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Coronaviruses have been causing pandemic situations across the globe for the past two decades and the
focus is on identifying suitable novel targets for antivirals and vaccine development. SARS-CoV-2 encodes
a small hydrophobic envelope (E) protein that mediates envelope formation, budding, replication, and
release of progeny viruses from the host. Through this study, the SARS-CoV-2 E protein is studied for
its open and closed state and focused in identifying antiviral herbs used in traditional medicine practices
for COVID-19 infections. In this study using computational tools, we docked the shortlisted phytochem-
icals with the envelope protein of the SARS-CoV-2 virus and the results hint that these compounds inter-
act with the pore-lining residues. The molecular level understanding of the open state is considered and
the active inhibitors from the phytochemicals of Ayurvedic medicinal plants from Withania somnifera.
We have thus identified a potential phytochemical compound that directly binds with the pore region
of the E protein and thereby blocks its channel activity. Blocking the ion channel activity of E protein
is directly related to the inhibition of virus replication. The study shows encouraging results on the usage
of these phytochemicals in the treatment/management of SARS-CoV-2 infection.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The RNA virus is terrible in nature due to its tendency to cause
sudden outbreak and among that, the coronavirus is highly cause
for recent pandemic situations (Paital, 2020). Specifically, MERS
(Middle East Respiratory Syndrome) and SARS (Severe Acute Respi-
ratory Syndrome) are considered high-lethality viruses that trigger
infections of the common cold to fatal pneumonia (Hajjar et al.,
2013). In the follow-up, SARS-CoV-2 also joins the game, and the
2019 outbreak caused by the novel coronavirus (2019-nCoV) and
disease referred to as COVID-19. In 2020, COVID-19 is the most rec-
ognized word because of its outbreak and has resulted in infections
of up to 111 million people by February 2021 (Selvaraj et al.,
2020c). The genomic architecture of SARS-CoV-2 has RNA ~ 30 kB
on translation, converts to four structural proteins, sixteen
non-structural proteins and ten accessory proteins. The structural
proteins are Spike protein (S), Envelope protein (E), Membrane
protein (M), Nucleocapsid protein (N) is playing the vital function
of forming the virus protein interface to the external environment
(Satarker and Nampoothiri, 2020). The S protein fuses with ACE2
(Angiotensin-Converting Enzyme 2) in the first step with the
receptor binding domain (RBD) and initiates the virus host recog-
nition mechanism. Another structural protein, N and M respec-
tively involved in forming the nucleocapsid proteins and provide
shape to the viral envelope (Tang et al., 2020). Here S interaction
with M required for retaining the S in ERGIC/Golgi complex and
also for integrating the new virions, M interactions with N plays
stabilizing the capsid stability/assembly and M interactions with
E playing the role in viral envelope formations and also in release
of new virions. They are all active from entry to exit mechanism
of viral pathogenesis inside the human host cell (Mukherjee
et al., 2020).

Among the structural proteins, E protein is integral membrane
ion channel protein, but short in length comprises 76–109 amino
acids. In this, 07th to 12th amino acid is hydrophilic, followed by
long hydrophobic transmembrane domain (TMD) and a long
hydrophilic carboxy terminus (Bianchi et al., 2020). In E protein,
the specialized structural phenomenon TMD contains, an amphi-
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pathic a-helix which oligomerize to form ion-conducting pore in
membranes. In this ion channel, the ions are allowed to pass
through the lipid channels in ERGIC/Golgi membranes, which
results in activation of NLRP3 inflammasome and production of
IL-1b (Farag et al., 2020). E protein plays imperial role in the
human cell disruption, immune evasion, pathogenesis, virion
structure formation and exit (Tang et al., 2020). This makes E pro-
tein as an attractive target for the drug design after the spike and
main proteases (Nayarisseri et al., 2020). For identifying the inhibi-
tors, there are several methods to find suitable drug candidates and
now a days, powerful computational screening is available (Shah
et al., 2020). But the intention of the work is to find the potential
phytochemical compounds from natural herbs for treating SARS-
CoV-2, by considering channel form of E protein. For tracking suit-
able inhibitors, the traditional medicinal plants are analysed and
found that, compounds fromWithania somniferamay have the abil-
ity to interact with E protein and inhibit the viral pathogenesis
(Kumar et al., 2020). For this, the desired compounds from Witha-
nia somnifera are docked with pentamer chain E protein of SARS-
CoV-2 and the results are provided. From this work, the results
show that Withania somnifera based inhibitors are having high
potential and can effectively block the critical viroporin with high
specificity and affinity.
2. Materials and methods

