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ABSTRACT: The human Betacoronavirus SARS-CoV-2 is a novel pathogen
claiming millions of lives and causing a global pandemic that has disrupted
international healthcare systems, economies, and communities. The virus is fast
mutating and presenting more infectious but less lethal versions. Currently, some
small-molecule therapeutics have received FDA emergency use authorization for
the treatment of COVID-19, including Lagevrio (molnupiravir) and Paxlovid
(nirmaltrevir/ritonavir), which target the RNA-dependent RNA polymerase and
the 3CLpro main protease, respectively. Proteins downstream in the viral
replication process, specifically the nonstructural proteins (Nsps1−16), are
potential drug targets due to their crucial functions. Of these Nsps, Nsp4 is a
particularly promising drug target due to its involvement in the SARS-CoV viral
replication and double-membrane vesicle formation (mediated via interaction with
Nsp3). Given the degree of sequence conservation of these two Nsps across the
Betacoronavirus clade, their protein−protein interactions and functions are likely to be conserved as well in SARS-CoV-2. Through
AlphaFold2 and its recent advancements, protein structures were generated of Nsp3 and 4 lumenal loops of interest. Then, using a
combination of molecular docking suites and an existing library of lead-like compounds, we virtually screened 7 million ligands to
identify five putative ligand inhibitors of Nsp4, which could present an alternative pharmaceutical approach against SARS-CoV-2.
These ligands exhibit promising lead-like properties (ideal molecular weight and log P profiles), maintain fixed-Nsp4-ligand
complexes in molecular dynamics (MD) simulations, and tightly associate with Nsp4 via hydrophobic interactions. Additionally,
alternative peptide inhibitors based on Nsp3 were designed and shown in MD simulations to provide a highly stable binding to the
Nsp4 protein. Finally, these therapeutics were attached to dendrimer structures to promote their multivalent binding with Nsp4,
especially its large flexible luminal loop (Nsp4LLL). The therapeutics tested in this study represent many different approaches for
targeting large flexible protein structures, especially those localized to the ER. This study is the first work targeting the membrane
rearrangement system of viruses and will serve as a potential avenue for treating viruses with similar replicative function.

■ INTRODUCTION
SARS-CoV-2, a newly emerged Betacoronavirus, is responsible
for the ongoing pandemic of severe respiratory disease, which
has infected over 500 million people globally and resulted in
millions of deaths.1−3 It is one of seven human infectious
coronaviruses, including, 229E, NL63, OC43, HKU1, SARS-
CoV, and MERS-CoV.4 Its 30 kilobase genome consists of
positive-sense, single-stranded RNA, which encodes 16 non-
structural proteins, four structural proteins (spike, envelope,
nucleocapsid, and membrane), and nine accessory proteins.4

Significantly, the SARS-CoV-2 genome shares 79% homology
to SARS-CoV.5

Continuously emerging SARS-CoV-2 variants challenge the
reliability of recently developed vaccines (Pfizer-BioNTech,
Moderna, AstraZeneca, and Johnson & Johnson) and pose an
ongoing threat to international health.6−10 The Delta and later
Omicron variants were classified as variants of concern by the
CDC.10,11 However, other milder variants branched from them
and, altogether, now constitute the majority of COVID-19

cases.12−14 Despite the threat posed by the new variants,
vaccination efforts remain highly effective at preventing
hospitalization and death and at inducing antibody neutraliza-
tion activity, particularly following the administration of a
booster vaccination.15,16 With several variants exhibiting
significant mutations in the spike protein conferring increased
transmissibility, it is necessary to identify conserved targets
further downstream, which may be approached pharmacolog-
ically to abrogate viral replication intracellularly and limit
infectious spread.16 With this in mind, we specifically chose
potential drug target interactions which are downstream in the
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viral replication process, in particular, the interaction between
nonstructural protein 3 (Nsp3) and nonstructural protein 4
(Nsp4). In contrast to the Spike protein as a drug target, which
is prone to antigen escape and mutation, the sequences for the
relevant regions of Nsp4 and Nsp3 are well-conserved
compared to SARS-CoV (about 83 and 71%, respectively),
and as of this writing, Nsp4 has no identified variant mutations
associated with increased virulence and transmissibility (Tables
S1 and S2). Nsp4 is implicated in host membrane rearrange-
ments to form double-membrane vesicles (DMVs), convoluted
membranes (CMs), and a viral replication complex at the
endoplasmic reticulum (ER) membrane; as such, it constitutes
a potentially relevant target to reduce viral replication.17,18 The
Nsp4 large lumenal loop (Nsp4LLL) interacts with the C-
terminus of nonstructural protein 3 (Nsp3), specifically the
Nsp3 lumenal ectodomain (Nsp3Ecto); abrogation of this
interaction by deletion or substitution of specific residues leads
to total loss of viral replication.18−20 In SARS-CoV-2, it has
been demonstrated that Nsp3Ecto colocalizes with ER markers
such as PDIA4 and coassembles with Nsp4LLL and Nsp6
lumenal loops.21−23 Nsp3 is the central component in the
formation of molecular pores with a 6-fold axis spanning
DMVs and is strongly suspected to play a role in the export of
viral RNA to the cytosol while avoiding a Toll-like receptor
response.24 In addition, gene ontology mapping provides
strong evidence that the interaction is responsible for the
disruption of endoplasmic reticulum-associated degradation

(ERAD) pathways via interaction with multiple host protein
partners, including DERL1, SEL1L, and RNF139.25 Additional
endogenous pathways with which Nsp3 appears to interfere
include IFN-β ubiquitination, phosphorylation, RNA splicing,
and NF-kB signaling, suggesting that the role of the Nsp3−
Nsp4 complex is multifactorial, providing an ideal target
upstream of many significant cellular aberrations involved in or
affected by viral replication.21,26,27 Although not yet clearly
elucidated, Nsp3 also appears to have innate immune system-
suppressing activity�specifically on the IRF-3 and (above
mentioned) NF-kB pathways�across a variety of coronavi-
ruses.28,29

