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Abstract
The primary role of the Spike protein is to initiate the virus infection process. The mechanism involves
a structural transition of the Spike protein that facilitates the rupture of the host membrane followed by
penetration of the virus into the host cell. The trimeric organization of the Spike protein plays an
important role in this process. Here, we take 10 bioactive plant products molecular docked on Spike
protein by AutoDock Vina software and then perform 20 ns molecular dynamics simulation using the
Gromacs software. We estimate the ligand interaction and flexibility of the Spike protein by taking the
trimer together as an oligomeric unit and separately by enforcing the periodic boundary condition with a
triclinic solvent box. We find that affinity is not the only determinant for potential inhibitory action, but
may improve if the binding site spans across the three monomers in the trimer. The molecular dynamics
simulation suggests that reduction in the fluctuation is maximum when the ligand binding site spans the
three subunits. Since the function of the Spike protein is intimately involved with structural transition, we
suggest the inhibitory potential of the ligands maximizes when their interaction is spread across each
subunit.
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1. Introduction

The COVID-19 cases are in wane after reaching a high around January
2022. This was after the spread of the Omicron variant of the SARS-
CoV-2 virus (https://www.worldometers.info/coronavirus/; date:
March 3, 2023). It was observed that vaccinated individuals when
analyzed for viral load post-infection and recovery from Delta and
Omicron variants had decreased morbidity and mortality, while for
both vaccinated and unvaccinated individuals, it had a marginal effect
on transmissibility with respect to the Omicron variant (Woodbridge
et al., 2022). Thus, the chance of SARS-CoV-2 spreading to individuals
remains undiminished through the emergence of new strains in near
future. The development of new antiviral agents would thus help to
protect against the persistent viral threat, especially if such a strain
has increased lethality.

The effort to create new vaccines continues (World Health Organiza-
tion Vaccine Tracker; https://www.who.int/publications/m/item/draft-
landscape-of-covid-19-candidate-vaccines) with the aim to prevent
infection as well as morbidity. These are guided by new ideas on
how to facilitate their widespread administration (Focosi et al., 2023).
Recently, nasal vaccines is one of the alternate approaches being
promoted in the same direction (Chavda et al., 2023). However,
immunocompromised persons are unlikely to respond robustly to

vaccination, and new immune-escape variants and their spread may
render even immune-competent persons with higher rates of vaccine
failure (Tao et al., 2021). Ritonavir-boosted nirmatrelvir (Paxlovid),
molnupiravir, and high-titer COVID-19 convalescent plasma are some
of the antivirals currently in the market with Emergency Use
Authorization from the US-FDA for use in certain patients for COVID-
19 treatment. Anti-SARS-CoV-2 monoclonal antibodies, Tixagevimab
300 mg plus Cilgavimab 300 mg (Evusheld) also have emergency use
approvals for SARS-CoV-2 pre-exposure prophylaxis in certain
patients. General purpose antiviral thus remains to be developed for
COVID-19 to mitigate the need of the market.

