hElectrostatic component 
(Coulombic term) of the total forcefield potential energy of the low energy conformation of the molecules after minimization by the MMFF94 forcefield for the 
PD1/PDL1 complex; iNot determined. 
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methods as reported in our previously published papers (Simoben et al., 
2021; Divsalar et al., 2020; Simoben et al., 2018). Docking procedures 
were performed using the Glide program in a similar way as previously 
demonstrated (Simoben et al., 2021; Divsalar et al., 2020; Simoben 
et al., 2018). At the time of the study, there was no published crystal 
structure for the ACE2/Spike RBD complex with a co-crystallized ligand. 
Our work approach in this paper was based on seminal works reported 
and published after extensive in silico studies and verification of the 
docked site. This included but was not limited to the works of Gar
cía-Iriepa et al. (2020) and Williams-Noonan et al. (2021). The 
re-docking of the more recently published crystal structure with 
co-crystallized showed a RMSD value of RMSD = 1.05 Å with respect to 
the native ligand in the crystal structure of PDB ID: 1R4L (see Figure S1, 
Supplementary Data). The docking was done based on protocol adopted 
from previous scientific publications and confirmed in our previous 
publication (Majoumo‑Mbe et al., 2024), which was in agreement with 
the previously reported works on this target (García-Iriepa et al., 2020; 
Williams-Noonan et al., 2021). In this work, a grid box for the 
SARS-CoV-2 viral protein RBD/ACE2 human receptor (PDB ID: 6M0J) 
and another grid box for the human protein complex PD1/PD-L1 (PDB 
ID: 4ZQK, Zak et al. 2015) were generated and using specific protein 
residues. For the ACE2/SARS-CoV-2 protein (PDB ID: 6M0J) the whole 
structure was explored for the generation of a grid. For this purpose, the 
following amino acids Asp597, Thr598, Lys516, Val321, Gln121, 
Lys578, Ala283, Ser91, Asn746, Gln68, Pro744, Glu518 and Thr610 
were used to generate the grid around the ACE2/SARS-CoV-2 protein. 
On the other hand, the grid box for the PD1/PD-L1 structure was 
generated using the residues Phe63, Val63, Asn66, Tyr68, Glu84, 
Leu122, Glu136, Ile134 and Ile126; as reported in the literature (Tang 
and Kim, 2019). For all the generated grid boxes, the maximum ligand 
size was set to 36 Å. The generated 3D conformers of the prepared li
gands were docked into the receptor grid files. For the docking process, 
default settings were used with the exception of input ring conformation 
as well as writing a total of 10 poses per ligand conformer from the 20 
poses that were included for each ligand conformer. The GlideScore 
Standard Precision (SP) mode was used as the scoring function (Halgren 
et al., 2004). 

2.2.1. Hydrogen bond distances and verification of binding modes 
The protein-ligand complexes were uploaded on MOE (Chemical 

Computing Group, 2016) and the atomic distances between ligand 
atoms and interacting protein atoms were calculated for each ligand. 
These were summarized in a table, to use these to explain the affinities 
between proteins and ligands. 

2.2.2. Determination of per residue interactions of docked poses 
The interaction energy (Eint) values were computed using the Dis

covery Studio (BIOVIA, 2021), following our previously reported pro
cedure (Bekono et al. 2021). This consists of computing the 
(non-bonded) van der Waals and electrostatic interactions between each 
of the protein binding site amino acid residues and each inhibitor, using 
the cff forcefield. The breakdown of Eint into the contributions by active 
site residues reveals the significance of individual interactions and 
permits us to conduct a comparative analysis. This approach helps in the 
identification of affinity values which would enhance the prediction of 
favourable and unfavourable substitutions on the scaffold of the iden
tified hits. 

2.2.3. ADMET prediction calculations 
The ADMET prediction for the NPs and their theoretical fragments 

was conducted using the SwissADME web server (Daina et al., 2017). 
Compound structures were converted to simple molecular input line 
entriy systems (SMILES) strings and uploaded on the SwissADME web 
server platform (http://www.swissadme.ch) and used to compute 46 
descriptors that are often used to predict drug metabolism and phar
macokinetic profiles of druglike molecules. Some of the descriptors 

include molecular weight, number of rotatable bonds, molar refrac
tivity, solubility, blood-brain-barrier permeability, gastro-intestinal ab
sorption, P-glycoprotein binding, cytochrome inhibition, skin 
permeability, Lipinski violations, Veber violations, Ghose violations, 
Egan violations, Muegge violations, Bioavailability score, PAINS alerts, 
Leadlikeness violations, synthetic accessibility, etc. Additional 
DMPK-related parameters were computed using the QikProp tool 
implemented in Maestro (Schrodinger, 2017) and using the pkCSM web 
server (Pires et al., 2015). The additional parameters include the num
ber of predicted metabolic reactions (#metab), predicted binding to 
plasma proteins like human serum albumin, HERG channel inhibition, 
Caco2 permeability, human intestinal absorption, skin permeability, 
steady-state volume of distribution, blood− brain barrier permeability, 
CNS Permeability, total clearance, and toxicity parameters like 
maximum recommended tolerated dose (MRTD), oral rat acute toxicity 
(LD50), oral rat chronic, lowest observed adverse effect (LOAEL), as well 
as toxicity against fish species Tetrahymena pyriformis and flathead 
minnow toxicity (LC50). The significance of the computed values will be 
discussed in the Results section. 

