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Introduction: Computational studies were performed
to investigate the unknown status of endosomal and | &g
cell surface receptors in SARS-CoV-2 infection. The | 7=
interactions between Toll-like receptors (TLRs)-4/7/8/9 l
or ACE2 receptor and different SARS-CoV-2 variants

Methods: The RNA motifs for TLR7, TLR8 and a CpG %“I /

motif for TLR9 were analyzed in different variants.
Molecular docking and molecular dynamics (MD)
simulations were performed to investigate receptor-

Results: The number of motifs recognized by TLR7/8/9
in the Alpha, Delta and Iranian variants was lower than
in the wild type (WT). Docking analysis revealed that
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the Alpha, Delta and some Iranian spike variants had a

higher affinity for ACE2 and TLR4 than the WT, which may account for their higher transmission

Keywords:
TL}iM rate. The MD simulation also showed differences in stability and structure size between the variants
TLR7/8/9 and the WT, indicating potential variations in viral load.
Motif Conclusion: It appears that Alpha and some Iranian isolates are the variants of concern due to
Alpha variant their higher transmissibility and rapid spread. The Delta mutant is also a variant of concern, not
Delta variant only because of its closer interaction with ACE2, but also with TLR4. Our results emphasize the
Transmission importance of ACE2 and TLR4, rather than endosomal TLRs, in mediating the effects of different
viral mutations and suggest their potential therapeutic applications.
Introduction responses against viruses.” TLR3 binds double-stranded

Toll-like receptors (TLRs) are a class of pathogen
recognition receptors (PRRs) that detect pathogen-
associated molecular patterns (PAMPs) and are essential
for the activation of innate immunity and the initiation of
adaptive immunity."! TLRs have been associated with the
infection of various respiratory diseases such as influenza,
Middle East Respiratory Syndrome (MERS) and severe
acute respiratory syndrome (SARS).** However, there is
limited information on the association of TLRs with the
recent SARS-CoV-2.76

Endosomal TLRs (TLR3, 7, 8 and 9) can detect viral
nucleic acids and play a crucial role in triggering immune

RNA (dsRNA) and TLR7/8 bind single-stranded RNA
(ssRNA) of the viral genome.® TLRY is an intracellular
TLR that recognizes bacterial and viral DNA molecules.
TLR9 detects CpG signaling motifs (GTCGTT) in
bacterial and viral DNA.*'® A study has shown that TLR7
has specific ssSRNA sequence preferences. It has complete
or moderate affinity for binding consecutive uridine-
containing ssRNAs and low affinity for single uridine-
containing ssRNAs." Although TLR9 is known to detect
DNA, it is frequently expressed in peripheral blood
mononuclear cells (PBMCs) after infection with SARS-
CoV, a single-stranded RNA, which may be through viral
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CpG motifs. The viral genomic sequence of SARS-CoV
has a higher number of TLR9 signaling motifs than some
other coronaviruses or respiratory viruses.'” On the other
hand, TLR4 recognizes lipopolysaccharide (LPS), the
cell wall component of bacteria that can induce cellular
responses.”” In an in silico study, a strong association
was found between SARS-CoV and SARS-CoV-2 spike
protein and its receptor ACE2 as well as TLR4."

One of the first mutations in SARS-CoV-2 detected in
COVID-19 patients in the United Kingdom (2020/12/01)
is known as lineage B.1.1.7 or Alpha variant."” Another
mutation that has emerged in India is lineage B.1.617 or
the Delta variant. Initial studies indicated that the Alpha
and Delta variants are associated with a higher viral load
and faster transmission.'*'” Little is known about the
interaction between these variants and host receptors. In
the present research, we will conduct an in silico study on
the interaction of the Wuhan reference sequence, Alpha,
Delta and some Iranian sequences of SARS-CoV-2 with
the corresponding TLRs or ACE2 and make a comparison
to find out whether different mutations are related to
the changes in binding affinity to these receptors . This
research will shed light on the unexplored status of
endosomal and cell-surface receptors in viral infection
and make an important contribution to focusing on a
specific receptor and finding future potential therapeutics.