2.1. Protein-Protein interaction analysis

The viral E protein interactions with human protein for both
SARS-CoV (Pfefferle et al., 2011) and SARS-CoV-2 (Gordon et al.,
2020) is analysed with CoVex protein–protein interaction predic-
tion server. Here, each viral protein will be displayed with interact-
ing host proteins and for this study, the E proteins interactions
with host proteins, as per literature is visualized and provided
(Sadegh et al., 2020; Sivakamavalli et al., 2014).
2.2. Multiple sequence alignment

The E protein sequence from SARS-COV (Sequence information
from PDB ID: 2MM4) and SARS-CoV-2 is visualized for sequence
alignment. But the NMR solved structure for E protein from
SARS-CoV-2 is not solved fully (Mandala et al., 2020; Yadav et al.,
2014), and so the whole sequence (Uniprot ID: P0DTC4) is taken
and visualized for multiple sequence alignment using Praline
sequence viewer available in https://www.ibi.vu.nl/programs/pra-
linewww/ (Dijkstra et al., 2019; Selvaraj et al., 2014).
2.3. Homology modelling

As stated above, the full length and open state of E protein has
not yet solved and so, the sequence of E protein from SARS-CoV-2
(Uniprot ID: P0DTC4) is taken from uniport and searched for suit-
able templates using the blast server (https://blast.ncbi.nlm.nih.-
gov/) (Altschul et al., 1990; Fazil et al., 2012). Suitable template
for building the whole proteins is chosen for multiple template-
based modelling and subjected to modeller 9v7 (Beema Shafreen
et al., 2014; Choudhary et al., 2020). Based on the templates, three
models are generated and multiple chains are formed as homopen-
tameric ion channel. The final protein structure is visualized for the
validation server using SAVS server 3 and based on Ramachandran
plot, the final protein is chosen for the study (Selvaraj et al., 2020a).
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2.4. Protein and ligand preparation

The Modelled protein, along with SARS-CoV E protein (PDB ID:
2MM4) and SARS-CoV-2 transmembrane domain protein (PDB ID:
7K3G) from protein data bank (PDB) is taken for the study
(Mandala et al., 2020). Both the modelled protein and experimen-
tally solved structures are not accessible for immediate use of
molecular modelling calculations and so the protein structures
are prepared using the protein preparation wizard. Here the loops
are refined, missing amino acids are refined and optimized. The
final optimized structures are minimized through OPLS-FF for
attaining the least energy minimized conformation up to 0.30 Å
RMSD (Selvaraj et al., 2020b). Likewise, the phytocompounds from
Withania somnifera is choosen from the literature, structures are
downloaded from the pubchem database (https://pubchem.ncbi.
nlm.nih.gov/) and prepared using the LigPrep module available in
Maestro. Here bond orders and lengths are verified, and up to 32
conformations are formed based on the ligand rotatable bonds
(Chinnasamy et al., 2020).
2.5. Active site prediction and molecular docking calculations

