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The structural spike (S) protein from the SARS-CoV-2 p-coronavirus is shown to make different pre- and post-
fusion conformations within its homotrimer unit. To support the ongoing novel vaccine design and develop-
ment strategies, we report the structure-based design approach to develop self-derived S peptides. A dataset of
crucial regions from the S protein were transformed into linear motifs that could act as the blockers or stabilizers
for the S protein homotrimer unit. Among these distinct S peptides, the pep02 (537-QQFGRDIAD-545) and pep07
(821-RDLICAQKFNGLTVLPPLLTDE-842) were found making stable folded binding with the S protein (550-750
and 950-1050 regions). Upon inserting SARS-CoV-2 S variants in the peptide destabilized the complexed S
protein structure, resulting an allosteric effect in different functional regions of the protein. Particularly, the
molecular dynamics revealed that A544D mutation in the pep02 peptide induced instability for the complexed S
protein, whereas the N943K variant from pep09 exhibited an opposite behavior. An increased protein-peptide
binding affinity and the stable structural folding were observed in mutated systems, compared to that of the
wild type systems. The presence of mutation has induced an “up” active conformation of the spike (RBD) domain,
responsible for interacting the host cell receptor. Among the lower affinity peptide datasets (e.g., pep01), the S1
and S2 subunit in the protein formed an “open” conformation, whereas with higher affinity peptides (e.g., pep07)
these domains gained a “closed” conformation. These findings propose that our designed self-derived S peptides
could replace a single S protein monomer, blocking the homotrimer formation or inducing stability.

1. Introduction

The severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1)
and SARS-CoV-2 (COVID) belonging to the beta coronavirus, are
responsible for SARS epidemic in 2003 and 2019, respectively [1,2].
Among their different structural proteins, the spike (S) glycoprotein is
the key component in these coronaviruses, which is responsible for host
cell receptor binding. The S protein enhances the virus uptake and fusion
with the target cell, and hence, makes it a main target of the immune
system [3]. Particularly, SARS-CoV-2 spike gene encodes N-linked 22
glycan sequence per protomer and these glycans play crucial roles
within S protein conformational changes responsible for immune
evasion [4-6]. In the SARS coronaviruses family, the spike protein has
been found in its homotrimer form, in which individual monomers play

* Corresponding authors.

an important role in the functional structure folding [7,8]. Two con-
formations for S homotrimeric form have been identified, i.e., pre- and
post-fusion [3,9,10]. The pre-fusion S protein is found comparatively
more unstable [2,10], the receptor binding domains (RBD) alternate
between an “up” (open) and “down” (closed) conformations [11].
Together the receptor binding domains and N-terminal domains (NTDs)
make significant conformational changes inducing flexibility within the
structure. These domains together form a “closed” or “open” confor-
mation; the later one (“up™) is responsible to bind with an
angiotensin-converting enzyme 2 (ACE2) receptor from the host cell
[11-13]. In addition, the S protein of the SARS-CoV family is cleaved by
a host cell protease, the transmembrane protease / serine subfamily
member 2 (TMPRSS2) [14] and this cleavage can be necessary for
binding of the S protein to the ACE2 receptor.
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There have been several studies conducted revealing the importance
of the spike homotrimeric form, and its different pre- and post-fusion
conformations [15-18]. Xiong et al. [2], suggested that introducing
point mutations in the spike protein allows the production of
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thermostable, disulfide-bonded S protein trimers which are trapped in
the closed-conformation, i.e., in the pre-fusion state. In addition, it has
been highlighted those murine antibodies (polyclonal) block the S pro-
tein fusion into the host cell, demonstrating that such cross-neutralizing
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Fig. 1. Recognized self-derived SARS-CoV-2 spike (S) peptides linear motifs, and their binding affinity with the spike protein (monomers). (A) Average structure of
the SARS-CoV-2 spike homotrimer retrieved from our previous study [10]. Considering different possible intermolecular interactions between spike monomers of the
homotrimer unit, a set of 10 different self-derived peptides were constructed (marked in red color with labeled residues; chain A (monomer 1) in green, chain B
(monomer 2) in blue, and chain C (monomer 3) in brown). (B) The binding affinities of 10 linear motif peptides (from monomer 1; chain A) with their respective S
protein monomer (in light gray screened against monomer 2 (chain B), and light brown with monomer 3 (chain C). (C) A few infectious known SARS-CoV-2 virus
variants, and emerging spike protein mutations from the Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617.2 & B.1.617), Gamma (P.1), Lamba (C.37), and Omicron
(B.1.1.529) variants [24,25]. The highlighted mutations in blue background belong to the linear S peptide motifs traced binding with spike protein monomers. (D)
The left panel describes the change in binding affinity (dStability or AStability) upon inserting mutations in a particular peptide, identified using the residue scan
pipeline implemented in the Molecular Operating Environment (MOE; Chemical Computing Group Inc., Montreal, QC, Canada)package. The right panel shows
different mutations residing in a particular peptide (pep01; S345L, pep02; A544D, pep03; D588G, pep04; A675V, pep05; N738K, pep07; N830K / T833N, and pep09;
N943K / L955F / S956A) with their location over the S protein (a 26 amino acid (aa) numbering difference shall be considered when comparing these data with the
crystal structure of spike protein pdb id.: 6vsb [26,27]).
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antibodies binding conserved epitopes can be generated upon vaccina-
tion [19]. Moreover, the pre-fusion S protein conformation in the
presence of the infectious particle contains the epitopes for neutralizing
antibodies [11,15,16,20,21]. The S protein structural transition from
pre-fusion to post-fusion can be achieved by the simulators such as upon
receptor binding, antibody binding, small molecule binding, and pro-
tease digestion [2,10,11,17,22,23].