Materials and Methods

Genomic sequences and 3D protein structures

The genomic reference sequence of Wuhan SARS-CoV-2
was obtained from the NCBI database (accession number:
NC_045512.2). The genomic sequence of SARS-CoV-2
Alpha (UK lineage B.1.1.7) (GISAID: EPI_ISL_1275784)
and Delta (lineage B.1.617.2) (EPI_ISL_3221054) variants
were retrieved from the GISAID database.'® The PDB files
of Wuhan SARS-CoV-2 spike protein (PDB ID: 6MO0J),
Alpha spike protein (7LWU), human ACE2 (PDB ID:
1R42) and TLR4 (PDB ID: 2Z63) were retrieved from
the RCSB protein database (www.rcsb.org). The mutant
spike proteins of the Delta sequence and some of the
Iran sequences were modeled using the SWISS-MODEL
server.

A total of 115 protein sequences for the spike protein
of Iranian SARS-CoV-2 variants belonging to different
collection dates were retrieved from the NCBI database
together with the spike protein sequence of Wuhan (wild
type: WT) for multiple sequence alignment. The genomic
spike sequences of the Alpha and Delta variants were
translated into the protein sequences.

TLR7/8/9 interactions with genomic RNA

The Sequence Searcher software (https://4virology.net/
virology-ca-tools/sequence-searcher/) was used to search
single-stranded RNA motifs®'® for TLR7 and TLRS, and a
CpG motif for TLR9% in the entire genomic sequences of
SARS-CoV-2.

Multiple sequence alignment

The spike protein sequences of the WT, Alpha, Delta and
Iranian isolates were aligned using ClustalW and BioEdit
software and the most and least variable sequences were
determined. In all sequences, mutations in residue 614
and the receptor binding domain (RBD) involved in spike
ACE2 receptor binding were analyzed according to Yi et
al,*! and Yurkovetskiy et al, 2020.* Then, the most variable
sequence and the sequences with the RBD mutations were
further analyzed for docking analysis.

TLR4 and ACE?2 interactions with mutated spike proteins
To investigate and compare the binding affinity of
different variants of the SARS-CoV-2 spike protein (W',
Alpha, Delta and Iranian isolates with the RBD mutations)
and its receptors in the host, the 3D crystal structures
of human TLR4 and ACE2 as well as the spike RBDs of
WT and Alpha SARS-CoV-2 were retrieved from the
RCSB Protein Data Bank. The 3D structure of the RBD
molecules of the other variants was modeled using SWISS-
MODEL. Co-crystallized ligands and water molecules
were removed from the structures using ViewerLite
software (version 4.2). For protein-protein docking, the
web servers HDOCK (http://hdock.phys.hust.edu.cn/)
and Patchdock/Firedock (https://bioinfo3d.cs.tau.ac.il/
PatchDock/php.php) were used for RBD-ACE2 and RBD-
TLR4, respectively.

The resulting docked structures were then analyzed by
Molecular Dynamics (MD) simulations on the bound state
(complex). The MD simulations were performed using
the Forcite module of Biovia's Materials Studio package
on a high-performance computing (HPC) cluster. The
final systems with about 7419 atoms were first minimized
for 10 ps and then equilibrated for 1000 ps in the NPT
ensemble (P=10* GPa bar and T=250 K). For proteins,
the universal force field was considered.” For water and
ions, the TIP3P model*** and the standard force field*
were used, respectively. The periodic boundary conditions
were applied for all three dimensions. The long-range
Coulomb interactions were calculated using particle-mesh
Ewald full electrostatics with a grid size of about 1 A in
each dimension. A smooth (1072 A) cut-off was used to
calculate the van der Waals energies between atoms. The
temperature T was kept at 250 K by applying the Nose
method?” and the pressure was kept constant at 10* GPa
using the Andersen method.”® The simulation time step
was set to 1 fs for bonded and non-bonded interactions
(van der Waals, improper, dihedral, and angle) using the
SETTLE algorithm® with all bonds held rigid. Electrical
interactions were also calculated every 4 fs using the
algorithms with multiple time steps.’® After performing
1000 ps of molecular dynamics simulations, the mean
square deviation (MSD) of the trajectory was calculated
to check whether the systems had reached stability. In
addition, the radius of gyration was analyzed to determine
the compactness of the mutant structures compared to WT.
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Accession numbers

Wuhan SARS-CoV-2: (GenBank: NC_045512.2); SARS-
CoV-2 Alpha: (GISAID: EPI_ISL_1275784); Delta:
(GISAID: EPI_ISL_3221054).