As of now, the active site information of SARS-COV-2 E protein
is lacking the active site information, and so the homopentameric
modelled E protein is subjected to Active site analysis using site-
map (Selvaraj et al., 2015). The regions predicted from sitemap is
marked and those regions are provided as input for grids. The
molecular interactions between the SARS-COV-2 E protein and pre-
pared phytocompounds from Withania somnifera are performed by
using the Auto Dock. Here the polar H atoms are additionally added
in optimizing step by Kolman charges calculation through auto
dock scripts generated by Scripps Research Institute (http://
www.scripps.edu/mb/olson/doc/Autodock). For auto dock, all the
calculations are performed using the default parameters and all
the ligand conformations are ranked based on scoring parameters
(Umesh et al., 2020). Lower energy conformations are evaluated
and chosen for the molecular visualization using the Schrödinger
2D interaction visualizer.
2.6. Molecular dynamics simulation

The apo and docked ligand complex with best docking profiles
and interactions are subjected to molecular dynamics simulations
through Desmond molecular dynamics package (Selvaraj et al.,
2018). The E protein is a membrane bound structure and thus,
the protein–ligand complex is placed in the POPC membrane along
with TIP3P water model (Loschwitz et al., 2020). The distance
between the complex to edge of the orthorhombic box is measured
to have 10 Å distance and minimized using steepest descent up to
2000-time steps. Temperature is changed to 310 K as per human
body temperature, and pressure and pH is set to default. Pressure
is maintained using the Berendsen thermostats and barostat
method and NPT ensemble is performed for 12 ps followed by
NVT ensemble for 24 ps (Muralidharan et al., 2015). The timestep
is maintained with NVT, NPT and MD simulation using the RESPA
integer and the whole complex is simulated for 30 ns of MD simu-
lations. The 30 ns MD simulations are analysed for the results from
the simulated trajectories using the VMD molecular dynamics
visualization tool. The MD simulations are performed for under-
standing the molecular stability of ligands inside the ion channel
and so the results of RMSD values are extracted and the values
are plotted (Humphrey et al., 1996).
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3. Results

3.1. Protein-Protein interactions

The protein–protein interactions are methods to predict the
group of protein interactions and here it is applied to understand
the host recognition of E protein with both SARS-CoV and SARS-
CoV-2. These predictions are related with in vivo experiments,
information’s available in literature are applied to calculate the
predictions. These interaction predictions help to understand the
host proteins interactions with E protein and the results are shown
in the Fig. 1. The Fig. 1a shows the results for the protein–protein
interactions between the SARS-CoV E protein with host protein and
Fig. 1b shows the results for the protein–protein interactions
between the SARS-CoV-2 E protein with host protein. The finding
clearly states that SARS-CoV E protein interacts with human
BCL2L1 protein, but the SARS-CoV-2 E protein interacts with
AP3B1, BRD2, BRD4, CWC27, SLC44A2 and ZC3H18 human pro-
teins. These information’s are predicted by the literature and the
information’s are provided in Fig. 1.

3.2. Multiple sequence alignment

The alignment of three of more proteins or amino acid
sequences is said for multiple sequence alignment (MSA) and it
provide detail elucidation of pairwise alignments, showing con-
served regions with the proteins, which are structural and func-
tionally important. Here the MSA is performed using the praline
tool and used to determine the residues aligned as per reference
sequences. The results of MSA are provided in the Fig. 2 shows high
similarity in the transmembrane domain but there are some
changes occurs in the other regions. Here the transmembrane
based drug identification will not work, as there is no variation
in between the SARS-CoV and SARS-CoV-2 E proteins. Thus, the full
sequence structure is required to utilize in purpose of drug design
or identifications.

3.3. Open and closed state of E protein

Studies suggest that, the E protein in SARS-CoV-2 is having the
structural changing phenomenon of open and closed conforma-
tions. Recently, the transmembrane conformation domain alone
Fig. 1. Protein-protein interactions predicted by CoVeX prediction server (a) represents
and (b) represent the protein–protein interactions between the SARS-CoV-2 E protein w
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has been solved using the NMR method and available in the pro-
tein data bank (PDB ID: 7K3G). On visualization, it clearly shows
that the transmembrane domain is the closed state conformation,
and for drug design, it will be better to consider the open state con-
formations. As only the TMD is available, the whole sequence is
searched for the suitable templates using blast.