The Nsp4 protein (Figure 1) presents a unique opportunity
for targeting SARS-CoV-2 because its crucial residues have
been identified, and the effect of their loss on the viral
replication process has been established in the highly
homologous SARS-CoV.18 Specific Nsp4 residues identified
as critical to the Nsp3−Nsp4 interaction are His120 and Phe121;
substitution of these residues results in the absence of CMs
and viral replication bubbles within infected cells.18 Nsp4
sequences are highly conserved among Betacoronaviruses,
suggesting that potential pharmaceutical approaches targeting
this protein could remain efficacious in addressing future
Betacoronavirus threats, as well as against common cold
coronaviruses.18 Although not specifically targeted to Nsp4,
ciclesonide�a potent inhibitor of the viral replication-
transcription complex in MERS-CoV and SARS-CoV-2�was

Figure 1. Overview and homology of SARS Nsp4s. (A) Sequence alignment of SARS-CoV and SARS-CoV-2 Nsp4 residues 36−279 highlighting
similarities in residue type. (B) SARS-CoV Nsp4 (left) and SARS-CoV-2 Nsp4 (right) as modeled by AlphaFold2 with residues colored by type.
Proteins are shown as modeled by Alphafold2 and have the potential for flexibility of transmembrane positioning due to different possible ER
luminal fold orientations. (C) Transmembrane helix prediction algorithm for SARS-CoV and SARS-CoV-2 Nsp4. PBD file in Supporting
Information.
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identified with escape mutants bearing mutations in Nsp3 or
Nsp4.30 Interestingly, the mutation observed in Nsp4 was
located at Glu230 in the large lumenal loop, but all of the
mutations in Nsp3 which enabled ciclesonide resistance were
in cytoplasmic Nsp3 domains upstream of Nsp3Ecto (and thus
inaccessible to the Nsp4LLL). Clinical trials with this drug,
however, did not demonstrate statistically significant improve-
ments in patient outcomes.30,31

Computational drug design and virtual screening have an
established record of success and have enabled the develop-
ment of drugs such as oseltamivir (Tamiflu), saquinavir
(Invirase), and boceprevir.32−34 In combination with other
approaches, such as molecular docking, molecular dynamics
(MD) simulations with protein structures can be used to
successfully identify therapeutics and targets. A typical
approach relies on pre-existing structural data on target
proteins and repositories containing compounds of interest.
Standardized molecular docking software such as AutoDock or
PyRx can be used to evaluate the binding affinity and
mechanics for various compounds once a target site has been
identified on the protein of interest.35,36

We sought to discover novel inhibitors of SARS-CoV-2
Nsp4 in silico, which exhibit high binding affinity to the vicinity
of the His120 and Phe121 residues through a combination of
virtual screening and MD simulations. In the absence of a
structure validated by NMR or X-ray crystallography, protein
topologies generated by deep neural network modeling provide
a compelling alternative and can be used to minimize the lag
time between recognition of an emergent virus and
identification of potential pharmaceuticals without compromis-
ing the drug discovery process.37−40 This approach has been
validated through a comparison of experimental and predicted
protein−ligand complex structures using the MEDELLER, I-
TASSER, and Rosetta software.41 More recently, AlphaFold2
has emerged as the leader in structure prediction due to its
superior performance in CASP-Commons 14.42−44 For 88% of
the targets tested during this event, the AlphaFold2 predictions
were accurate to within 4 Å�this number remained high at
thresholds below 3 and 2 Å as well.43 The average RMSD was
recorded as 1.6 Å, close to the threshold accepted for
experimental data due to slightly lower energy conformations
or experimental artifacts.45,46 In addition to this, AlphaFold
modeling has been tested to agree most with the Rosetta suite
in terms of stability and performs well for membrane proteins,
especially for nonstructural proteins (including Nsp4) in
SARS-CoV-2.42,47 Due to AlphaFold’s evolved protein
modeling capabilities, highly plausible and stable Nsp4 protein
structures were made in this study and serve as a reliable
starting point for studying the interaction mechanisms and
gauging small molecule and peptide binders. The combined
approach of high throughput virtual screening and deep neural
network structure prediction provides a unique method to test
databases of existing compounds and to reduce the total cost of
drug development studies. Furthermore, homology of function
and structure can be established via protein−protein docking
and protein−protein interaction analysis.

For our study, molecules with high log P values according to
the ZINC database were prioritized for the virtual screen, given
that increased lipophilicity leads to increased transmissibility
through biological membranes.48 Higher log P values are
additionally associated with a greater capacity to form drug
suspensions, which are more suitable for pharmaceutical
applications and nanoparticle drug delivery into lung epithelial

cells when used with the appropriate delivery device, such as
perfluorocarbons.49 The log P filter is an effective approach for
improved local bioavailability in the tissues and cell types most
affected by SARS-CoV-2 due to specific expression of the
ACE2 and TMPRSS2 membrane proteins in lung and renal
tissue.50,51 There is also evidence that greater hydrophobic
character contributes to elevated airway absorption. Determin-
ing suitable ligands is a complex process, however, which has
previously been operationalized by multiple algorithms.52−55

While the widely-cited rule of five developed by Lipinski has
undergone subsequent modifications, we limited the com-
pounds to a specific range of log P and molecular weight
(MW) values using this algorithm as a preliminary filter.55

After identifying molecules with suitable properties and high
binding affinity to the Nsp4 lumenal loop region, we found the
interacting residues that bind the drugs in static docking
conditions. The protein−ligand binding affinity and RMSD
were then calculated using atomistic molecular dynamics
(MD) simulations with fixed Nsp4LLL backbone conditions.
Multimeric dendrimer binders and Nsp3-derived peptides were
designed to increase stability, Nsp4 binding, and inhibition
akin to our previous strategies.56 MD simulations of these
constructs highlight the improvement in binding affinity and
stability for drug inhibition and are attractive alternatives for
inhibiting a critical step of coronavirus replication and
infection.