Results

Motif analysis

The data analysis showed that the total number of genomic
sequence motifs detected by TLR7/8/9 in the SARS-CoV-2
Alpha and Delta variants and the Iranian sequences was
lower than in the SARS-CoV-2 WT sequence (Table
1). The detectable motifs in the Iranian sequences
showed different variability compared to the reference
sequence (30 to 54 numbers lower for MT994849.1 and
MT889692.1, respectively).

Multiple sequence alignment

Alignment of the Alpha, Delta and the Iranian spike
protein sequences showed a variable number of mutations
compared to the WT spike sequence, regardless of the
time of their collection. The most variable sequence was
Iran MW040527 (QOC89639.1) (collection date: 2020-
04-22), with 41 mutations in the spike protein, none of
which were compatible with the mutations in the Alpha
spike sequence. The least variable sequence belonged to
Iran MW039533 (QOC77761.1) (collection date: 2020-
03-20), which had no mutation. The D614G mutation was
detected in 41 of 115 Iran spike sequences, including the
most variable sequence of MW040527 (Table 2). Other
mutations in RBD-related positions were detected in
eight sequences, half of which had different amino acid
substitutions (at the same locus) than the previously
analyzed amino acid changes (Table 2).

Molecular docking

Fig. la and 1b show the docked structures for WT RBD-
TLR4 and WT RBD-ACE2, respectively. The docking
results of the human ACE2 receptor and the mutant spike
RBDs are shown in Table 3. The Alpha variant showed
the highest affinity with ACE2 (with RBD mutation of
N501Y), followed by MW090849 (with RBD mutations
of Q498Y, P499T), Delta (with RBD mutations of L450R
and T476K), MW045459 (with RBD mutations of I1402N,
N448K, R457S, F464L, D467K, S469Q, T470N and
1472N), MW136446 (with RBD mutation of L452P),
WT and MWO040527 (with non-RBD mutation of
D614G), MW093140 (with the RBD mutations of P463L,
T500I, N501R, R509K, V511E, S514P, H5191, P521Q,
A522P, T523P and P527T), MW045452 (with the RBD
mutations of N487K and Q498P), MW090920 (with the
RBD mutations of N440H and F486L and the non-RBD
mutation of D614G) and MWO055425 (with the RBD
mutations of F486L, N487I, Q493P, N501K and V510E),
respectively. The Alpha variant had a higher docking score
than the Delta variant for ACE2 binding, and both had
higher scores than WT.

Docking analysis of human TLR4 and mutated spike
RBDs showed a higher affinity for TLR4 and all spike
variants except MW090920 and MW136446, compared
to the WT spike (Table 3). According to global energies,
the highest affinity for TLR4 belongs to MW045459 and
MW045452, followed by MW 040527, MW 055425, Alpha
variant, MW090849, MW093140, Delta variant, WT,
MW136446 and MW090920, respectively. The Alpha
variant had a higher global energy than the Delta variant
for binding to TLR4 and both had a higher energy than
WT.

Molecular dynamics simulation

In MD simulation studies, we analyzed the mean square
deviation (MSD) and radius of gyration (Rg) data for
all receptor-ligand complex structures. The dynamic
behavior of the mutants showed different profiles
compared to WT. The results of MSD and Rg versus
time for all ACE2 spike structures are shown in the plots
in Fig. 2a and b, respectively. The A plot shows that
the stability of the ACE2-Delta, -Alpha, -MW055425,
-MW093140 and -MW090849 structures was lower than
the ACE2-WT structure due to the higher MSD. Other
structures showed higher stability compared to the WT
structure. The average MSD values for all complexes
were as follows; WT: 375.933 A% Alpha: 379.170 A2
Delta: 430.581 A%, MW055425: 379.206 A%, MW090849:
395.596 A2, MW090920: 346.941 A2, MW040527: 370.113
A, MW045452: 365.858 A2, MW045459: 354.233
A%, MW093140: 385.805 A2, MW 136446: 368.681 A2 The
order of the MSD values was MW090920 < MW 045459 <
MWO045452 < MW136446 < MW040527 < WT < Alpha <
MW055425 < MW093140 < MW090849 < Delta.