2.2.4. Molecular dynamics procedure 
MD systems were generated and simulated using Amber22 and 

AmberTools2023 (Case et al., 2023). For this study, the selected binding 
pose for each compound (see Results and Discussion) and the prepared 
protein structure from Docking with Glide were used to prepare their 
respective starting trajectory for MD simulation using the following 
steps. In step 1, the antechamber module was used to prepare the to
pologies and force field parameters of the respective ligands. At this step, 
the general Amber Force Field version 2 (GAFF2), AM1-BCC as the 
atomic charges method semi-empirical (AM1) and bond charge correc
tion (BCC) were used (Jakalian et al., 2000). In step 2, The TLeaP 
package, the ff14SB force field for protein (Maier et al., 2015) and 
GAFF2 for the ligands were used to generate the various MD Systems. 
The generated systems were then neutralised and the TIP3P solvation 
model was used to solvate the systems in an octahedral box with 10 Å 
from the protein. In step 3, The prepared systems were used to run the 
MD simulation as follows. Firstly, a two-step minimization of 4000 it
erations (first 3000 steepest descent and 1000 conjugate gradient) with 
the ligand and protein held in their initial coordinates using a force 
constant of 10 kcal mol− 1Å− 1. This was done to remove steric clashes 
between the solvent molecules and ions used to neutralise the system. 
Secondly, a second minimization of 4000 iterations (consisting of 2000 
steepest descent followed by 2000 conjugate gradient) involving the 
whole system (solvents, ions, protein and ligand) was performed. This 
was subsequently followed by the third step which involved the heating 
of the systems from 0 K to 300 K through 100 ps MD while restraining 
the atoms of the protein and ligand (with a force constant of 
10 kcal mol− 1Å− 1) to prevent the large structural deviation. Fourthly, a 
density evaluation during 100 ps MD was performed for the system. 
Afterward, the systems were equilibrated through 5 ns MD before the 
final 100 ns MD simulation step. The SHAKE algorithm was used to 
restrain all bonds involving hydrogens. At the same time, the tempera
ture of the different systems was controlled by Langevin Dynamics using 
a collision frequency of 2 ps− 1 and pressure of 1 bar. The trajectories 
were analysed using the CPPTRAJ module and VMD software (Roe & 
Cheatham III, 2013; Humphrey et al., 1996). 

2.2.5. Rescoring selected stable complexes from MD by MM-GBSA 
The precision of docking and scoring is often enhanced when dock

ing poses are often rescored using more advanced methods like solvation 
free energies (ΔGsolv), including binding free energy (ΔΔGbind) calcu
lations that include electrostatic and van der Waals interactions in a 
solvent (Ntie-Kang et al., 2014). A Generalized Born (GB) implicit sol
vent model, named GBNSR6 implemented in AmberTools (Amber 2023) 
that seems to be faster and more accurate than the previously published 
GB and Poisson Boltzmann (PB) approaches was used. GBNSR6 is an 
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accurate yet efficient grid-based surface GB model that is currently 
available in AmberTools as a stand-alone application (Forouzesh et al., 
2017; Case et al., 2023). GBNSR6 calculates the solvation free energy of 
an input structure on a single snapshot. The method showed a good 
compromise between the speed and accuracy of computing polar com
ponents of the solvation free energies (ΔGpol) and binding free energies 
(ΔΔGpol). The model tolerates a relatively coarse grid size h = 0.5 Å, 
where the grid artifact error in computing ΔΔGpol remains in the range 
of kBT ~ 0.6 kcal/mol. The model’s estimated ΔΔGpol values were well 
correlated (r2 = 0.97) with the numerical Poisson–Boltzmann reference 
while showing virtually no systematic bias and RMSE = 1.43 kcal/mol). 
In AmberTools23, GBNSR6 has been integrated into MMPBSA.py such 
that it runs over multiple snapshots extracted from the trajectories of 
protein, ligand, and complex structures. To run this model, “igb = 66” is 
now available in MMPBSA.py. 

3. Results and discussion 

3.1. Database of structures docked 

The 2D structure of the generated ligands is seen in Fig. 1, with 
biological activities shown on Table 1. Compound 2 is the most active of 
the stilbenoids, twice as active as compound 1, and 4 times more active 
than compound 3. All three compounds showed a hundred-fold selec
tivity towards the PD1/PD-L1 human protein-protein complex in vitro 
(Tietjen et al., 2021). 

3.1.1. Docking results and physicochemical characterization of the 
compounds and docking sites 

The biological activities and selected physicochemical properties of 
the NPs (1–3) and theoretical fragments have been summarised on 
Table 1. Fragments, which are all theoretically derived from the NPs 
(1–3), include hopeaphenol fragment (4), vaticanol B fragment 1 (5), 
vaticanol B fragment 2 (6), vatalbinoside A fragment (7) and resveratrol 
(8), the naturally occurring precursor of the stilbenoids. Table 2 shows 
the computed volumes of docking cavities and hydrophobicities of the 
target proteins, meanwhile, a summary of the observed amino acid 
residues that interact with the NPs and NP fragments in each of the 
selected docked poses have been summarised in Table 3. 