■ RESULTS
The amino acid sequence of Nsp3 in SARS-CoV exhibits
75.82% identity to its corresponding sequence in SARS-CoV-2
(NP_828862.2). A comparison of Nsp4 homologous sequen-
ces in SARS-CoV and SARS-CoV-2 yielded an 80% sequence
identity (Table S1). In SARS-CoV, the Nsp3Ecto is located
between residues 1414−1495 on Nsp3, and residues 36−279
on Nsp4 constitute the Nsp4LLL.18,19 The SARS-CoV
Nsp3Ecto domain shows 70.73% homology with the
corresponding region of SARS-CoV-2 Nsp3 (residues 1437−
1518), indicating the potentially conserved role of the Nsp3−
Nsp4 interaction in viral function. Of the 40 amino acids in the
SARS-CoV Nsp3Ecto that are hydrophobic, 37 of the
corresponding positions in SARS-CoV-2 Nsp3 have either
the same amino acid or a similar hydrophobic amino acid,
representing 92.5% sequence similarity. Of the entire
Nsp3Ecto domain, there is only a 1.2% difference in the
number of hydrophobic amino acids. This information
suggests that the hydrophobic properties of the SARS-CoV
Nsp3Ecto are conserved in SARS-CoV-2, and that the Nsp4-
Nsp3 interaction likely would proceed by a similar biochemical
mechanism. There is also some degree of conservation when
compared with the other coronaviruses MERS-CoV, 229E,
NL63, OC43, and HKU1, suggesting that these may also be
susceptible to similar targeting (Table S1).

The SARS-CoV Nsp4LLL aligns with residues 36−279 in
SARS-CoV-2 Nsp4 and exhibits 82.79% sequence identity
(Figure 1A). Additionally, of the 123 hydrophobic residues in
the SARS-CoV Nsp4LLL, 114 of the corresponding positions
in SARS-CoV-2 Nsp4LLL have either the same amino acid or
equivalent hydrophobic amino acid, constituting 92.7%
sequence similarity (Figure 1A). A comparison of the entire
Nsp4LLL between the two SARS-CoV viruses demonstrates
only a 1.64% difference in the total number of hydrophobic
amino acids. These data suggest that the hydrophobic
properties are conserved in the Nsp4LLLs between the
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SARS coronaviruses, suggesting a similar localization within
the cell and a similar chemistry of the Nsp4-Nsp3 interaction.
Further support arises from the TMHMM results, which
assigned residues 33−279 to the LLL in SARS-CoV-2 Nsp4,
very similar to residues 36−279 which constitute the LLL in
SARS-CoV (Figure 1C). As for Nsp3, the ectodomain in
SARS-CoV-2 includes residues 1436−1499, while in SARS-
CoV, the ectodomain consists of residues 1414−1495.

The Nsp4 models generated by AlphaFold2 for the two
viruses are consistent in topology, with a template modeling
score (TM-Align) of 0.7585, with the SARS-CoV-2 Nsp4
structure used as a template. The Nsp4LLLs of both viruses
make up a significant portion of Nsp4 (Figure 1B) and
conserved residues 115−126 form a β-sheet in each
coronavirus. Conversely, the Nsp3 models are inconsistent
and have a TM-Align of 0.1729. Nevertheless, protein−protein
docking suggests that the interaction between the Nsp3Ecto
and the Nsp4LLL may still be conserved in SARS-CoV-2, with
alanine scanning results comparable to outputs of the
homologous interaction in SARS-CoV (Figure 2). ClusPro

docking scores reveal that the top clusters have comparable
scores, with −1179.9 for SARS-CoV and −938.7 for SARS-
CoV-2. These scores suggest strong interactions between the
lumenal domains of Nsp3 and Nsp4 in both viruses and
compare well to our baseline ACE2-RBD (PDB ID: 6M0J)
simulation, which outputted a score equaling −1058.6.57 The
free energies of binding according to BalaS equal to ΔG =
−246.25 and −155.58 kJ/mol for SARS-CoV and SARS-CoV-
2, respectively. BAlaS Alanine Scanning of the docked
structures highlights that the same residues play a significant
role in the Nsp3−Nsp4 contact interface in both coronavi-
ruses. Phe118, Leu106, Val103, and Phe101 in Nsp4LLL show high
ΔΔG values in both coronaviruses and to a similar degree as

well. In particular, ΔΔG ∼10 kJ/mol for Phe118 and ∼5 kJ/mol
for Leu106 in each virus (Figure 2). Conserved hydrophobic
residues are largely responsible for this interaction, which
reinforces the significance of the high conservation of
hydrophobic residues between coronaviruses (Figure 1A). In
addition to these largely hydrophobic residues, several charged
residues such as Glu98 and Arg112 contribute to the strong
interactions indicated in silico as well.

Following the AutoDock Vina virtual screening of the
putative Nsp4 binding site, we identified five potential ligand
inhibitors with high log P values and high binding affinity
energies: ZINC116661612 (Ligand 1), ZINC4035881 (Ligand
2), ZINC19877576 (Ligand 3), ZINC5401095 (Ligand 4),
and ZINC1043754 (Ligand 5), all of which occupy the
putative binding pocket (Figure 3) and have significant
structural and electrostatic similarity (Figure 4A−E). Each
ligand is polyaromatic and contains at least one heteroatom,
specifically nitrogen and/or oxygen. The similarities of the five
ligands that we have identified are reflected in similar binding
affinities in silico (Figure 4C) and in the distinctly nonpolar
nature of each ligand, which gives rise to the high predicted
number of hydrophobic interactions (Figure 4E). These
binding affinity results lie within the energy range observed
in silico for pharmaceuticals currently in use, such as Gleevec in
complex with AbI kinase (−10.8 kcal/mol) and aspirin with
Cox-1 and Cox-2 (−3.5 and −3.8 kcal/mol, respectively).58,59

Binding affinity energies obtained in silico demonstrate a strong
correlation with experimentally obtained values, providing an
estimate of the strength of a potential Nsp4 binding drug.60

Despite the presence of both hydrophobic interactions and
hydrogen bonds, the consistently high log P (Figure 4D)
suggests that the hydrocarbon backbone and hydrophobicity
are critical in the design of binders for this pocket.