By quantifying compactness using Rg measurements
in the complexes, we were able to relate the structural
differences caused by mutations in the SARS-CoV-2
variants to the experimentally observed variations in
binding affinity and stability parameters. The results of
Rg versus time (B plot) showed that after ~ 450 ps almost
all structures had reached a stable conformation. The
Rg values for ACE2-Delta and ACE2-MW040527 were
slightly lower than the WT values before 250 ps, but then
increased and were higher than the WT values, indicating
a slightly lower compactness. The Rg value for ACE2-
MW055425 was slightly higher than that of the WT for
the first 200 ps, but then gradually decreased to a lower
level. Other structures, including ACE2-Alpha, showed
relatively higher compactness than the WT. The average
Rg values for all complexes were as follows; WT: 20.997 A,
Alpha: 20.459 A, Delta: 21.125 A, MW055425: 20.722 A,
MW090849: 20.389 A, MW090920: 20.953 A, MW040527:
21.381 A, MW045452: 20.634 A, MW045459: 20.290 A,
MW093140: 20.531 A, MW136446: 20.529 A. The order
of Rg values was MW045459 < MW090849 < Alpha <
MW093140 < MW136446 < MW045452 < MW 055425 <
MW090920 < WT < Delta < MW040527. Since only minor
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Table 2. Comparison of the different amino acid substitutions in SARS-CoV-2 variants and the previously investigated amino acid changes

RBD mutations in previous Observed mutations

Iran spike protein sequences

studies in similar positions (Gene accession number)
P499T P499T MW090849 (Q0J75919.1)
Q493N Q493P MWO055425 (QOE84221.1)
MWO055425 (QOE84221.1)
F486L F486L
86 86 MW090920 (Q0J75940.1)
N501Y Alpha
N501T N501K MWO055425 (QOE84221.1)
N501R MW093140 (Q0J86685.1)
Q498Y Q498P MW045452 (Q0D59279.1)
Q498Y MW090849 (Q0J75919.1)
T470N T470N MW045459 (Q0D59282.1)
L450R Delta
L452K L452P MW136446 (Q0OL79333.1)
MWO045462, MW040527, MW040525, MW040523, MW040514, MWO040511,
MW055435, MW055256, MW055255, MW045471, MW045470, MW090877,
MW090872, MW090871, MW090866, MW090867, MW090863, MW090854,
D614G D614G MW090851, MW063481, MW090921, MW090920, MW090904, MW090900,

MW090879, MW136261, MW136260, MW135333, MW165496, MW165494,
MW165491, MW136352, MW136351, MW136350, MW136262, MW548636,
MW548609, MW548595, MW548639, MW548638, MW548637

deviations were observed in mutated complexes compared
to the WT complex, it appears that the structures were
kept compact and stable despite the mutations.

Fig. 3a shows that all structures had an almost higher
MSD compared to the WT structure, except TLR4-
MW136446 and TLR4-Delta, which had a lower value
and showed an increase after 350 ps. The average MSD
values for all complexes were as follows; WT: 237.150
A2, Alpha: 263.201 A% Delta: 225.129 A%, MW040527:
251.516 A%, MW045452: 250.288 A%, MW045459: 272.140
A%, MW055425: 264.102 A2, MW090849: 321.587 A2,
MW090920: 280.955 A%, MWO093140: 318.752 A
MW 136446: 203.840 A% The MSD order was MW 136446
< Delta < WT < MW045452 < MW040527 < Alpha <
MW055425 < MW045459 < MW 090920 < MW093140 <
MW090849.