The blast suggests, PDB ID: 2MM4 (E protein of SARS-COV) is
chosen as template, considering the open state of the conforma-
tion. The model protein looks exactly similar with the template
structure and shows the open state conformations. For under-
standing the structural difference between the open and closed
state, the pore walker server is utilized. The pore walker clearly
represents the difference between the open and closed state, which
is provided in the Fig. 3. The change in conformation of open and
closed state may due to the transition states that are applicability
in the ion transport mechanism. For understanding the spread of
distance between the residues in both open and closed state, the
distance matrix is calculated and plotted in the Fig. 4.

From the Fig. 4, it is clear that the open conformations of the E
protein in both SARS-CoV and SARS-CoV-2 remain similar, but
there are small deviations, that occurs due to the changes in the
residue in both viruses. In Fig. 3, the shape of the tunnel is shown
in blue for both open and closed state, which clearly shows the
wide open in the conformations. When this is compared with
results of the distance matrix, the closed conformation of the
SARS-CoV-2 E protein is showing narrow red regions. But in case
of open state, the distance matrix is wider in few regions in both
SARS-CoV and SARS-CoV-2 E protein, as showed in the red regions.
Comparing the Figs. 3 and 4 clearly shows the evidence of confor-
mational shift between the open and close state, especially in the
transmembrane regions.

3.4. Structural Studies on open state E protein in SARS-CoV-2

As mentioned, the E protein in SARS-CoV-2 is a membrane inte-
grating ion channel protein that plays the imperial role in budding,
the release of progeny viruses from the host cell, and in the activa-
tion of host inflammasome. In this, five chains of E protein join to
form the homo pentamer, which allows the ion transport with
transition change into open and closed state of the enzyme. For
detailed understanding of the structure, the homology modelled
structure of SARS-CoV-2 E protein in the open state conformations
the protein–protein interactions between the SARS-CoV E protein with host protein
ith host proteins.



Fig. 2. Multiple sequence alignment performed by praline tool for the SARS-CoV E protein (PDB ID 2MM4) along with TMD (PDB ID:7K3G) and full E protein (Modelled) of
SARS-CoV-2.

Fig. 3. Closed and open state conformations of SARS-CoV-2 E protein shows the
pore regions are wider in the open state.
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viewed in (Fig. 5a) cartoonic structure ribbon model, (Fig. 5b) ball
mesh without the ribbon model, (Fig. 5c) Molecular electrostatic
potential surface (MESP) and (Fig. 5d) hydrophobicity surface.
The figure provides the clear representation of wide top view,
which in 1800 shows narrow funnel shaped, which helps in ion
transport as shown in the Fig. 5a and 5b.
Fig. 4. Distance matrix of amino acid for a single chain that tends t
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Here the colours are indicating each chain and combined to
form the homo pentamer structure. The electrostatic potential is
analysed for the open state conformation and provided in the
Fig. 5c, which shows red coloured spots as negative regions, white
coloured spots as neutral regions and blue coloured spots as the
positive regions. The results show interesting by showing both
positive and negative regions in the outer surface regions, but
the pore regions are showing light positive and high neutral
regions. But the same pore regions are showing highly hydropho-
bic as shown in the Fig. 5d, which explains the requirement of
hydrophobic ligands for the inhibition of SARS-CoV-2 E protein.
For that, the medicinal plant compounds from the Withania som-
nifera is searched in literature and compounds are interacted with
pore regions active site.
3.5. Molecular docking simulations

Molecular docking is performed for all the compounds from the
Withania somnifera and each docking is repeated for three times for
avoiding the errors. The high-profile compound with low energy
values is selectively docked again for getting the final refined con-
formations in the open state of SARS-CoV-2 E-protein. Final four
compounds, which have the binding affinity of lesser energy values
than �8.00 are tabulated in the table 1.