A comparison of the electrostatic charge maps suggests that
there are conserved yet discrete regions of nonzero and neutral
charge localized to the heteroatoms and aromatic hydrocarbon
rings, respectively (Figure 4B). Although the ligands bear slight
charges in their heterocyclic regions, the hydrophobic regions
are the most important moieties for the strong, noncovalent
interactions observed in the most stable protein−ligand
complex (Figure 3). Nsp4LLL residues with nonpolar side
chains such as Leu90, Phe101, Val103, Leu106, Ile110, and Phe118

are involved in these interactions and contribute to the
distinctly hydrophobic character of the interior of the cavity.
The only significant residue with a charged R group is Lys67,
which is responsible for the formation of hydrogen bonds in
Ligands 2, 4, and 5 (Figure 4E). The number and similarity of
the interactions predicted suggest that the interior of the
binding pocket as well as any ligand binders must be
hydrophobic in nature, with any negatively charged oxygen
atoms directed away from the interior residues (Figure 4).
Electrostatic maps of the binding pocket further solidify the
importance of nonpolar interactions as most of the contact
surface has a neutral charge (Figure S1). The single distinctly
positive region within the protein’s binding cavity can be
attributed to positively charged Lys,67 and it interacts with
highly electronegative moieties in some of the ligands (Figures
S14 and 4). The residues significant to Nsp3 binding, as stated
earlier, are also significant for ligand binding. Phe118, Leu106,
Val103, Phe101, and Lys67 in Nsp4LLL are responsible for
Nsp3Ecto binding and ligand binding, suggesting that the
Nsp3−Nsp4 interaction can be inhibited if these ligands can
sterically hinder access to biologically important residues

Figure 2. Docking of Nsp3Ecto and Nsp4LLL. Molecular docking
was done on SARS-CoV (A) and SARS-CoV-2 (B) via ClusPro, and
top complexes are shown. Alanine scanning was done by BAlaS, and
the most significant ΔΔGs are shown. Nsp3Ecto is shown in red, and
Nsp4LLL is shown in blue.
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His120 and Phe121 (Figures 2 and 3). The protein−ligand
interaction profiler (PLIP) results indicate identically�the
ligands we have examined closely approximate the contours of
the cavity (within 3−4 Å).

Simulations performed with the Nsp4LLL in complex with
Nsp3Ecto suggest that the Nsp3Ecto maintains high binding

affinity over time while fluctuations remain under 5 Å average
RMSD (Figure S2). Subsequent simulations with the
therapeutics confirmed that drugs obtained from AutoDock
Vina give varying RMSDs and binding energies, with drug 1
moving the least and drug 4 moving the most from the starting
position (Figure S3). Drug 3 was determined to be the best

Figure 3. Protein−ligand interactions post AutoDock Vina screening. Top five small-molecule inhibitors of SARS-CoV-2 Nsp4 drug screening are
shown in panels (A−E) with protein−ligand interaction profiler (PLIP) depictions of interactions on the right. Gray dashed lines show
hydrophobic interactions. Solid blue lines show hydrogen bonding. Orange dashed lines show π−cation interactions, and green dashed lines show
π-stacking.

Figure 4. Overview of top five ligands. (A) Structures of the top five ligands identified based on AutoDock Vina scoring output. (B) Electrostatic
charge maps of ligands generated using ESP-DNN. (C) Binding affinity energies (kcal/mol) as calculated by AutoDock Vina. (D) log P of each
ligand. (E) Protein−ligand interaction profiles of each ligand on the SARS-CoV-2 Nsp4 binding pocket.
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drug binder with low average RMSD fluctuations of 1.17 Å and
the highest absolute average binding energy of −52.62 kcal/
mol (Figure S3 and Table S3). A comparison of the initial and
final states of the drug 3-Nsp4LLL complex suggests that the
drugs explore a lot of the Nsp4LLL protein surface and retain
hydrophobic interaction with crucial phenylalanine and valine
residues (Figure 5A).

As the simulations show small drugs’ potential in inhibiting
larger ER membrane proteins, we examined larger therapeutics
such as a β hairpin extracted from the Nsp3Ecto protein and a

drug-dendrimer system (Figures 6 and 5B). The branched,
highly flexible dendrimer was highly efficacious, with sustained
binding energies greater than −200 kcal/mol (Figure S4).
From the initial to final state, the dendrimer was able to flexibly
fold around the Nsp4LLL protein, forming hydrophobic
interactions with the six units of drug 3 and hydrogen bonds
with the drug heteroatoms and dendrimer backbone (Figure
5B). Longer simulations of 800 ns showed comparative
stability of the dendrimer-Nsp4 complex after 450 ns,
indicating that there is stable binding after an initial

Figure 5. Drug 3 interactions in NAMD simulations. Initial (left) and final (right) simulation states of drug 3 are shown. (A) Drug 3 on SARS-
CoV-2 Nsp4 simulation resulted in an average binding energy and RMSD of −52.62 kcal/mol and 1.17 Å, respectively. (B) Dendrimer with six
copies of drug 3 covalently attached in complex with SARS-CoV-2 Nsp4 simulation averaged −227.24 kcal/mol and 10.45 Å. Drug Interactions are
shown with protein−ligand interaction profiler (PLIP) on the right of the final PDB file. Gray dashed lines show hydrophobic interactions. Solid
blue lines show hydrogen bonding. Orange dashed lines show π−cation interactions, and green dashed lines show π−stacking. The blue molecule is
Nsp4, and orange is the ligand.

Figure 6. Peptide inhibitor significant residues before and after NAMD simulations. Initial (transparent) and final (opaque) simulation states of
peptide derived from SARS-CoV-2 Nsp3 are shown. Alanine scanning was done by BAlaS, and most significant ΔΔGs are shown from both peptide
and Nsp4 before simulation (top) and after simulation (bottom). The average binding energy and RMSD over the 200 ns simulation were −201.89
kcal/mol and 2.53 Å, respectively. Orange is the peptide, and blue is the Nsp4 protein.
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exploration of the Nsp4 surface (Figure S6). The β hairpin, on
the other hand, is a flat, extended peptide that can similarly
adjust its structure to match changes in the binding site of
Nsp4LLL and show a suitable binding energy of ∼2.5 Å, with
high binding energy of ∼−200 kcal/mol (Figure S4). BUDE
Alanine scanning results of initial and final simulation states
suggest that mainly hydrophobic residues are implicated in the
peptide−Nsp4LLL interaction as Phe118 and Leu106 remain
significant (Figure 6). A longer 800 ns simulation of the β
hairpin demonstrates that it more extensively explores the
binding pocket but remains stably bound at around −200 kcal/
mol (Figure S7).

Application of both the dendrimer and β hairpin in tandem
through a conjugate yielded an average RMSD value of 15.72
Å and binding energy of −141.53 kcal/mol over time against
the averaged value of −201.89 kcal/mol for the single peptide,
showing that the dendrimer impedes the peptide from binding
to the desired residues (Figure S4 and Table S3). This may be
attributable to the fact that the dendrimer is carrying five other
β hairpins, which are relatively large molecules with significant
steric constraints. Applying β hairpins in isolation enabled
them to move freely, but when bound to the dendrimer, they
were large enough to pull the whole assembly (dendrimer and
six β hairpins) back from the binding site.