The Rg score of all protein structures was lower than
that of WT, indicating more compact complexes (Fig.
3b). The most compact systems were TLR4-MW 045459,

Spike (RBD)

Fig. 1. Interaction of WT spike RBD and TLR4 (a) or ACE2 (b) according
to docking analysis

TLR4-MW090849, TLR4-MW 040527, TLR4-MW 045452
and TLR4-MW090920. The average Rg values for all
complexes are as follows; WT: 27.771 A, Alpha: 27.355
A, Delta: 26.167 A, MW055425: 26.934 A, MW090849:
22.747 A, MW090920: 21.503 A, MW040527: 22.386 A,
MWO045452:22.108 A, MW045459: 23.027 A, MW093140:
27.207 A, MW136446: A. The order of the Rg values were
MW090920 < MW045452 < MW040527 < MW090849 <
MW045459 < Delta < MW055425 < MW093140 <Alpha
<WT.

Discussion
During the COVID-19 pandemic, TLRs have attracted the
attention of researchers as their agonists or antagonists
have been associated to vaccines or drug strategies against
the virus.® TLR7 is predominantly expressed in human
plasmacytoid dendritic cells (DC) and B lymphocytes,
and TLRS is expressed in monocytes and neutrophils.*
Cells expressing TLR7* and TLR8*** have been shown
to be particularly abundant in lung tissue. Several studies
have shown the stimulation of TLR7/8 by various viruses.
Influenza virus can induce TLR7-positive plasmacytoid
DC to produce high levels of type I interferon.® GU-
rich ssRNA oligonucleotides derived from human
immunodeficiency virus-1 (HIV-1) can be recognized
by murine TLR7 and human TLR8.** Adverse side effects
of TLR7 and/or 8 on immune responses have also been
reported. There is some evidence of a cytokine storm
leading to upregulation of inflammatory cytokines such as
IL-6 and TNF-a in respiratory infections or diseases such
as SARS-CoV-1," SARS-CoV-2,% and asthma.”

The lower number of genomic sequence motifs detected
by TLR7/8/9 in the Alpha and Delta variants compared to

Biolmpacts. 2024;14(4):30150 |5
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Table 3. Docking score for ACE2-Spike and docking global energy for TLR4-Spike

) ACE2 TLR4
Variants/Isolates
Score RMSD Global Energy RMSD

Wild type -345.14 0.60 -34.13 2
Alpha -362.53 0.36 -43.24 2
Delta -352.16 0.46 -36.78 2
MWO045452 -336.78 0.47 -49.68 2
MWO055425 -324.12 0.94 -46.23 2
MW136446 -347.03 0.45 -30.4 2
MWO090849 -361.06 0.37 -42.37 2
MWO040527 -345.14 0.60 -48.63 2
MWO045459 -348.80 0.64 -49.76 2
MW093140 -343.72 0.46 -40.51 2
MW090920 -325.54 0.48 -27.7 2

the WT sequence suggests that these motifs may not play a
critical role in the detection rate by host TLR7/8/9 and the
higher transmission ability of these variants. The lower
number of motifs in Iranian isolates compared to the WT
sequence suggests that the genomic sequences of Iranian
variants may have a lower binding affinity to endosomal
TLRs. An immunoinformatic study on the SARS-CoV-2
genome showed that it had more ssRNA motif sequences

that could be recognized by TLR7/8 than the SARS-CoV
genome, suggesting a greater possibility of interaction
with TLR7/8. This has been linked to the potential ability
of SARS-CoV-2 to stimulate proinflammatory responses
via TLR7/8, leading to severe lung injury and death.®

The sequences of UUU, GU and UG were the most
variable motifs compared to the WT sequence. The
number of all these motifs was lower in Alpha, Delta and
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all Tranian isolates compared to the Wuhan sequence.
GU-rich oligoribonucleic acids (ORNs containing at
least two Us in combination with G or C) were found
to stimulate signaling in TLR7/8-expressing cells and
induce high IFN-a and TNF-a production. In contrast,
AU-rich sequences (ORNs containing A in combination
with U) induce the highest TNF-a production in TLR8-
expressing cells, but no IFN-a induction.”” The lower
number of GU-rich motifs (1042 vs. 1053) in the Iranian
isolate MT889692.1 may be associated with lower
proinflammatory cytokine production, although there is
no information on the immunologic differences of this
isolate versus WT. Although a lower number of GU motifs
was detected in the Alpha and Delta variants, the number
of GU-rich sequences was not significantly different from
WT (1047 and 1048 vs. 1053, respectively). No significant
difference was found in the number of AU-rich motifs
between the studied sequences and the WT sequence.
Mutations in the SARS-CoV-2 spike protein that affect
its binding activity to hACE2 have been investigated. Two
types of amino acid substitutions were identified; one
type included P499T, Q493N, F486L, A475P, and L455Y,
which reduced receptor binding, and the other included
N501T, Q498Y, E484P, T470N, L452K, and N439R, which
enhanced receptor binding activity?' In our study with
Iranian isolates, mutations were detected at most of the
above positions (with the exception of A475P, L455Y,