All the best four compounds are having the aromatic ring fea-
ture, which are able to bind with hydrophobic regions in the pore
regions. While dissecting the interactions, all these four com-
pounds are able to interact with D and E chains of the homo pen-
tamer. All the compounds showing prominent interactions, and 2D
interaction viewer showed in Fig. 6 shows, hydrophobic residues
surrounded the new leads. On repeating analysis also shows the
o make the presence in open and closed chain conformations.



Fig. 5. Structural views of SARS-CoV-2 E protein in the open state conformations viewed in (a) cartoonic structure ribbon model, (b) ball mesh without the ribbon model, (c)
Electro statistical molecular surface and (d) hydrophobicity surface.

Table 1
Scoring details of best compounds from Withania somnifera interacting with SARS-CoV-2 E protein.

Compound ID Source from Binding affinity (kcal/mol) Amino acid residues Inhibitor constant

CID 10,100,411 Withania somnifera �9.31 Arg74 (D)
Asn77 (D)
Val60 (E)

96.94 nM

CID 3,035,439 Withania somnifera �8.98 Arg74 (D)
Thr43 (E)
Cys46 (E)
Ile59 (E)

120.70 nM

CID 101,281,364 Withania somnifera �8.30 Cys46 (E) 13.55 uM
CID 44,423,097 Withania somnifera �8.17 Thr43 (E) 165.81uM
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interactions stronger with the same residues Arg74 (D), Asn77 (D),
Thr43 (E), Cys46 (E), Ile59 (E), and Val60 (E). This shows that the
above-mentioned residues are having the tendency to interact
with ligands and function for the active sites. Final best leads are
perfectly found to binding inside the pore region and well inter-
acted with in the pore-lining amino acids. This clearly indicate
the inhibitor insights and also the potential active sites residues
of Arg74 (D), Asn77 (D), Thr43 (E), Cys46 (E), Ile59 (E), and Val60
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(E), which should be targeted for the inhibition of E protein in
SARS-CoV-2.

3.6. Molecular dynamics simulations

It is clear that high hydrophobic nature of E protein and inte-
grated with membrane layer and the E protein is placed inside
the lipid bilayer membrane as shown in the Fig. 7. For that C termi-



Fig. 6. Molecular interactions of compounds namely (a) CID 10100411, (b) CID 3035439, (c) CID 101,281,364 and (d) CID 44,423,097 from Withania somnifera having the
tendency to bind with D and E chains of E protein in SARS-CoV-2.
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nal is reported to make it presence in the cytoplasm and high
hydrophobic N terminal is reported as inserted within the Golgi
membrane. So, the membrane is fixed with N-terminal region
along with best compounds and simulated for 30 ns. The purpose
of the MD simulations is to understand the ligand stability in the
dynamic environment along with lipid membrane for providing
lively environment and also to understand the dynamic reaction
of lead molecules inside the large binding pocket. The Fig. 7
explains the RMSD values plotted with respect to deviations occurs
for the apo and ligand bound complex in the membrane. The
results show that, the apo and ligand complex are stable inside
the membrane-based MD simulations throughout the 30 ns of
the MD timescale. Ligands are bit moving due to the pore space,
but the amino acids Arg74 (D), Asn77 (D), Thr43 (E), Cys46 (E),
Ile59 (E), and Val60 (E) are strongly holding the ligands. For stabil-
ity, both apo and ligand bound complex lies in between the RMSD
values of ~2.2 Å which shows the MD simulations suggest the com-
pounds as best compounds in the dynamic environment.
4. Discussion