■ DISCUSSION
As reported previously, the Nsp3−Nsp4 interaction is an
attractive drug target due to its potential role in modulating
viral replication and RNA polymerization in the absence of the
critical His120 and Phe121 residues, underlined by the
conservation of this sequence and adjacent residues in multiple
members of the Betacoronaviridae family.18 Although most
applicable to pandemic viruses such as SARS-CoV, MERS-
CoV, and SARS-CoV-2, pharmaceutical approaches targeting
this interaction may remain appropriate for common cold
viruses such as HKU1, OC43, NL63, and 229E and for newly
emerged SARS-CoV-2 variants (Tables S1 and S2). Without
targeting surface glycoproteins which are notorious for their
rapid divergence from the original wild-type due to selective
pressures, an approach aimed at abrogating the formation of
the viral replication complex could provide a rapid response to
future coronavirus outbreaks of epidemic or pandemic
proportions.61,62

The presence and importance of our target have been
validated in vitro in SARS-CoV, and the high sequence identity,
when compared to SARS-CoV-2, provides additional compel-
ling evidence to support further study on this interaction as a
drug target.18,63,64 Despite differences in the conformations
and topologies of the SARS-CoV and SARS-CoV-2 Nsp3
structures and resulting Nsp3−Nsp4 complexes, many residues
were identified as significant interacting residues in both
viruses. Furthermore, these residues were also implicated in the
PLIP analysis of the protein−ligand complexes, suggesting that
a ligand that interacts with them may present a viable
pharmaceutical approach if the mechanism of the interaction is
conserved across Betacoronaviruses. For ligands protruding
into the pocket, accessibility to His120 and Phe121 is hindered,
and the Nsp3−Nsp4 interaction is limited.

Although our identification of ligands relied on a model of
SARS-CoV-2 Nsp4, AlphaFold2 software recently tested and
released to the public has demonstrated significantly higher
accuracy than previously used ab initio modeling suites, citing a
median backbone accuracy of 0.96 Å RMSD.43 In addition to

this, the protein properties we identified as significant to the
ligand binding nevertheless remain pertinent for Nsp3 binding
and between coronaviruses, particularly for the local residues
surrounding His120 and Phe121. To validate the exact
mechanisms of action and other crucial residues involved in
these interactions, further X-ray crystallography, cryo-EM, or
NMR studies should be performed in the future. Isolating
membrane proteins for these studies remains difficult, but
AlphaFold2 solves the problem of protein prediction and
allows for robust, accurate drug design and discovery. An
examination of the ligands and the properties of the protein−
protein interaction suggests that ideal inhibitory compounds
will have high hydrophobicity and log P values.

The high log P values of the ZINC data set alluded to earlier
in this study suggest several drug delivery modes that can be
tailored to target the affected organs. Larger log P values are
associated with greater rates of transport (in part due to passive
transport) through the respiratory bronchial epithelium in
particular and are not subject to the same transporter
saturation effects associated with other drugs.65 Other tissues
such as the heart and kidneys could be targeted by similar
approaches: specifically, nanoliposomes have demonstrated
promise as a means by which to increase prolonged exposure
of affected tissues to a drug via receptor-mediated endocytosis
and to do so with greater efficacy and customization for a given
drug relative to other methods.66

Molecular docking allowed us to identify five possible
ligands for Nsp4. The MD analyses suggest fluctuation in
ligand position with maintained binding energy over time for
single molecules, leading to the molecules exploring the entire
surface of the protein. More promising results are obtained
with the use of the dendrimers or peptides as inhibitors,
primarily due to the capacity of these approaches to cover
more of the binding pocket and to maintain prolonged binding
to the hydrophobic residues of the target Nsp4LLL. All three
methods suggest different approaches for targeting a common
viral mechanism localized to the ER. Initial next steps will
probe antiviral efficacy, in vitro cytocompatibility, mutagenicity
(of potential polyaromatic compounds such as those in Figure
4), and in vivo safety/efficacy. Further work must be done to
determine suitable modes of delivery for these therapeutics and
to characterize their efficacy in models of coronavirus disease.

■ CONCLUSIONS
This work identifies several putative and de novo ligands, which
could be used to inhibit replication of SARS-CoV-2 within
cells and reduce total viral load, ongoing challenges in the
coronavirus pandemic, and arising variants. Due to the urgent
need for effective pharmaceuticals, the use of neural network-
mediated protein modeling (in the absence of experimentally
determined X-ray or NMR structures) for drug discovery
removes a major roadblock for rapid response to pandemics
such as the current one. The ligands demonstrate high
(absolute) binding affinity energy, exhibit deviations localized
to the Nsp3Ecto binding area, and showcase promising
interaction profiles both in static and dynamic simulations.
Our approach targets the protein−protein interaction between
the highly conserved nonstructural proteins Nsp3 and Nsp4,
which could present an alternative to traditional approaches
mainly targeting the main protease, RNA-dependent RNA
polymerase, or spike protein. In addition, targeting a highly
conserved interaction has the benefit of enabling a rapid and
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generalized response to future coronavirus pandemics or even
particularly virulent strains of common cold coronaviruses.

■ MATERIALS AND METHODS
Protein Sequence Homology and Structures. Protein

sequences for SARS-CoV-2 Nsp3 (reference sequence:
YP_009742610.1) and Nsp4 (YP_009742611.1) were ob-
tained from the NCBI protein database. Using protein BLAST
(BLASTp), homology was evaluated between the amino acid
sequences of Nsp3 and Nsp4 in SARS-CoV and SARS-CoV-2
to confirm that the abrogation effect documented in the
literature could potentially be conserved due to the presence of
the relevant residues.67 The identification of the SARS-CoV
Nsp3Ecto domain and the SARS-CoV Nsp4LLL domain
implicated in the Nsp3−Nsp4 interaction were obtained by
cross-referencing with the relevant literature.18,20 BLASTp
searches were performed on these domains in SARS-CoV to
determine regions of homology in SARS-CoV-2. To identify
the percentage of sequence identity with the OC43, HKU1,
NL63, 229E, and MERS-CoV Betacoronaviruses, BLASTp was
carried out with the SARS-CoV-2 Nsp3 and Nsp4 sequences,
both in totality as well as restricted to the ectodomain and
large lumenal loop, respectively (Table S2). Due to the
absence of validated SARS-CoV and SARS-CoV-2 structures,
3D structures generated by deep neural network analysis using
AlphaFold2 were used.43,44 The complete predicted structure
for SARS-CoV-2 Nsp4 had already been prepared by
AlphaFold faculty.68 The Nsp3Ecto for both viruses and the
whole SARS-CoV Nsp4 were also generated via AlphaFold. On
SARS-CoV-2, the examined Nsp3Ecto domain consisted of
residues 1436−1499, and the Nsp4LLL consisted of residues
33−279, as obtained from BLASTp results. SARS-CoV
Nsp3Ecto and Nsp4LLL were trimmed to residues 1414−
1495 and 36−279, respectively (Figure 1C). Sequence
comparisons between these domains on SARS and SARS-
CoV-2 was performed to determine the total homology of the
region, particularly with respect to hydrophobic residues and
their significance in protein−protein interactions involving
membrane-bound proteins.69