The use of traditional medicine for protection against COVID-19 has
been in focus for its natural origin and benign use. This can be gauged
from the 156 instances of the clinical trial on herbal or traditional
medicine reported at the Clinical Tracker site (https://www. clinical
trials.gov/ct2/results/details?cond=COVID-19+AND+%22COVID-
19%22&term=traditional+OR+herbal). This is about 1.77% of the
total number of clinical trials recorded for COVID-19. The fraction of
cases is low and more work is needed in the area. Bioactive
compounds bearing medicinal properties are typically minor
components in plant and animal extracts. They need to be purified
to explore in further detail before their use and general deployment
for human health. Currently, for COVID-19, traditional medicines
are primarily used for adjuvant therapy to boost immunity against
infection and accelerate post-COVID recovery. In specific instances,
the herbal extract has also been effective as an antiviral agent against
COVID-19 (Sarkar et al., 2022).
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In this paper, we follow up on the study of ten natural plant active
constituents; namely, Caffeine (Compound Identifier (CID) 2519),
Curcumin (CID 969516), Glycyrrhizin (CID 14982), Jujuboside B
(CID 24721031), Glucolepidiin (CID 656547), Linoleic acid (CID
5280450), Kaempferol (CID 5280863), Malvone A (CID 135542082),
Allantoin (CID 204), Vasicine (CID 72610), from Coffea arabica,
Curcuma longa, Glycyrrhiza glabra, Zizyphus vulgaris, Sisymbrium
irio, Borago officinalis, Althaea officinalis, Malva sylvestris, Cordia
latifolia, and Adhatoda vasica, respectively. The compounds are
known to have immunomodulatory, anti-inflammatory, antioxidant,
and antiviral properties. Caffeine is a strong antioxidant (Hall et al.,
2015), while curcumin has anti-inflammatory properties (Chainani
et al., 2003). Glycyrrhizin antiviral properties have been
demonstrated in vitro on SARS-CoV-2 (Luo et al., 2020). Jujuboside
B has anticoagulation, antirestenosis activity (Seo et al., 2013),
antiasthmatic potential (Nanave et al, 2019), and the ability to reduce
vascular tension (Zhao et al., 2016). Glucolepidiin acts like a prodrug
in its antimicrobial properties (Romeo et al., 2018). Linoleic acid is
an essential fatty acid useful as a precursor molecule for the synthesis
of compounds important for good health (Jandacek et al., 2017).
Kaempferol participates in oxidation, inflammation, tumor, and virus
regulation activities (Devi et al., 2015). Malvone A activity is not
well understood, but its extract from Malva sylvestris has antioxidant,
anti-inflammatory, and antimicrobial activity (Mousavi et al., 2021).
Allantoin has immunomodulatory activity and promotes wound
healing (Araujo et al., 2010). Vasicine has antioxidant, anti-
inflammatory, and bronchodilatory properties (Gulati et al, 2016).
We have already studied the binding affinity of the above-mentioned
molecules to the Spike protein of SARS-CoV-2 using molecular docking
(Farag et al., 2022). However, the affinity values may not necessarily
translate to the expected pharmacologic inhibition, especially when
the protein is large with a quaternary structure as in the case of the
Spike protein. Therefore, we perform molecular dynamics (MD)
study of the Spike receptor and the various ligand bound-complexes
to understand how the affinity may bring change in the molecule
function by ligand interaction stabilizing the trimeric structure.  Since
the structural transition of the Spike protein majorly determines the
infection efficiency of the SARS-CoV-2, the restriction of conformation
has implications for host receptor attachment, cell penetration, and
the cell-to-cell spread of the virus (Pal et al., 2021).

2. Materials and Methods
2.1 The Spike protein complex

The trimeric structure coordinates for the SARS-CoV-2 Spike protein
were obtained from the Research Collaboratory for Structural
Bioinformatics (RCSB) (https://www.rcsb.org) using Protein Data
Bank (PDB) identifier (ID):6VXX (Walls et al., 2020). The structure
corresponds to the ectodomain of the Spike protein resembling its
prefusion state. The Autodock Tools (https://autodocksuite. scripps.
edu/adt/) was used to save the receptor and ligand coordinates in the
pdbqt format, and the ligand binding site was calculated byAutodock
Vina (Trott et al., 2010). Further details on the method can be obtained
from the published study (Farag et al, 2022).

2.2 Molecular dynamics simulation

The MD simulations were performed with GROMACS version 2021.4
(Abrahm et al., 2015) using the CHARMM 36 force field (Huang et
al., 2013). The receptor alone was simulated at first. The trimeric

Spike structure was placed in a triclinic box with its centroid coinciding
with the box center and solvated with water (Figure 1A). The size of
the box was made such that there was a minimum of 20 Å distance
between the edge of the molecule and the box. Na+ and Cl–ions were
added randomly to the box replacing water molecules such that the
system was neutralized and the final concentration of NaCl reached
0.1M. Periodic boundary conditions were employed for the systems
in all three directions. The nonbonded interactions were accounted
for using the Verlet list and we enforced short-range electrostatic and
as well as van der Waals cutoff at 1.2 Å. The long-range interactions
were calculated using the particle mesh Ewald (PME). The energy
minimization was performed using the steepest descent method with
a step size of 0.01 kJ mol–1 until the maximum force in the system
reached below 1000 kJ mol–1 nm–1.The NVT equilibration was
performed at 300 K for 100 ps with no pressure coupling (Bussi et
al., 2007). This was followed by NPT equilibration for 100 ps at
300 K. The parameters remained the same as in the previous step
except for the addition of isotropic pressure coupling to a Parinello-
Rahman barostat at 1 bar pressure with a time constant of 2 ps
(Parrinello et al., 1981). Thereafter, unconstrained MD was performed
with the same parameters used in NPT equilibration, without the
scaling of reference coordinates. The simulation time was 20 ns and
the frames were saved every 100 ps, yielding 201 frames for analysis.