The results show that the spike/ACE2 binding site is less voluminous 
and more hydrophobic than the PD1/PD-L1 site (Table 2). This implies 
the more hydrophobic and less bulky NPs are going to prefer the former 
binding site to the latter. This could explain why compounds 1 and 2, 
which are more hydrophobic (with log Po/w = 10.9, when compared 
with 8.6 for compound 3) and less polar (with TPSA = 185.9 Å2, when 
compared with 245.2 for compound 3) are a lot more active against the 
spike/ACE2 target than compound 3. An additional argument is that the 
molecular volumes of compounds 1 and 2 (812.3 and 816.1 Å3, 
respectively) are very similar and both are less bulky than compound 3 
(Vol = 946.3 Å3). This correlates with the respective SI values which are 
more than two-fold that for compound 3. Lastly, by looking at the 
electrostatic compounds of the forcefield potential energies of the two 
target proteins, we observe that the Eele values are a lot more negative 
(-19.16 kcal/mol and − 23.39 kcal/mol, respectively) when compared 
with a positive value (+14.50 kcal/mol) for the least active and least 
selective compound 3. The electrostatic and hydrophobic maps for the 
spike/ACE2 complex and PD1/PD-L1 are shown in the Supplementary 

materials (Figures S2-S5) These arguments are such that for the less 
voluminous spike/ACE2 docking site, the bulkier ligand 3 is the least 
active and least selective. The same holds for the PD1/PD-L1 site, except 
that the Eele value is the highest (but not positive). As for the untested 
fragments and derivatives of fragments, in terms of computed log Po/w 
parameters, all fall outside the range of properties for the active whole 
NPs (1–3), the closest to these being for fragment 1 of vaticanol B (5), 
with log Po/w = 6.9. This moiety of the most active of the tested NPs 
(vaticanol B) could contain the bioactive pharmacophore and could hold 
the premise for further medicinal chemistry transformations. This 
fragment also has the lowest Eele components in their docking in
teractions towards the two investigated protein targets (-45.0 and 
− 43.0 kcal/mol, respectively). The remaining fragments and derivatives 
of fragments might contain some elements of the bioactive pharmaco
phores of the active NPs (1− 3) but might lack sufficient lipophilicity 
required for binding to the highly hydrophobic angiotensin II binding 
site in the SARS-CoV-2 spike/ACE2 complex investigated in the docking 
procedures. 

In terms of the computed total polar surface areas (TPSA), again 
those of the fragments and fragment derivatives (4–9) are way out of the 
range for the active NPs (1–3), all being >800 Å2. The closest are those 
of fragments 5 and 7 (529.2 and 547.4, respectively). This again points 
to the fact that fragment 5, along with fragment 7 could be further 
derivatized to include fragments that increase the log Po/w and TPSA 
values to fall within the range of the active NPs and thus provide new 
scaffolds for further medicinal/synthetic chemistry studies for the 
further design of small molecule analogues to target SARS-CoV-2 viral 
spike/ACE2 host interactions for the discovery of next generation anti
viral agents that could potentially prevent transmission. 

3.1.2. Analysis of hydrogen bond distances 

Table 4. Analysis of hydrogen bond distances.  

Compound name Hydrogen bonding 

Atom of 
ligand 

Amino acid 
residue 

Distance (Å)  

Hopeaphenol (1) O sp2 Ser27 2.79   
O sp2 Ala331 2.73   
O sp Asp333 1.94   
O sp2 Tyr368 2.02   
O sp2 Asn376 2.05   
O sp2 Gln385 2.36       

Vaticanol B (2) O sp2 Ser27 2.81   
O sp2 Ala331 2.81 and 

2.22   
O sp Asp 333 2.01   
O sp2 Tyr368 2.00   
O sp2 Asn376 2.02   
O sp2 Gln385 2.30   
O sp Arg497 2.77       

Vatalbinoside (3) O sp2 Asn34 2.37   
O sp2 Ala331 2.19 and 

2.42   
O sp2 Gln381 1.80       

Hopeaphenol fragment (4) O sp2 Asn33 1.73   
O sp2 Asp364 1.49       

Vaticanol B fragment 1 (5) O sp2 Ala330 2.19   
O sp2 Glu357 2.65   
O sp2 Glu380 1.75   
O sp2 His383 2.60   
O sp2 Glu384 2.23  

Vaticanol B fragment 2 (6) O sp2 Ala330 2.02   
O sp2 Glu357 2.73   
O sp2 Asp364 1.52   
O sp Asn376 2.78 

(continued on next page) 

Table 2 
Computed volumes of docking cavities and hydrophobicities of the target pro
teins SARS-CoV-2 spike/ACE2 and PD1/PD1-L1.  

Docked target protein-protein 
complex 

Volume of docking cavity 
(Å3) 

Hydrophobicity 

Spike/ACE2  22  12 
PD1-PDL1  27  11  
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Table 3 
Summary of amino acid residues of both SARS-CoV-2 spike/ACE2 complex and PD1/PD-L1 human protein interacting with the docking NPs and fragments in the 
selected docking poses.  
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(continued ) 

Compound name Hydrogen bonding 

Atom of 
ligand 

Amino acid 
residue 

Distance (Å)   

O sp2 Glu380 2.05   
O sp2 Arg496 2.27  

Valtabinoside A fragment 
(7) 

O sp2 Ser25 1.97   

O sp2 Ser26 2.38   
O sp2 Asp332 1.97   
O sp2 Arg375 1.96   
O sp2 Phe372 2.15       

Compound A (9) O sp2 Ala330 2.52   
O sp2 Glu357 2.74   
O sp2 Asp364 1.52   
O sp Asn376 2.89   
O sp2 Glu380 2.07   
O sp2 Arg496 2.37  

It was observed that Asn376 appears systematically amongst the 
closest amino acid residues to the active compounds 1 and 2, as well as 
those for fragments 6 and 9, which could be an indicator that the design 
of analogues of these natural product fragments towards the spike/ACE2 
target that interact closer with this residue could be worth pursuing. 