Transmembrane Helix Prediction. To identify similar-
ities in the Nsp4 amino acid sequences constituting lumenal
loops, transmembrane helices, and cytosolic regions, various
transmembrane helix prediction algorithms were tested using
the Constrained Consensus TOPology (CCTOP) prediction
server.70 The TMHMM algorithm was established as the most
accurate (100% of the amino acids were assigned to the correct
region), and the SARS-CoV-2 sequence was subsequently
tested for Nsp3 and Nsp4.

Protein−Protein Docking and Alanine Scanning. To
assess the interaction between Nsp3 and Nsp4 in SARS-CoV-
2, protein−protein docking of the implicated luminal loop and
ectodomain residues was performed on ClusPro, a rigid body
docking server that uses an energy minimization algorithm to
refine, score, and cluster docked protein complexes.71 Due to
its cluster-based scoring algorithm, the center ClusPro score of
the docked models was used. PDB structures for Nsp3Ecto and
Nsp4LLL were submitted to ClusPro for SARS-CoV and
SARS-CoV-2 to assess the total sequence conservation and
similarity of the interaction between coronaviruses and to
visualize the protein interactions. To gain additional insight
into the specific interactions occurring at the protein−protein
interface, the BAlaS BUDE Alanine scanning algorithm was

used to calculate ΔΔG values for substitutions of each residue
with Ala.72

Ligand Database. Ligands for testing were obtained from
the ZINC compound database.73 We filtered our initial ligand
data set using ZINC’s Tranche tool and limited the search to 7
million lead-like compounds with ideal log P (1−5) and
molecular weight (0−400 Da) values in accordance with the
rule of five.55 The data sets were processed using Open Babel
to convert them from SDF format into PDBQT format, which
made the ligand files compatible with AutoDock Vina.74,75

Ligand files were prepared by adding polar hydrogens with
AutoDockTools.

Molecular Docking and Virtual Screening Process.
Molecular docking simulations were carried out with the
ligands and the entire SARS-CoV-2 Nsp4 using AutoDock
Vina.75 Grid dimensions were manually localized near the
residues of interest (His120 and Phe121) for SARS-CoV-2 Nsp4,
and all necessary predocking modifications were carried out
using the AutoDockTools GUI, including setting the number
of torsions/rotatable bonds and assigning Gasteiger charges.
The screening process was conducted using Oracle Grid
Scheduler on a computer cluster running Oracle Sun Grid
Engine. The data set of ∼7 million ligands was tested at an
exhaustiveness of 5. Exhaustiveness is an AutoDock Vina-
specific parameter, which defines the relative amount of
thoroughness (in terms of the number of protein−ligand
conformations tested) the software uses to evaluate the
docking. Protein−ligand binding efficacy was evaluated using
the binding affinity energy (kcal/mol) obtained from the final
output for each complex and used to identify the top five
ligands for further analysis, which included repeat Vina docking
at higher exhaustiveness.

Interactions at the Protein−Ligand Complex Inter-
face. Further visualizations of protein−ligand interactions
were carried out on the protein−ligand interaction profiler
(PLIP) using the protein−ligand complexes generated from
the SARS-CoV-2 AutoDock Vina output.76 PLIP provides
information on the number, type, distance, and implicated
atoms in interactions such as hydrogen bonding, hydrophobic
interactions, π−cation interactions, and π stacking, which
occur between the protein and ligand. These were used to
further evaluate the energetics of the protein−ligand complex
formation and to evaluate the pharmaceutical suitability of the
binding cavity as a drug target.

Electrostatic Evaluation of Protein−Ligand Complex.
To qualitatively evaluate the contribution of electrostatics to
the high binding affinity energies which were obtained, the
ESP-DNN neural network was used to generate electrostatic
maps (in Coulombs) for the ligands and SARS-CoV-2 Nsp4
protein in their bound conformations as obtained from
AutoDock Vina output.77 Visualization of the electrostatic
surface maps enabled the identification of discrete regions of
electrostatic complementarity between protein and ligand
within the binding cavity.

Molecular Dynamics Methods. Each of the top five
protein−ligand complexes was suspended in 150 mM NaCl
solutions. The starting points are the complexes generated
from the Sars-CoV-2 AutoDock Vina output. The control
simulation consisted of the Nsp3Ecto-Nsp4LLL complex. The
proteins’ topologies were generated using a CHARMM36
force field,78 while the different therapeutics were described by
a CHARMM general force field.79 The Particle mesh Ewald
(PME) method was used for the evaluation of long-range
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Coulombic interactions.80 The time step was set to 1.0 fs. The
simulations were performed by NAMD2 in the NPT ensemble
(p = 1 bar and T = 300 K), using the Langevin dynamics (γLang
= 1 ps−1).81 The trajectories and snapshots were visualized by
VMD.82 The Nonbonding energy between compounds and
protein targets was evaluated by NAMD in a generalized Born
implicit solvent every 100 frames.83 The approximate
tetrahedral box size was ∼130 Å × 115 Å × 133 Å in
neutralized physiological ion buffer 0.15 M NaCl water
solution; RMSD and binding energy were calculated for the
entire trajectory with a step of 10 frames (Table S3). Each
system was pre-equilibrated and minimized for 5 ns before
running the molecular dynamics simulations. The last frame
was therefore used as a starting point for 200 ns of MD
productions. All simulations were performed with backbone
constraints for Nsp4LLL supported by Ramachandran plots,
which hints that Alphafold simulations reveal a stable structure
with unfavorable mutations, Figure S5.