Despite different structural approaches to target SARS-CoV-2 virus,
there lacks a detailed understanding in the direction that would block
the homotrimer formation of the SARS-CoV-2 S protein. Considering
recent studies on the S protein fusion mechanisms, we sought to block
the homotrimer formation or trapping stabilized pre-fusion conforma-
tion by self-derived S peptides or linear motifs. Since homotrimer is the
functional unit of the spike protein, disrupting this homotrimer forma-
tion could block the viral entry into the host cell. In this line, we pro-
posed linear motifs (in silico designed) that were found involved in the
protein-protein intramolecular interaction between monomers of the S
homotrimer. In our previous studies [10], we have generated an opti-
mized SARS-CoV-2 S protein structure that was used in current work to
identify interactions between monomers and designing self-derived
linear peptide motifs (Fig. 1A). If successful, blocking the trimer func-
tional unit could have several significant impacts on understanding the
SARS-CoV-2; it can induce immune response, a critical component for
vaccinology, and a blocked monomer or stabilized homotrimer can
induce production of antibody repertoire different from the “open”
conformation. Additionally, we investigated these linear motif
self-derived peptides with respect to different mutations derived from
the SARS-CoV-2 virus variants (Alpha | B.1.1.7, Beta | B.1.351, Delta |
B.1.617.2 & B.1.617, Gamma | P.1, Lambda | C.37, and Omicron |
B.1.1.529) [24,25].

2. Material and methods
2.1. System build-up and mutation landscape designing

The optimized SARS-CoV-2 spike protein homotrimer structure from
our previous study [10], was used to trace stable intramolecular in-
teractions between S monomers (Fig. 1A; the crystal structure of spike
protein pdb id.: 6vsb [26,27]). Common high occupancy interactions be-
tween S monomers were considered to construct 10 self-derived linear
motifs / peptides, that could mimic the interactions within the S mono-
mers of the homotrimer unit. These intermolecular interactions were
traced using the BIOVIA Discovery Studio visualizer (Dassault Systémes,
BIOVIA Corp., San Diego, CA, USA) package. Upon identifying self-derived
peptides, the model structures were constructed and optimized using the
Molecular Operating Environment (MOE; Chemical Computing Group
Inc., Montreal, QC, Canada) pipelines. The following peptides (Fig. 1A)
were energy minimized applying the CHARMM27 forcefield [28]:
331-RISNCVADYSVLYNS-345 (pep01), 537-QQFGRDIAD-545 (pep02),
580-NQVAVLYQDVN-590 (pep03), 674-GAENSVAYSNNSIA-687 (pep04),
730-YGSFCTQLNR-739  (pep05), 757-AQVKQIYKT-765  (pep06)
821-RDLICAQKFNGLTVLPPLLTDE-842 (pep07), 864-AGAALQIPFA-873
(pep08), 938-KQLSSNFGAISSVLNDILSRLDPPEAEVQIDR-969 (pep09),
and 1004-SECVLGQSKRVDFCGKG-1020 (pep10). In our studied S protein
structure [10], there is 26 amino acid (aa) numbering difference with
respect to that of the crystal structure pdb id.: 6vsb [26,27].

The optimized peptide structures were transformed into a peptide
library in MOE (Chemical Computing Group Inc., Montreal, QC, Canada)
package, which were further screened (in silico) against individual S
protein monomers tracing their binding affinities. The spike protein-
peptide docking was implemented keeping the S protein as rigid and
allowing S peptides high degree of freedom [29]. During protein-protein
docking 500 conformations were produced by Generalized Born/Vo-
lume Integral (GB/VI, kcal/mol; Fig. 1B) [30] binding energies and
applying CHARMM27 forcefield [28]. The best binding affinity confor-
mation of the S peptide liner motifs with either of the S protein
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monomers were further investigated by molecular dynamics simulation
(MDS) technique.