The MD simulation of the Spike-ligand complex was performed the
same way. However, since the ligand parameters were not originally
present in the CHARMM36 library, they were prepared separately
using the protocols suggested in the GROMACS software tutorial
(http://www.mdtutorials.com/gmx/complex/). The parameter
assignment in each case was done through the CGenFF portal (https:/
/cgenff.umaryland.edu/) (Vanommeslaeghe et al., 2012;
Vanommeslaeghe et al., 2012)

The simulation of the pseudo-separated Spike trimer and all the
Spike-ligand complexes was done using the same protocols as
described above. The only difference in the pseudo-separated Spike
trimer was the placement of the Spike molecule/Spike-ligand complex
in the box (Figure 1B). Here, we put the molecule/complex centroid
at 0,0,0 coordinate coinciding with one of the vertices of the triclinic
box. Since PBC conditions were deployed in all three directions of
the Cartesian frame, these caused each monomer chain of the molecule
to translate across the periodic boundary in the simulation system.

(A) (B)

Figure 1: Placement of the Spike protein in the simulation box.

(A). The center of the triclinic box and the centroid of the Spike
protein timer coincides. (B). The centroid of the Spike was
transformed to the origin (0,0,0) such that it coincides with one of
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the vertexes of the triclinic box. There after, on the application of the
periodic boundary condition (PBC), the trimer is translated as shown
in the right figure. The energies are calculated by translating the
coordinates inside the box. Because the coordinates are artificially
translated using the PBC condition, it has been called a pseudo.

To estimate the ligand binding affinity, the “lie” utility in the
GROMACS software was used. This is a free energy estimate based
on an energy analysis from the nonbonded energies: Coulomb Short
Range (Ligand-Protein) and Lennard Jones Short Range (Ligand-
Protein). For this calculation, the “energygrps” were defined in the
molecular dynamics parameter file for the ligand and the protein.
Thereafter, the average values of the nonbonded energies were
extracted from the trajectory using the “energy” utility of GROMACS
and passed on for the affinity calculation using the “lie” utility. The
same calculation was performed on the trajectory from the box-
centered, and the PBC-translated Spike molecule. The variation of
the energies between different ligands, structural flexibilities, and
fluctuations was studied for both the original and the pseudo system.

3. Results

The effectiveness of the inhibitory activity of any ligand is typically
estimated from its affinity value. A rigid-docking search allows us to
do a global search of the potential site of interaction, but its validity
remains unconfirmed till a molecular dynamics simulation is run
with the ligand-bound complex to test if the attachment has remained
stable. In the case of the ligands studied in this work, all were found
to be stable both at the rigid-body docking stage and the follow-up
molecular dynamics simulation. Several ligand-binding features were
revealed during the detailed analysis of the results.

3.1 Correlation of binding affinity and other parameters

The rigid-body docking results revealed several interesting trends
which showed that the molecular weight of the ligands correlated
well (coefficient: – 0.92) with its affinity (Affdock) to the Spike
protein. The affinity also correlated well (coefficient: – 0.85) with
the number of hydrogen bond donors, it was also good (coefficient:
– 0.90)  against the number of acceptors in these molecules.This
implies that the number of hydrogen bond donors and acceptors
increases in the set of molecules being studied in this work
proportionately according to the molecular weight of the compounds.

The correlation of the affinity calculated from the molecular dynamics
simulation (AffMD) is lower than (Affdock) for each of the parameters
above. For molecular weight, the correlation is reduced to – 0.60, and
for hydrogen bond donors (– 0.64) and acceptors (– 0.63). It is also
worthwhile to note that although the correlation between the ligand
affinities calculated in the normal MD setup (AffMD)  and pseudo
setup (Affpseudo) is 0.60; the correlation for the latter with hydrogen
bond donors is increased to (– 0.79) and acceptors (– 0.65). The
difference possibly arises out of the long-range contributions made
by the Coulombic force to the ligand affinity.