Dendrimer Preparation. The dendrimeric polymer used
in this study is the poly(amidoamine) (PAMAM) with six
branches for covalent attachment of drugs obtained by the
docking simulations.84 However, the point of attachment
between the dendrimer structure and the drugs was crucial:
based on the docking position obtained in the previous
analyses, an attachment was chosen for each drug to allow the
same type of interaction in the binding pocket. Dendrimers
were prepared via VMD with Molefacture Plugin, and the
initial structure consisted of one attached drug in the same
orientation as the molecular docking output. MD simulations
were executed for 200 ns with the same conditions as the
drug−Nsp4 complexes. A longer simulation for drug 3
dendrimer was performed for 800 ns.

Peptide (β Hairpin) Preparation. Further optimization of
the Nsp4 inhibitor was evaluated through the design of a
peptide of different sizes by progressively trimming the
Nsp3Ecto sequence. In all structures, however, the two β-
sheets are kept intact. The smallest peptide was obtained by
trimming the amino acid residues 1−9 (Met to Tyr) and
residues 33−63 (Ile to Trp) at the ends of the Nsp3Ecto
protein sequence. Thus, a β hairpin structure with 23 amino
acids (residues 10−32 of Nsp3Ecto) was prepared for
simulations. To obtain better stability, a dendrimer structure
of PAMAM was used to connect the six β hairpin structures.
The N of PAMAM was bonded with C atom of residue 32
(Ser) for each β hairpin. A longer simulation for the peptide
alone was performed for 800 ns.
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■ ABBREVIATIONS
Nsps, nonstructural proteins; MD, molecular dynamics;
DMVs, double-membrane vesicles; CMs, convoluted mem-
branes; ER, endoplasmic reticulum; ERAD, endoplasmic
reticulum-associated degradation; MW, molecular weight;
Nsp3, nonstructural protein 3; Nsp3Ecto, nonstructural
protein 3 ectodomain; Nsp4, nonstructural protein 4;
Nsp4LLL, nonstructural protein 4 large lumenal loop; TM-
Score, template modeling score; PLIP, Protein−Ligand
Interaction Profiler; CCTOP, constrained consensus TOP-
ology; PME, particle mesh Ewald; PAMAM, poly-
(amidoamine)

■ REFERENCES
(1) Wu, F.; Zhao, S.; Yu, B.; Chen, Y.-M.; Wang, W.; Song, Z.-G.;

Hu, Y.; Tao, Z.-W.; Tian, J.-H.; Pei, Y.-Y.; Yuan, M.-L.; Zhang, Y.-L.;
Dai, F.-H.; Liu, Y.; Wang, Q.-M.; Zheng, J.-J.; Xu, L.; Holmes, E. C.;
Zhang, Y.-Z. A New Coronavirus Associated with Human Respiratory
Disease in China. Nature 2020, 579, 265−269.

(2) Xu, X.; Chen, P.; Wang, J.; Feng, J.; Zhou, H.; Li, X.; Zhong, W.;
Hao, P. Evolution of the Novel Coronavirus from the Ongoing
Wuhan Outbreak and Modeling of Its Spike Protein for Risk of
Human Transmission. Sci. China Life Sci. 2020, 63, 457−460.

(3) WHO. Coronavirus Disease (COVID-19) Dashboard, 2022.
https://covid19.who.int/.

(4) Chan, J. F.-W.; Kok, K.-H.; Zhu, Z.; Chu, H.; To, K. K.-W.;
Yuan, S.; Yuen, K.-Y. Genomic Characterization of the 2019 Novel
Human-Pathogenic Coronavirus Isolated from a Patient with Atypical
Pneumonia after Visiting Wuhan. Emerg. Microbes Infect. 2020, 9,
221−236.

(5) Ren, L.-L.; Wang, Y.-M.; Wu, Z.-Q.; Xiang, Z.-C.; Guo, L.; Xu,
T.; Jiang, Y.-Z.; Xiong, Y.; Li, Y.-J.; Li, X.-W.; Li, H.; Fan, G.-H.; Gu,
X.-Y.; Xiao, Y.; Gao, H.; Xu, J.-Y.; Yang, F.; Wang, X.-M.; Wu, C.;
Chen, L.; Liu, Y.-W.; Liu, B.; Yang, J.; Wang, X.-R.; Dong, J.; Li, L.;
Huang, C.-L.; Zhao, J.-P.; Hu, Y.; Cheng, Z.-S.; Liu, L.-L.; Qian, Z.-
H.; Qin, C.; Jin, Q.; Cao, B.; Wang, J.-W. Identification of a Novel
Coronavirus Causing Severe Pneumonia in Human: A Descriptive
Study. Chin. Med. J. 2020, 133, 1015−1024.

(6) SARS-COV-2 variants of concern as of 8 December 2022.
https://www.ecdc.europa.eu/en/covid-19/variants-concern (accessed
Dec 10, 2022).

(7) Sanyaolu, A.; Okorie, C.; Marinkovic, A.; Haider, N.; Abbasi, A.
F.; Jaferi, U.; Prakash, S.; Balendra, V. The Emerging Sars-Cov-2
Variants of Concern. Ther. Adv. Infect . Dis. 2021 , 8 ,
No. 204993612110243.

(8) Khateeb, J.; Li, Y.; Zhang, H. Emerging Sars-Cov-2 Variants of
Concern and Potential Intervention Approaches. Crit. Care 2021, 25,
244.

(9) Wang, Y.; Chen, R.; Hu, F.; Lan, Y.; Yang, Z.; Zhan, C.; Shi, J.;
Deng, X.; Jiang, M.; Zhong, S.; Liao, B.; Deng, K.; Tang, J.; Guo, L.;
Jiang, M.; Fan, Q.; Li, M.; Liu, J.; Shi, Y.; Deng, X.; Xiao, X.; Kang,
M.; Li, Y.; Guan, W.; Li, Y.; Li, S.; Li, F.; Zhong, N.; Tang, X.
Transmission, Viral Kinetics and Clinical Characteristics of the
Emergent Sars-Cov-2 Delta Voc in Guangzhou, China. EClinicalMe-
dicine 2021, 40, No. 101129.

(10) Aleem, A.; Samad, A.; Slenker, A. B. Emerging Variants of Sars-
Cov-2 and Novel Therapeutics against Coronavirus (Covid-19);
StatPearls Publishing LLC: Treasure Island, FL, 2021.