3.2. Significance of the observed selectivity in terms of ligand interactions 
with the respective protein targets 

From the AlphaScreen, ligands 1–3 were selective towards the in
hibition of the spike RBD/ACE2 binding, when compared with PD1/PD- 
L1 binding inhibition (Tietjen et al. 2021, Table 1). A superposition of all 
NPs 1–3 has been shown in the docking sites of both proteins in Fig. 5. 
Interestingly, the molecular surfaces of the entire proteins (Supple
mentary Data: Figures S2-S5) and for the two docking sites (Figs. 6 and 
7) confirmed that the spike/ACE2 surface is comparatively more hy
drophobic and less polar than those of the respective unrelated 
PD1/PD-L1 ligand-receptor binding pair (Table 2). In Fig. 5, a super
position of docked poses of all three active NPs are shown in both 
docking sites. Vaticanol B is shown in cyan, while hopeaphenol is shown 
in green and vatalbinoside A in green. Docking studies showed that li
gands and their corresponding fragments all bind between PD1 and 
PD-L1 where each has a particular binding mode, as shown in Fig. 5. The 
binding mode of each ligand results in the formation of interactions with 
particular amino acid residues. Table 2 revealed that the parent NPs (1 
and 3) interact with similar residues, while the neolignan 9 interacts 

with completely different amino acid residues. 
These ligands interact with particular residues at the PD1/PD-L1 

binding site, e.g. Ser220, Glu219, Ile217, Arg108, Arg96, Val94, 
Asp44, Glu43 and Glu41). These interactions are missing when the 
fragments of the corresponding compounds are docked against this same 
protein. This is because all the fragments of the corresponding ligands 
have different docking binding modes (Fig. 8) compared with those of 
their parent ligand and therefore, fail to interact with the same residue 
as the parent ligands. This could explain the differences in activities 
between compound 4 and the active ligands 1–3. Fig. 9 shows the dif
ference in binding modes of the vaticanol, hopeaphenol and vatalbino
side and their corresponding fragments which are shown in brown 
colour. 

3.2.1. Explanation of the observed differences in activities observed in the 
AlphaScreens 

To further explain the observed biological activities, computational 
studies were performed on the spike sequence of the ancestral SARS- 
CoV-2 variant (i.e., Wuhan variant or “wild-type”, (WT)). Docking 
showed that all ligands bind within the ACE2 binding/active site as 
depicted in Fig. 8. This observation is correlates with other studies 
demonstrating that ligands bind within the ACE2 binding site and 
therefore impose conformational changes which in turn influence the 
binding ability of the spike RBD with ACE2 (García-Iriepa et al., 2020; 
Williams-Noonan et al., 2021). Furthermore, ligands might bind and 
interact with ACE2 to inhibit the formation of the complex ACE2-spike 
protein. 

Fig. 8 clearly depicts the binding mode of ligands within the ACE2 
binding for the WT variant complex. Binding of the ligands is such that 
the interacting residues are from alpha 1 and alpha 2 (α1 and α2) N- 
terminal helices of the ACE2. This causes some conformational changes 
on the alpha-(α-) as well as the beta-(β-) interfaces of the ACE2 protein 
(García-Iriepa et al., 2020; Williams-Noonan et al., 2021). Analysis of 
the data obtained showed that vatalbinoside occupied a larger volume of 
134.2 Å3 compared to those of vaticanol B and hopeaphenol. This large 
volume tends to increase steric clashes, which decreases interaction and 
thus activity. Furthermore, positive log Po/w value implies the ligands 
are lipophilic though vaticanol B and hopeaphenol have higher log Po/w 
value, implying that they are more lipophilic and thus more readily 
dissolves in fat or lipids (lipid phase). Unlike vatalbinoside, whose 
structure contains a sugar moiety, makes it more hydrophilic and thus 
the trend of activity. Additionally, interacting residues were noted in 
Table 2 and the daughter fragment(s) of each parent compound were 
superimposed in the binding pocket. This showed that the daughter 

Fig. 5. Superposition of selected docking poses (A) showing the Receptor binding site of PD1/PD-L1 where all the stilbenoids and their corresponding fragments 
bind. the protein complex has PD1 in lime green, PD-L1 in red firebrick while the ligands; vaticanol B (1) in cyan, hopeaphenol (2) in green and vatalbinoside A (3) in 
yellow and each of them has a different binding pose; (B) a zoom-in of the binding site showing clearly interacting residues (Ser220, Glu219, Ile217, Arg108, Arg96, 
Val94, Asp44, Glu43 and Glu41) in grey. 
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fragments could not be superimposed on the parent compounds because 
they do not dock the way the parents do and hence, they adopted poses 
different from that of the parent compounds. Therefore, the daughter 
fragment(s) of each ligand does not lie well in the binding pocket which 
causes the required interactions with important residues not to be 

addressed or made and this explains why the daughter fragments would 
experience a decrease in activity, when compared to that of the parent 
compounds (Fig. 9). 