E484P and N439R). The Alpha variant had the N501Y
mutation, which, as expected, resulted in a higher affinity
for hACE2 than the WT variant. The Alpha variant is
reported to be susceptible to neutralization by antibodies
and is not a major problem for the available vaccines.” The
Delta variant had the mutations of L450R (corresponding
to WT amino acid 452) and T476K (corresponding to
WT amino acid 478) in the RBD region and had a higher
docking score compared to the WT. The L452R mutation
in the spike protein of the Delta variant may be responsible
for its higher transmissibility than the Alpha variant."
The Delta variant has been described as less susceptible to
neutralizing antibodies mobilized by vaccines than other
SARS-CoV-2 variants of concern.”” These capabilities
have been attributed to the structural variations due to
the L452R and T478K mutations in the RBD.**** Higher
docking scores show that Alpha and Delta variants can
enter the host cell more efficiently than the WT.

The MW090849 isolate showed both reducing (P499T)
and enhancing (Q498Y) mutations and had a higher
docking score than the WT sequence. However, the Q498Y
+ P499T mutations resulted in non-lethal virulence
in BALB/c mice.*® The MWO055425 isolate carried one
reducing mutation (F486L) and two mutations at residues
493 (reducing) and 501 (enhancing), which differed in
the nature of the amino acid changes from the previously
studied mutations. Together, these mutations resulted in
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a lower binding affinity to ACE2 compared to the WT
spike sequence. In a study of an RBD generated with
both the Q493N and F486L mutations, weaker binding
to ACE2 than the WT protein and an RBD with Q493N
was reported.” For MW090920, the docking score was
lower than that of the WT isolate. This result appears to
be due to the reducing mutation of F486L, although the
D614G mutation was present. The MW093140 isolate
had a mutation at residue 501, but with a different amino
acid substitution than in the previous studies (N501R
versus the enhancing mutation N501Y). Its binding
affinity to hACE2 was slightly lower than that of the WT.
The MW045452 isolate also had a different mutation
at residue 498 (Q498P) based on previous studies
(with the enhancing mutation Q498Y) and had a lower
docking score compared to WT. The MW045459 isolate
had one enhancing mutation (T470N) and its docking
score with ACE2 was slightly higher than that of WT.
The MW136446 isolate had the L452P mutation with
a different amino acid substitution from the previous
studies (the enhancing mutation L452K); however,
this mutation also resulted in a higher affinity. Another
substitution at this position (L452R) has been associated
with low sensitivity to neutralizing antibodies.*’ Different
amino acid substitutions in the isolates of MW055425,
MW093140, MW045452 and MW136446 compared to
previous studies make it difficult to predict the outcome
of the mutations.

The MW040527 isolate, which carried the enhancing
D614G mutation, showed no difference in binding affinity
to ACE2 compared to the WT mutation. The D614G
mutation improves the ability to bind the receptor.”>*
D614G variants have shown higher replication capacityand
effective infection in human lung epithelial cells and faster
transmission than the wild-type virus.*® Nevertheless, the
D614G substitution increases the susceptibility of the
virus to neutralization by antibodies and is not expected
to be an obstacle for vaccine development.”’ In our study,
the D614G mutation was detected in 41 Iranian isolates. A
previous study has shown that this mutation appeared in
Iran in May 2020.*° Of the eight Iranian isolates studied,
all have more than one RBD mutation, and the interaction
of these mutations could affect binding to the ACE2
receptor. According to the docking results, the effect of the
RBD mutations was not consistent with previous studies
in some cases. This could be due to the mutations in the
spike protein next to or near the RBD region and also
due to the fact that we analyzed a structure with multiple
mutations and not just a single mutation.