As of now, there has been several drug targets from both SARS-
CoV-2 and host is considered for the drug design and for that, the
Spike protein, Main protease and few other proteins are considered
with full focus. Along with the above-mentioned proteins, E pro-
tein role is imperial and from beginning of the cell entry to exit
of cell, E protein plays the major role. The importance of E protein
is compared with both SARS-CoV and SARS-CoV-2. Protein-protein
interactions based on literature says, that E protein has survival
capacity more in SARS-COV-2 than the SARS-COV. This clearly, rep-
resent the E protein is an attractive target for drug discovery. Con-
sidering this, the work concentrated on describing the structural
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elucidation of E protein in both closed and open form. This is
because, recently the NMR structure of SARS-CoV-2 E protein is
solved, but only the domain of transmembrane is solved and that
also available in the closed form. Ligand binding modes are not
accurate in closed form, as the conformational changes may affect
the originality of the ligand interactions. Thus, the work initiated
for identifying the open state conformation of the E protein from
SARS-COV-2. Initially, the sequence alignment for transmembrane
domain is analysed for SARS-COV-2 and SARS-COV, which shows
the particular transmembrane domain is exactly matching in
between both viruses. But, when the full sequence is compared,
the variation among the amino acids is noticeable, and suggest
that, for drug identification, only the structure of transmembrane
domain is not enough. Based on the MSA analysis, the whole
sequence is searched for template and found, the E protein from
SARS-CoV is perfectly matched as template and also the template
structure possesses the open state conformations. Thus, the same
template is considered for homology modelling of open state con-
formation of SARS-CoV-2 E protein. Multi-chain modelling process
with homo pentamer form by combine A-E chains interact together
and thus the modelled protein resembles exactly to the template
structure. The model protein with open conformation and the
NMR solved closed conformations are subject to pore space detec-
tion analysis. This shows, the TMD in the closed conformation is
narrow, while the open conformation is wide spread which can
be considered for the drug design approaches. This is again con-
firmed with distance matrix calculations, and plotted for each
chain. For closed state conformations of SARS-CoV-2, the distance
matrix shows narrow profile, but for SARS-CoV and SARS-CoV-2,
the distance matrix shows wider profile. But there are few changes
seen in between the distance matrix of SARS-CoV and SARS-CoV-2
E protein open state. For understanding the structure of E protein



Fig. 7. Membrane based MD simulations for both apo and ligand bound E protein complex of SARS-CoV-2 showing stable MD for the 30 ns of timescale.
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from SARS-CoV-2 in open form is closely visualized for its surface,
electrostatic potential surface and hydrophobic surface. These
results show interesting by pore surface is light positive charged
and highly neutral which also having high hydrophobic surface.
This clearly shows the ligand with aromatic pharmacophoric fea-
ture can be a better inhibitor, and for that, the medicinal plant-
based compounds from Withania somnifera is considered for
molecular docking analysis. More than 25 compounds are allowed
to interact with active sites of SARS-CoV-2 E protein and based on
the criteria, the compounds CID 10100411, CID 3035439, CID
101,281,364 and CID 44,423,097 crossed the scrutinization filter
by showing lower energy barriers below �8.00 kcal/mol. Interest-
ingly, the best four hit compounds are repeatedly interacting with
D and E chains with the amino acids namely, Arg74 (D), Asn77 (D),
Thr43 (E), Cys46 (E), Ile59 (E), and Val60 (E). This amino acid ten-
dency is stronger for holding the ligand molecules, that is con-
firmed by molecular dynamics simulations. For the 30 ns of MD
simulations, both apo and ligand complex is stable inside the
membrane-based MD simulations. Even though, pore space for
the open conformations is widely open in the membrane bound,
the amino acids namely, Arg74 (D), Asn77 (D), Thr43 (E), Cys46
(E), Ile59 (E), and Val60 (E) strongly holds the ligand molecules,
and keep stable in the dynamic environment.
5. Conclusion

Overall, the study suggests the clear molecular understanding
of the envelope protein in SARS-CoV-2 for its ion channel activity
and given its structural conformational changes, open state confor-
mations are identified. The molecular level understanding of the
open state is considered and the hit compounds from from Witha-
nia somnifera is identified using molecular docking analysis.
Through molecular dynamics simulations, the apo and ligand
bound complex are stable and recommend CID 10100411, CID
3035439, CID 101,281,364 and CID 44,423,097 these compounds
for E protein inhibitors targeting SARS-CoV-2 viral pathogenesis.
These compounds, along with other experimental validations,
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could present themselves as strong potential candidates for
SARS-CoV-2.
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