A breakdown of interaction energies and per residue interactions is 
shown on Table 4. The results revealed that the lowest value of Eint 

Fig. 6. Docked pose of the most active NP vaticanol B (2) for; (A) Spike/ACE2 and (B) PD1/PD-L1 complexes. For both structures, the protein is shown as tan cartoon 
secondary structure, Additionally, the dark cyan represents the most hydrophilic areas through white (neutral) to dark golden rods depicting the most hydrophobic 
regions. The hydrophobic surfaces of both proteins are cast in the background. 

Fig. 7. Docked pose of the most active NP vaticanol B (2) for; (A) ACE2/Spike RBD and (B) PD1/PD-L1 complexes. For both figures, proteins are depicted as 
secondary structures while the colours range from red (regions that are negatively charged) through white (neutral) to blue (shows positively charged regions). The 
Electrostatic map for each docking site is shown in the background, with the PD1/PD-L1 site being more polar than the spike/ACE2 site. 

Fig. 8. (A) Superposition of all parent stibinoisde NPs showing the RBD of the Spike/ACE2 complex with the spike in orange and ACE2 in brown, respectively; (B) A 
zoomin of the RBD of the protein complex showing clearly the different binding poses of ligands at the ACE2 RBD with vaticanol B in cyan, hopeaphenol in green and 
vatalbinoside A in yellow, some interacting residues in grey. 
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(15.26 kcal/mol) corresponds to compound 1 (Hopeaphenol). The cor
responding value is 21603.09 kcal/mol for the most active compound 
Vaticanol B (2) and 294.12 kcal/mol for Vatalbinoside A (3). In all cases, 
the total van der Waals contributions are more significant than the 
electrostatic compounds, which is in agreement with the previously 
shown docking results, that suppose that the binding of these NPs to the 
ACE2 target site are driven more by van der Waals and hydrophobic 
interactions. For Hopeaphenol, the residue with the highest contribution 
towards binding to the protein target is Asn376 (with respective EvdW 
and Eele contributions of 43.53 and − 2.23 kcal/mol). For Vaticanol B, 
the polar residues His361 and His384 make the highest interaction 
contributions, while for Vatalbinoside A, Asn376 and Arg377 make the 
highest contributions. When compared with the fragments (results 
shown on Table S1 to S4, Supplementary Data), we observed that the 
total interaction energies of the NPs are quite out of range when 
compared with the tested NPs, most likely due to differences in the 
consistent forcefield (cff) used in this calculation. Per residue analysis 
showed that the residues with the strongest interactions for fragment 4 
were Trp331, Asp332, and Thr329. For fragment 5, these were Trp331, 

Asp332 and Thr329, while the following triads (His383, Asn376, 
Arg496), (Phe22, Trp331, Trp51) and (Trp331, Asn376, His383) inter
acted best with fragments 6, 7 and 9, respectively. It was shown that 
Asn376 interacted with fragments 6 and 9 with similar per-residue 
interaction energies as the active NPs Hopeaphenol and Vatalbinoside 
A. Compound 8 was not included in the investigation as it had already 
been shown to be inactive the AlphaScreen. 

3.2.2. Selectivity of hopeaphenol towards the VOC 
Our screening results for these compounds showed that hopeaphenol 

had inhibited both the variants of concern. B.1.1.7/Alpha and B.1.351/ 
Beta in both viral and spike-containing pseudovirus assays with similar 
or improved activities over the USA-WA1/2020 variant (Tietjen et al. 
2021). Another related study from our group has shown that the syn
thetic compound 5-chloro-3-(2-(2,4-dinitrophenyl) hydrazono) 
indolin-2-one selectively inhibited the fusion of the viral spike/ACE2 
fusion for the Wuhan strain (WT), the Beta, Delta, Lambda, and Omicron 
variants at concentrations of 447.5, 490.3, 464.1, 628.5, and 614.6 nM, 
respectively (Majoumo-Mbe et al. 2024). This selectivity between the 

Fig. 9. Focuses on the different poses made by the different ligands superpositioned with their corresponding daughter fragments in brown. A) Shows hopeaphenol 
(green), B) vatalbinoside (yellow), with both C) and D) showing vaticanol B in cyan. 
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various strains could be explained based on drug-target interactions 
within the angiotensin II binding site. 

3.2.3. ADME/T prediction analysis 
The prediction of ADME properties have been summarised on  

Table 5, with additional DMPK and toxicity predictions included on  
Table 6. Results show the main physicochemical properties often used to 
predict the absorption, distribution, metabolism, excretion, and toxicity 
profiles of drug molecules. We observed that, although the NPs 1–3 have 
sub-micromolar IC50 values for blocking the spike/ACE fusion in the 
AlphaScreens, they have no drug-like properties (they all violate Lip
inski’s “Rule of Five” (Ro5) and all violate Veber and Lead-likeness 

criteria), meaning that they cannot be considered as drugs-like mole
cules. Although drug-likeness is often seen as an essential criterion for 
candidate selection for drug development for determination to decide 
which molecules should become oral drugs (Vistoli et al. 2008; Ursu 
et al. 2011), a more important consideration for molecules that target 
the blocking of viral transmission would rather be skin permeability (log 
kp) and blockage of binding to p-glycoproteins (Pgp). Besides, all three 
molecules show poor solubility profiles, have poor bioavailabilities and 
have very high synthetic accessibility scores. Amongst the promising 
theoretical fragments (5 and 7), these show poor to moderate solubil
ities, none bind to Pgp, and have log kp values within the same range as 
the parent compounds (1–3), thus suggesting the theoretical fragments 5 
and 7 for further medicinal chemistry. 