The RBD mutations of N501Y*! and L452R* with higher
binding affinity to ACE2 have shown lower affinity and
lower susceptibility to monoclonal antibodies, respectively,
leading to antibody escape. However, a different result
has been obtained for the D614G mutation, which has a
higher binding affinity for both ACE2 and neutralizing
antibodies.” Thus, it appears that each mutation acts in

a specific way in interaction with hACE2 or neutralizing
antibodies. Also, a combination of mutations in RBD
would lead to different results compared to each mutation
individually. The information on docking score and
affinity will be helpful in determining viral replication
and the most transmissible variants. However, the most
important issue for vaccine development is the efficacy of
the antibodies produced to neutralize new mutations.

The MD simulation evaluates the effects of different
mutations on the structure and size of the protein complex
and simulates the behavior of the protein in a natural
environment, providing information on the stability and
degree of compactness.> Changes in protein stability and
flexibility can lead to pathological changes.”” According
to the docking analysis, the affinity of spike-ACE2 for
Alpha, Delta, MW090849, MW 045459 and MW136446
was higher than that of the WT protein; however, the
stability followed the same order only for MW045459
and MW136446. The complexes of the Delta, Alpha,
MW090849, MW093140 and MW055425 variants had
lower stability than the WT during the simulation, while
the other variants showed higher stability. Although slight
deviations were observed in the Rg plots of the mutant
complexes compared to the WT complex, the mobility/
structural stability was not lost during the MD simulation.
This proves their strong interaction with hACE2. Similar
findings were also reported for the Alpha and Delta
varjants.*

The Alpha-ACE2 complex was formed with a high
affinity and compactness, but showed lower stability.
Docking and MD simulations showed that the Delta-
ACE2 complex was docked with high affinity and good
compactness, but had a higher MSD (lower stability)
than the WT complex. This was consistent with previous
studies. MD simulations of different SARS-CoV-2 variant-
ACE2 complexes have shown a higher RMSD (lower
stability) of Delta-ACE2 and Alpha-ACE2 than WT-
ACE2. Nevertheless, all these studies have revealed that
both the Alpha and Delta variants interact more strongly
with the host receptor hACE2.*** Overall, considering
the results of docking to ACE2 and the MD simulation,
it appears that the variants of Alpha, Delta, MW090849,
MW045459 and MW 136446 are the variants of concern
for higher transmissibility and rapid spread.

Four 9-mer antigen epitopes have been identified for the
SARS-CoV-2 spike protein that bind to the TLR4/MD-2
complex. Two of them bind directly to the TLR4 protein
and are located in the RBD.* Based on this information,
the spike RBD region was considered for both ACE2
and TLR4 docking and MD simulation. According to
the docking result and MD simulation, the Alpha-TLR4
complex was formed with higher compactness due to
higher binding affinity, although it had lower stability
(higher MSD) than WT-TLR4. The poor MSD value for
the Alpha-TLR4 complex despite good affinity and Rg
value suggests that the mutations in the Alpha variant may
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have a complex influence on the stability and dynamics
of the interaction with TLR4. The increased MSD value
indicates a stronger fluctuation and lower stability of
the complex over time. This could be due to the specific
structural changes induced by the mutations in the Alpha
variant, leading to a more dynamic interaction despite
the stronger binding and compactness. The Delta-TLR4
complex was formed with a higher affinity and stability
and only a slight lower compactness than WT-TLR4. Delta
mutations would allow a closer association with TLR4 in
longer simulations. It appears that the Delta mutant is a
variant of concern not only due to its tighter interaction
with hACE2, but also with TLR4. Most Iranian sequences
(except MW136446 and MW090920) were docked with
higher affinity to TLR4 and had lower Rg values than
WT, indicating higher compactness. However, most of
them had lower stability than WT (except MW136446),
as shown by the MSD values. A significant decrease in
Rg values was observed for complexes of MW090920-,
MW045452-, MW040527-, MW090849- and MW 045459-
TLR4 compared to WT. Considering their high TLR4
binding affinity compared to W, these variants may be
important for higher transmission rate and rapid spread. A
vaccine construct against SARS-CoV-2 has been designed
and evaluated by molecular docking and MD simulation.
A high binding affinity to the extracellular domains of
TLR4 was observed.” It would be advantageous to include
different RBD mutations of SARS-CoV-2 in the design of
vaccine constructs to prevent immune escape.