3.2 Comparison of affinity values

When we look at the affinity values (Table 1) obtained using Autodock
Vina (Affdock) to those from the “lie” calculations (AffMD/Affpseudo)
using CHARMM36 forcefield, the maximum values are comparable,
but the minimum values have a significant difference, sometimes the
magnitude being quite large. For example, Jujuboside B affinity
(AffMD) is showing the kcal/mole value of – 25.5, compared to – 11.6

obtained from Autodock Vina. Since Autodock Vina does not use
partial atomic charge in its calculations, the electrostatic component
is likely under represented in the ligand affinity estimated. Besides,
the higher number of hydrogen bond donors and acceptors ensures
that the total contribution of the Coulombic force is likely to be
larger and nonlinear in proportion due to its long-range nature. The
highest deviating values are for Jujuboside, Curcumin, and
Glucolepidiin. These can be assessed better by looking at the profile
of interactions (next section), for better insight into its binding
behavior at the site of interaction.

3.3 Ligand interaction with subunits

The binding site of the ligand when at the interface of the trimer is
likely to have the maximum efficacy in inhibiting the activity, as the
Spike function involves a structural transition that involves
synchronized movement among the trimer as evident from the post-
fusion helix-bundle structure of the Spike. Jujuboside B, Linoleic
acid, and Allantoin are the three ligands that have interaction with all
three subunits identified by rigid-docking; however, Jujuboside B is
the only ligand that retains the interaction between all the subunits
post-MD.  Glycyrrhizin, which during rigid docking interacted with
only one subunit, interacts with all three subunits on the
reorganization of the binding site during MD simulation. The
reorganization later in time may lead to further stabilization of the
binding as evidenced by the Affpseudo value of – 16.70. Therefore,
Jujuboside B and Glycyrrhizin are expected to have a high Spike
inhibition efficiency. Looking at Curcumin, it is the only ligand having
interaction with two subunits which dynamically changed interaction
with subunits during the MD. This indicates that the curcumin binding
site is close to the trimer interface and may provide stabilization to
the trimer state in a dynamic fashion. Looking at Caffeine and
Glucolepidiins which were interacting with two Spike subunits during
the rigid-docking, that were also preserved post the MD run, we find
that the strength of interaction improved substantially through
hydrogen bond or pi/alkyl bond. Allantoin and Linoleic acids are the
only two cases that lost interaction with one subunit during the MD
run but improved upon the binding affinity. Kaempferol has
interaction with two subunits and after the MD run was left interacting
with only one subunit. Malvone A and Vascine have conserved
interaction with one subunit.

A general confirmation of the above observations made can be verified
from the trends seen for the change in binding affinities for each of
the ligands based on their interactions across the number of subunits
(Table 1, last row). The higher number of subunits a ligand interacts
with, the more it appears to gain in strength of affinity after the MD
simulation. In these cases, both AffMD / Affpseudo can be used for the
purpose because they are essentially the same simulation, with the
difference of motion being local. This has been verified by plotting
the RMSF, RMSD, RG, and SASA plots for both box-centered and
PBC-translated structures of Spike, which are identical in their traces
(Figure 2).

3.4 Comparison of structural dynamics features of ligand-bound
complex against the spike receptor

The difference in structural behavior of the complex and the receptor
was assessed using the fluctuation graphs (Figure 2). The difference
in the RMSD is minimal (Figure 2A) and mostly bound within |0.05|
nm. Considering the large size of the Spike protein, the small value
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indicates that the overall motions of the receptor are broadly
conserved, except for the Jujuboside B bound complex, which shows
a distinct RG trajectory (Figure 2B) that is more compact than the

others. This observation that the MD difference between the receptor
and ligand complex is minor is also confirmed when RMSF (Figure
2C) and the ASA (Figure 2D) plots are analyzed.