From Table 6 we observe that the NPs (1–3) have much poorer 
predicted ADMET and DMPK profiles when compared with the frag
ments. Obviously the NPs are not drug-like. Fragments 6, 8 and 9 
showed #star prediction of 0, indication that all the 64 QikProp 
computed parameters fell within the recommended range for 95% of 
known drugs. The #star had been previously shown as a nice criterion 
for deciding whether to consider NPs for further medicinal chemistry 
modification or not (Onguéné et al., 2018). Besides, these compounds 
have the least number of predicted metabolic reactions (#metab) of 7, 3 
and 5, respectively, when compounds with > 10 metabolites for the 
other NPs and fragments. Although compound 8 is drug-like it had been 
tested negative in the AlphaScreen. Besides, the solvent-accessible sur
face area (SASA) parameter for fragments 6, 8 and 9 are all <700 Å2 

while the remaining SASA values are much higher, even two-fold in 
some cases. Also pkCSM predictions for fragments 6 and 9 show that 
CYP inhibition and hERG I blockage look promising, as well as the 
overall toxicity profiles of these fragments. 

3.2.4. MD simulations 
To further investigate the stability of the docked poses for com

pounds 1–3 in the spike/ACE2 target site, a 100 ns MD simulation was 
run for the holo complex as well as for the docked poses for each com
pound. A plot of the root-mean-square-deviations (RMSD) per MD frame 
and the root-mean-square-fluctuations (RMSF) per amino acid residue 
for the holo ACE2/SpikeRBD complex showed that the complex was 
fairly stable throughout the simulation, particularly the all RMSD values 
were shown to be <4 Å and all RMSF values were <8 Å, the only spikes 
being observed between residues 600 and 640, which correspond to the 
docking site (Supplementary Data: Figure S6). In the presence of docked 
hopeaphenol (1), the protein-ligand complex shows good stability 
(Fig. 10), a similar observation with docked vaticanol B (2) (Supple
mentary Data: Figure S7) and docked vatalbinoside (3) (Supplementary 
Data: Figure S8). 

Fig. 11 shows a plot of the stability of all the docked complexes 
including the compounds 1–3 superimposed with that of the holo 
(undocked) spike/ACE2 protein-protein complex. It is observed that the 
highest fluctuations are again shown for the residues between residues 
600 and 640 for the holo protein. This drops significantly in the presence 
of the docked ligands, the lowest RMSD values being observed for this 
region for the most active vaticanol B (2) ligand. There was no marked 
difference in RMSF curves between the fluctuation curves for hope
aphemnol (1) and vatalbinoside A (3) for this region (Fig. 11). 

3.2.5. MM-GBSA binding free energy analyses 
Binding energy values of NPs and fragments inhibitors against spike/ 

ACE2, computed using the MM-GBSA approach (in kcal mol− 1) have 
been tabulated on Table 7, along with the electrostatic, van der Waals 
and surface tension components. 

The ΔGsolv (solvation term of the binding free energy for the protein- 
ligand complex) and the enthalpy term in the gas phase (ΔGgas) from the 
MM-GBSA model shows that the NPs (1–3) lie in close range with those 
of the fragment 6 (a fragment of vaticanol B, the most active of the three 
NPs). The affinities of compounds 8 and 9 seem to have moderate 

Table 4 
Decomposition of Interaction Energies of Docked Complexes for the Biologically 
Active NPs.  

Spike/ACE2-Hopeaphenol (1) 
Complex 

Eint
tot* (kcal/ 

mol) 
EvdW

tot** (kcal/ 
mol) 

Eele
tot***(kcal/ 

mol)  

15.26 24.48 -9.21 
Decomposition of Interaction Energies 
Residue Eint

a (kcal/ 
mol) 

EvdW
b (kcal/ 

mol) 
Eele

c (kcal/mol) 

Phe23 2.34 2.55 -0.21 
Ser27 -1.76 -1.23 -0.53 
Thr330 -5.21 -4.47 -0.75 
Ala331 -3.22 -2.84 -0.38 
Trp332 -4.58 -4.11 -0.47 
Asp333 -3.54 -2.56 -0.97 
Tyr368 -0.86 -0.49 -0.37 
Arg376 41.30 43.53 -2.23 
Asn377 -3.64 -2.11 -1.53 
Gly378 -0.62 -0.82 0.20 
Glu385 -4.95 -2.98 -1.97  

Spike/ACE2-Vaticanol B (2) 
Complex 

Eint
tot* (kcal/ 

mol) 
EvdW

tot** (kcal/ 
mol) 

Eele
tot***(kcal/ 

mol)  
21603.09 21607.59 -4.50 

Decomposition of Interaction Energies  

Residue Eint
a (kcal/ 

mol) 
EvdW

b (kcal/ 
mol) 

Eele
c (kcal/mol) 

Ser30 1.53 2.17 -0.64 
Asn34 -3.14 -2.16 -0.98 
Ala331 -4.93 -3.52 -1.40 
Trp332 -5.22 -5.23 0.00 
His361 228.67 229.26 -0.59 
Glu381 -1.49 -0.53 -0.96 
His384 21387.66 21387.59 0.07  