The mutations in the RBDs of the different variants
should be tested for their affinity to neutralizing antibodies
to further investigate their ability to escape the host
immune system. These interactions will be essential for
design of therapeutics and development of new vaccines
that can overcome immune evading mutants. Therapies
that block the binding of spikes to ACE2, either through
receptor modifications or treatment with antibodies,
could provide inhibition against new strains. Agents that
suppress TLR4 signaling could also attenuate the harmful
inflammation in COVID-19. However, it is not clear to
what extent the RBD will evolve to evade the antibodies.
Improving the interaction of SARS-CoV-2 and ACE2
increases the transmissibility of the virus by increasing
the number of infected cells and viral load in mucosal
secretions and enhancing the ability of the virus to initiate
infection in a new host.?® This was the case with mutations
of D614G**** and N501Y.% However, mutations that escape
the immune system play an important role in maintaining
high transmissibility in different populations.®’ Changes
in pathogenicity were first reported for Alpha and then for
Beta, Gamma and Delta, resulting in more hospitalizations
and deaths compared to WT.% Alpha and Delta
were mainly associated with increased transmissibility
and ability to escape the immune system compared
to WT.** However, the Delta variant was replaced by
Omicron due to its higher immune escape properties.®®

Research Highlights

What is the current knowledge?

V TLRs have been associated with the infection of various
respiratory diseases such as influenza, MERS and SARS.
v In an in silico study, a strong association was found between
the bat SARS spike protein and its receptor ACE2 and also
TLR4.

v The Alpha and Delta variants of SARS-CoV-2 are associated
with higher viral load and faster transmission.

What is new here?

v Lower number of TLR7/8/9 motifs in Alpha/Deltasequences
compared to WT shows no critical role of endosomal TLRs in
higher transmission ability of these variants.

V Higher affinity and good stability/compactness of Delta-
ACE2 and Delta-TLR4 complexes may lead to higher
transmissibility and viral load compared to WT and Alpha.
v Higher affinity of Alpha/Delta spikes to ACE2 and TLR4
compared to WT indicates strong effects of these receptors
for conducting viral effect through spike various mutations.

Nevertheless, Omicron lineages were associated with
lower pathogenicity.® This may be partly due to changes
in host resistance as well as changes in the virus. When
drawing an evolutionary map for different variants, one
should keep in mind that all mutations related to receptor
affinity (higher transmissibility) and antibody affinity
(higher immune escape) are crucial factors in predicting
the behavior of a variant.

Conclusion

In this study, we investigated the changes in the interaction
between different SARS-CoV-2 variants and TLR4/7/8/9
and ACE2. The results showed that the endosomal TLRs
may not play a crucial role in the higher transmissibility
of the Alpha and Delta variants. Both the Alpha and
Delta spike variants and some of the Iranian isolates
had a higher binding affinity to ACE2 and TLR4, which
is a possible reason for their higher transmission rate
(although higher transmission was not investigated for the
Iranian isolates). The Alpha-ACE2 complex was formed
with a high affinity and compactness and a lower stability
than WT. Delta-ACE2 complex had higher affinity and
good compactness but lower stability as reported in other
studies. The overall results show that mutations in the
Alpha and Delta variants lead to higher transmissibility
than the WT variant. Compared to WT-TLR4, higher
affinity and compactness as well as lower stability were
observed for the Alpha-TLR4 complex. The Delta-TLR4
complex was formed with higher affinity and stability than
WT-TLR4 and with good compactness. It appears that the
Delta mutant is a variant of concern not only because of its
tighter interaction with ACE2 but also with TLR4. Overall,
our results demonstrates a strong effect of ACE2 and TLR4
in controlling viral action through different mutations in
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SARS-CoV-2. These results support the notion that the
most critical therapeutics are the factors affecting these
two receptors, while the endosomal receptors are of lesser
importance.
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