Table 1: Comparative study of protein-ligand interaction

Parameters After protein-ligand docking After molecular dynamics

Caffeine (CID 2519)

Affdock: -6.5

AffMD: -10.7

Affpseudo: -6.3

Curcumin (CID 969516)

Affdock: -8.82

AffMD: -17.9

Affpseudo: -12.9

Glycyrrhizin (CID: 14982)

Affdock: -10.23

AffMD: -8.6

Affpseudo: -16.70

Jujuboside B(24721031)

Affdock:-11.6
AffMD: -25.5
Affpseudo: -22.2
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Glucolepidiin (656547)

Affdock: -7.45

AffMD: -13.3

Affpseudo: -18.8

Linoleic acid (CID 5280450)

Affdock: -6.26

AffMD: -7.5

Affpseudo: -10.0

Kaempferol (CID 5280863)

Affdock:: -8.5

AffMD: -12.3

Affpseudo: -22.6

Malvone A(CID 135542082)

Affdock: -7.6

AffMD: -6.7

Affpseudo: -8.48
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Allantoin (CID 204)
Affdock: -6.4
AffMD: -13.7
Affpseudo: -16.6

Vasicine (CID 72610)
Affdock: -7.3
AffMD: -6.7
Affpseudo: -10.7

Legend

                   

Figure 2: Plots comparing different structural dynamics
features for the ligand-bound Spike complex and the
Spike-only recep-tor. The ligands are denoted by their

compound identifiers (CID). (A) Differences are
calculated for the Root Mean Square Deviation (RMSD),
(B) Radius of Gyration (RG), (C) Root Mean Square
Fluctuation (RMSF), and (D) Accessible Surface Area
(ASA). Note that except for Jujuboside B (CID 20721031)
showing a distinct RG trace (in B) for about 10 ns in
the later half of the trajectory,  there are no other
segments of the plots in the figure where there is a
distinct color segregation indicating a unique
structural behavior of the complex due to ligand
binding. The traces are identical to the trajectories
obtained from the pseudo setup created from the PBC
definition (Figure 1B).

4. Discussion

The ligand binding prediction is routinely done using rigid-body
docking followed by MD to verify the stability of the affinity
predictions. We have also used the same strategy in the current
study, except that we have additionally used a pseudo-setup to run
molecular dynamics. The motivation for running this setup was to
compensate for the timescale of the simulation runs in our study,
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which are on the shorter side (20 ns). Spike is a large protein of over
1200 x 3 = 3600 residues that take significant computational resources.
Using the PBC to setup the problem in another way allowed us to
explore the ligand affinity space, as evidencedby the different AffMD
andAffpseudo values, which indicates that our experiments were fruitful,
given that identical RMSD, ASA, RMSF, and RG parameters were
obtained.

The interpretation of affinity values by their magnitude is not entirely
correct if not done keeping the context in mind. A high-affinity value
for Jujuboside B and Kaempferol cannot be interpreted in the same
way, the former has Affpseudo: of – 22.2, while the latter has – 22.6
kcal/mole, but Jujuboside B extensively interacts with all three
subunits, whereas Kaempherol does not. The different effect on
altered Spike stability is seen from Figure 2B plot for RG from
Jujuboside B, where the trace is in the negative “RG region.

Not all sites in a homotrimeric protein may have a conducive shape
and size to allow simultaneous interaction with all the subunits.
However, those ligands such as Curcumin and Glycyrrhizin which
are initially interacting with one or two subunits close to the trimer
interface can flip the interaction-subunit partner dynamically offering
an equally efficient way to inhibit the Spike proteins. The
homodimeric setup and the symmetry of the receptor structure offer
this unique opportunity to exchange interaction, which is also a
plausible way of inhibition that can happen in the physiological
condition.

5. Conclusion

Bioactive compounds offer unique possibilities of inhibiting the Spike
protein, which is known to be a major determinant of COVID-19.
Structural and dynamics studies from this work suggest that this
inhibition is reinforced more firmly in the fluctuating environment of
the molecule as encapsulated by molecular dynamics simulations.
Those ligands which are located in the grooves near the Spike trimer
interface are better placed for effective inhibition compared to sites
that are limited to one subunit alone. In this context, Jujuboside B
and Glycyrrhizin are the top two compounds predicted to be the
most effective, while Vasicine is deemed to be least effective at its
predicted docking site.
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