Spike/ACE2-Vatalbinoside A 
(3) Complex 

Eint
tot* (kcal/ 

mol) 
EvdW

tot** (kcal/ 
mol) 

Eele
tot***(kcal/ 

mol)  
294.12 308.86 -14.74 

Decomposition of Interaction Energies 
Residue Eint

a (kcal/ 
mol) 

EvdW
b (kcal/ 

mol) 
Eele

c (kcal/mol) 

Phe23 7.01 7.18 -0.17 
Ser27 -1.73 -1.25 -0.48 
Trp52 -1.29 -1.16 -0.13 
Thr330 -5.07 -4.32 -0.75 
Ala331 -3.78 -3.10 -0.68 
Trp332 -4.46 -4.08 -0.38 
Asp333 -3.80 -3.01 -0.79 
Tyr368 -0.93 -0.50 -0.44 
Arg376 42.38 44.67 -2.28 
Asn377 274.73 280.09 -5.36 
Gly378 0.33 -0.50 0.83 
Glu385 -4.54 -2.89 -1.65 
Arg497 -4.75 -2.29 -2.46 

Eint
tot* = total interaction energy in kcal/mol); EvdW

tot** van der Waals contribution to 
the total interaction energy in kcal/mol; Eele

tot*** = electrostatic contribution to 
the total interaction energy in kcal/mol; Eint

a = contribution to the total inter
action energy per residue in kcal/mol; EvdW

b = van der Waals contribution to the 
total interaction energy per residue in kcal/mol; Eele

c = electrostatic contribution 
to the total interaction energy per residue in kcal/mol. 
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affinities towards this protein while 4, 5 and 7 towards the protein are 
much weaker. The electrostatic and van der Waals components of the 
gas phase binding free energies follow the same trend, suggesting that 
careful structural modifications of fragments 6, 8 and 9 could lead to 
synthetically derived compounds from a fragment of the initially tested 
NPs (1–3). 

4. Conclusions 

Computational approaches for drug discovery, including molecular 
docking and MD simulations have proven track record for their ability to 
use interactions between protein targets and small molecules to explain 
structure-activity relationships (SAR) and suggest changes for the design 
or novel derivations of docked ligands to design synthetic analogues that 
would potentially show improved activities. Since NPs are often only 

isolated from their natural sources in significantly small quantities that 
would not warrant further medicinal/synthetic chemistry exploration, it 
is important to only use the sub-micromolar range NP inhibitors of 
SARS-CoV-2 spike/ACE2 fusion and their derived pharmacophores to 
inspire the discovery of small synthetically accessible compounds that 
contain the NP-pharmacophores. In this paper, we have used molecular 
docking and MD simulations to elucidate the binding modes of three 
naturally occurring compounds and explain their SAR. We have also 
used ADME predictions to rule out which fragments are potentially 
useful for further medicinal chemistry work. We suggest that a theo
retical fragment from the most active NP, vaticanol B, is the most 
promising scaffold as it contains the relevant pharmacophores and 
pharmacophysical parameters for future drug discovery efforts. 
Exploring the current pharmacophores distances between the docked 
ligands and the interacting amino acid residues and the decomposition 

Table 5 
Summary of ADME profiles of NPs and their fragments and fragment derivatives from SwissADME. Additional descriptors have been included in the Supplementary 
Data (Table S1).  

Ligands MW (Da)a NRBb Lipinski Violc BBBd Pgpe Solf Log kp
g PAINSh Syn Acci Bioavalabilityj Veber Violk Leadlikenessl  

1  906.93  5  3 No Yes Insoluble  -5.36  0  7.53  0.17  1  2  
2  906.93  6  3 No Yes Insoluble  -5.36  0  7.55  0.17  1  2  
3  1069.07  8  3 No Yes Insoluble  -7.62  0  9.02  0.17  1  3  
4  454.47  2  0 No No Poor  -5.61  0  4.78  0.55  0  2  
5  572.6  3  2 No No Poor  -5.46  0  5.65  0.17  0  2  
6  336.34  2  0 No Yes Moderate  -5.87  0  3.66  0.55  0  0  
7  616.61  5  3 No No Moderate  -7.87  0  6.41  0.17  1  1  
8  228.24  2  0 Yes No Soluble  -5.47  0  2.02  0.55  0  1  
9  344.36  5  0 No Yes Moderate  -7.01  0  4.00  0.55  0  0  

a Molecular weight in Daltons; bNumber of rotatable single bonds; cNumber of Lipinski violations; dBlood-brain barrier permeability; eP-glycoprotein binding af
finity; fSolubility in water; gLogarithm of skin permeability in (cm/s); hNumber of pan-assay interference (PAINS) alerts; iSynthetic accessibility; jBioavailability score; 
kNumber of Veber violations; lLead-likeness prediction. 

Table 6 
Summary of selected DMPK and toxicity profiles of NPs and their fragments and fragment derivatives from QikProp and pkCSM. The remaining parameters are 
available in the Supplementary materials.  