(11) SARS-COV-2 variant classifications and definitions. https://
www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.
html (accessed Dec 10, 2022).

(12) Planas, D.; Veyer, D.; Baidaliuk, A.; Staropoli, I.; Guivel-
Benhassine, F.; Rajah, M. M.; Planchais, C.; Porrot, F.; Robillard, N.;
Puech, J.; Prot, M.; Gallais, F.; Gantner, P.; Velay, A.; Le Guen, J.;
Kassis-Chikhani, N.; Edriss, D.; Belec, L.; Seve, A.; Courtellemont, L.;
Péré, H.; Hocqueloux, L.; Fafi-Kremer, S.; Prazuck, T.; Mouquet, H.;
Bruel, T.; Simon-Lorier̀e, E.; Rey, F. A.; Schwartz, O. Reduced

Sensitivity of Sars-Cov-2 Variant Delta to Antibody Neutralization.
Nature 2021, 596, 276−280.

(13) Herlihy, R.; Bamberg, W.; Burakoff, A.; Alden, N.; Severson, R.;
Bush, E.; Kawasaki, B.; Berger, B.; Austin, E.; Shea, M.; Gabrieloff, E.;
Matzinger, S.; Burdorf, A.; Nichols, J.; Goode, K.; Cilwick, A.; Stacy,
C.; Staples, E.; Stringer, G. Rapid Increase in Circulation of the Sars-
Cov-2 B.1.617.2 (Delta) Variant - Mesa County, Colorado, April-June
2021. MMWR Morb. Mortal Wkly. Rep. 2021, 70, 1084−1087.

(14) Li, B.; Deng, A.; Li, K.; Hu, Y.; Li, Z.; Xiong, Q.; Liu, Z.; Guo,
Q.; Zou, L.; Zhang, H.; Zhang, M.; Ouyang, F.; Su, J.; Su, W.; Xu, J.;
Lin, H.; Sun, J.; Peng, J.; Jiang, H.; Zhou, P.; Hu, T.; Luo, M.; Zhang,
Y.; Zheng, H.; Xiao, J.; Liu, T.; Che, R.; Zeng, H.; Zheng, Z.; Huang,
Y.; Yu, J.; Yi, L.; Wu, J.; Chen, J.; Zhong, H.; Deng, X.; Kang, M.;
Pybus, O. G.; Hall, M.; Lythgoe, K. A.; Li, Y.; Yuan, J.; He, J.; Lu, J.
Viral Infection and Transmission in a Large Well-Traced Outbreak
Caused by the Delta Sars-Cov-2 Variant. Nat. Commun. 2022, 13,
No. 460.

(15) Bernal, J. L.; Andrews, N.; Gower, C.; Gallagher, E.; Simmons,
R.; Thelwall, S.; Stowe, J.; Tessier, E.; Groves, N.; Dabrera, G.; Myers,
R.; Campbell, C. N. J.; Amirthalingam, G.; Edmunds, M.; Zambon,
M.; Brown, K. E.; Hopkins, S.; Chand, M.; Ramsay, M. Effectiveness
of Covid-19 Vaccines against the B.1.617.2 (Delta) Variant. N. Engl. J.
Med. 2021, 385, 585−594.

(16) Edara, V.-V.; Pinsky, B. A.; Suthar, M. S.; Lai, L.; Davis-
Gardner, M. E.; Floyd, K.; Flowers, M. W.; Wrammert, J.; Hussaini,
L.; Ciric, C. R.; Bechnak, S.; Stephens, K.; Graham, B. S.; Bayat
Mokhtari, E.; Mudvari, P.; Boritz, E.; Creanga, A.; Pegu, A.; Derrien-
Colemyn, A.; Henry, A. R.; Gagne, M.; Douek, D. C.; Sahoo, M. K.;
Sibai, M.; Solis, D.; Webby, R. J.; Jeevan, T.; Fabrizio, T. P. Infection
and Vaccine-Induced Neutralizing-Antibody Responses to the Sars-
Cov-2 B.1.617 Variants. N. Engl. J. Med. 2021, 385, 664−666.

(17) Oostra, M.; te Lintelo, E. G.; Deijs, M.; Verheije, M. H.;
Rottier, P. J. M.; de Haan, C. A. M. Localization and Membrane
Topology of Coronavirus Nonstructural Protein 4: Involvement of the
Early Secretory Pathway in Replication. J. Virol. 2007, 81, 12323−
12336.

(18) Sakai, Y.; Kawachi, K.; Terada, Y.; Omori, H.; Matsuura, Y.;
Kamitani, W. Two-Amino Acids Change in the Nsp4 of Sars
Coronavirus Abolishes Viral Replication. Virology 2017, 510, 165−
174.

(19) Hagemeijer, M. C.; Ulasli, M.; Vonk, A. M.; Reggiori, F.;
Rottier, P. J. M.; de Haan, C. A. M. Mobility and Interactions of
Coronavirus Nonstructural Protein 4. J. Virol. 2011, 85, 4572−4577.

(20) Lei, J.; Kusov, Y.; Hilgenfeld, R. Nsp3 of Coronaviruses:
Structures and Functions of a Large Multi-Domain Protein. Antivir.
Res. 2018, 149, 58−74.

(21) Almasy, K. M.; Davies, J. P.; Plate, L. Comparative Host
Interactomes of the Sars-Cov-2 Nonstructural Protein 3 and Human
Coronavirus Homologs. Mol. Cell. Proteomics 2021, 20, No. 100120.

(22) Wong, N. A.; Saier, M. H., Jr. The Sars-Coronavirus Infection
Cycle: A Survey of Viral Membrane Proteins, Their Functional
Interactions and Pathogenesis. Int. J. Mol. Sci. 2021, 22, 1308.

(23) Asghari, A.; Naseri, M.; Safari, H.; Saboory, E.; Parsamanesh,
N. The Novel Insight of Sars-Cov-2 Molecular Biology and
Pathogenesis and Therapeutic Options. DNA Cell Biol. 2020, 39,
1741−1753.

(24) Wolff, G.; Limpens, R. W. A. L.; Zevenhoven-Dobbe, J. C.;
Laugks, U.; Zheng, S.; de Jong, A. W. M.; Koning, R. I.; Agard, D. A.;
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