Ligands #stara MDCKb Caco-2c logHERGd CNSe metabf SASAg VDss
h Fracub

i CYP2D6j CYP3A4k CYP1A2l 

1 14 0.07 0.26 -7.74 -2 22 1072.75 0.010 0.381 No Yes No 
2 14 0.10 0.39 -8.07 -2 21 1084.48 0.005 0.381 No Yes No 
3 14 0.03 0.14 -7.91 -2 25 1193.99 0.010 0.381 No Yes No 
4 1 20.03 51.46 -6.52 -2 11 703.26 -1.737 0.381 No No Yes 
5 4 3.05 9.03 -6.99 -2 13 831.74 -0.483 0.396 No Yes Yes 
6 0 24.33 61.61 -5.77 -2 7 586.37 -1.259 0.165 No No Yes 
7 6 1.17 3.73 -7.29 -2 13 917.38 -1.276 0.379 No No No 
8 0 126.54 283.26 -5.26 -2 3 476.42 -0.042 0.189 No No Yes 
9 0 134.66 300.04 -5.49 -2 5 616.45 0.037 0.037 No Yes Yes 
Ligands Cltot

m ERen
b ToxAMES

◦ Dmax.p hERG Iq hERG IIr ToxORA (LD50)s ToxORC (LOAEL)t ToxHep
u SSv ToxT.p

w ToxMinnow
x 

1 -3.010 No No 0.438 No Yes 2.482 0.865 No No 0.285 7.155 
2 -3.239 No No 0.438 No Yes 2.482 5.919 No No 0.285 9.422 
3 -3.221 No No 0.438 No Yes 2.482 10.725 No No 0.285 17.679 
4 0.081 No No 0.348 No Yes 2.275 2.619 Yes No 0.285 1.637 
5 0.012 No No 0.438 No Yes 2.463 3.290 Yes No 0.285 1.940 
6 0.095 No Yes 0.386 No Yes 2.351 1.736 No Yes 0.286 1.503 
7 -0.336 No No 0.334 No Yes 2.478 5.013 No No 0.285 8.753 
8 0.133 No Yes 0.418 No No 1.826 1.707 No No 1.043 1.515 
9 0.099 No Yes -0.029 No Yes 1.962 1.592 No No 0.377 1.841  

a Overall ADME-compliance score – druglikeness parameter (indicated by #stars), which is the number of computed parameters in QikProp which fall out of the 
recommended range for 95% of known drugs (Recommended range is 0–3); bQikProp predicted apparent Madin-Darby canine kidney cell permeability in nm s− 1 

(Irvine et al., 1999) (Recommended range is < 25 poor, > 500 great); cQikProp predicted apparent Caco-2 cell membrane permeability, in nm s− 1 (in Boehrin
ger–Ingelheim scale, Yazdanian et al., 1998; Irvine et al. 1999; Stenberg et al., 2001) (Recommended range is < 5 low, > 100 high); dQikProp predicted IC50 value for 
blockage of HERG K+ channels (Cavalli et al. 2002; De Ponti et al. 2001) (concern < − 5); ePredicted CNS activity was computed on a − 2 (inactive) to +2 (active) scale; 
fNumber of likely metabolic reactions (Recommended range is 1–8); g Total solvent-accessible molecular surface, in Å2 (probe radius 1.4 Å) (Recommended range is 
300–1000 Å2); hVolume of distribution in human predicted by pkCSM in log L/kg; iFraction of unbound drug (human) predicted by pkCSM in fractional unit; jCYP2D6 
inhibition by pkCSM (Yes/No); kCYP3A4 inhibition by pkCSM (Yes/No); lCYP1A2 inhibition by pkCSM (Yes/No); mTotal predicted rate of clearance by pkCSM in log 
ml/min/kg; nRenal excretion OCT2 substrate predicted by pkCSM (Yes/No); ◦AMES toxicity prediction by pkCSM (Yes/No); pMaximum tolerated dose in humans 
predicted by pkCSM in log mg/kg/day; qpredicted hERG I inhibitor by pkCSM (Yes/No); rpredicted hERG II inhibitor by pkCSM (Yes/No); spredicted Oral Rat Acute 
Toxicity (LD50) by pkCSM in mol/kg; tOral Rat Chronic Toxicity predicted by pkCSM in log mg/kg_bw/day; upredicted pkCSM hepatotoxicity (Yes/No); vpredicted 
pkCSM skin sensitisation (Yes/No); wTetrahymena pyriformis fish species toxicity predicted by pkCSM in numeric (log μg/L); xMinnow fish species toxicity predicted by 
pkCSM in numeric (log mM). 
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of the total interaction energies according to the interaction amino acids 
show that the amino acid Asn376 appears both in the tested active 
compounds and the fragments 6 and 9. The potential for virtual 
screening campaigns would be designed based on pharmacophores 
derived from the docked complexes with these fragments for the iden
tification of novel scaffolds for the discovery novel spike/ACE2 in
hibitors. Further insights for medicinal chemistry could be suggested 

around these scaffolds for further discovery. We suggest that small sized 
fragments from the fragments 6 and 9 be used starting points for the 
identification of drug-like NPs like from the African Natural Products 
Database (ANPDB, Ntie-Kang et al., 2017; Simoben et al., 2020) 

Fig. 10. (top left) RMSD for the docked hopeaphenol in ACE2/Spike RBD complex; (top right); RMSF for the docked hopeaphenol in ACE2/SpikeRBD complex; and 
(bottom) RMSF for the hopeaphenol Ligand -RMSF for ACE2/Spike RBD complex. 

Fig. 11. Superposition of RMSF graphs per amino acid residues for the holo spike/ACE2 complex (no ligand) with those of the docked complexes with NPs (1–3).  
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