For the emerging mutations in the SARS-CoV-2 virus variants, we
traced change in the binding affinity of S peptides (Fig. 1A) with the
protein upon inserting point mutations. Mutations were retrieved from
the following SARS-CoV-2 virus variants: Alpha (B.1.1.7), Beta
(B.1.351), Delta (B.1.617.2 & B.1.617), Gamma (P.1), Lambda (C.37),
and Omicron (B.1.1.529) [24,25] (Fig. 1C). Particularly, the effect of
mutations in S peptides were investigated in the presence of wild type S
protein and they were: pep01 (S345L), pep02 (A544D), pep03 (D588G),
pep04 (A675V), pep05 (N738K), pep07 (N830K/T833N), and pep09
(N943K / L955F / S956A). The “Residue Scan” protocol from the protein
design module in the MOE (Chemical Computing Group Inc., Montreal,
QC, Canada) was implemented to insert mutations in the peptide, and to
trace change in stability / binding affinity with the S protein (Fig. 1D).
Mutations showing significant changes in the protein-peptide binding
affinity were further investigated by the MDS.

To understand the effect of mutation over the SARS-CoV-2 S homo-
trimer formation (Fig. 1C and Table S1), each amino acids from the S
protein monomer were screened against 20 other amino acids (A, R, N,
D,CQ,EGHLL K MFP,S, T, W, Y, and V). Individual variant
occurring in a particular monomer was screened in the presence of other
two monomers from the S homotrimer unit. These analyses could allow
interpretation of the effect of naturally occurring SARS-CoV-2 variants,
as well as different possible mutations that could induce stability /
flexibility within the S protein trimer (frequency with probability of
amino acids at the residual mutation sites) [31]. Applying “Low Mode
MD” parameters, the energy window for each mutation was set to
10 kcal/mol and RMSD limit was set to 0.25 A. In addition, the residues
farther than 4.5 A of the point mutation in S protein were kept as fixed
[32].

2.2. Molecular dynamic simulations over wild type and mutant S protein-
peptide constructs

The MD simulations over the 20 constructed wild type and mutated
systems were performed using the GROMACS 4.6.5 [33] package and
applying the CHARMM27 forcefield. All modeled S protein-peptide
complexes were placed in a periodic boundary condition (PBC) do-
decahedron box (10 A thick), that was solvated using the simple point
charge (SPC) water models [34] and Na'Cl" counter ions. Individual
simulation boxes were energy minimized using the steepest descent al-
gorithm for 50,000 steps or till the local minima was achieved. Particle
Mesh Ewald (PME) method [35] was used to compute electrostatic in-
teractions and bond lengths between the atoms were constrained using
the LINCS algorithm [36]. The 10 A cut-off distance was implemented
for van der Waals and Coulomb interactions. Subsequently, the simu-
lation systems were equilibrated for 1000 ps using the NPT (iso-
baric-isothermal) ensemble, maintaining the temperature (300 K;
V-rescale thermostat [36]) and pressure (1 bar; Parrinello-Rahman
barostat [37]). A 100 ns production run for each system was per-
formed using the leapfrog integrator [38], saving coordinates every
10 ps. Parameters for tracing hydrogen bonds: donor-acceptor cutoff
distance and angle were set to 3.5 A and > 160-180°, respectively. The
retrieved MD trajectories after 100 ns were analyzed using the GRO-
MACS and VMD tools [39], as well as by the MOE (Chemical Computing
Group Inc., Montreal, QC, Canada) and BIOVIA Discovery Studio (Das-
sault Systemes, BIOVIA Corp., San Diego, CA, USA) packages.

3. Results and discussion

The set of self-derived S peptides (Fig. 1A) were screened against the
S protein monomer 2 (chain B; pep01, pep02, pep03, pep04, and pep10),
and peptides pep05, pep06, pep07, pep08, and pep09 were screened
against monomer 3 (chain C). Individual S peptide-protein docked
complexes were ranked according to their binding affinities (Fig. 1A;
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GB/VI, kcal/mol). Peptides belonging in the category of binding with
monomer 3 were found showing higher affinity, compared to that of
peptides studied with monomer 2 (Fig. 1A). The S protein mutations
emerging from different SARS-CoV-2 virus variants [24,25] (Fig. 1C and
Table S1); Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617.2 & B.1.617),
Gamma (P.1), Lambda (C.37), and Omicron (B.1.1.529) were inserted in
the self-derived S peptides. Majority of these mutation reduce structural
stability of the peptide. Exceptionally, S371L (pep0l) and N943K
(pep09) induced a moderate stability within the S peptides amino acid,
whereas the A544D, D588G, A675V, N738K, N830K, T833N, L955F, and
S956A mutations had a contrast behavior. In presence of the S protein,
the A544D mutation gained highest instability within its pep02 peptide
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structure. Particularly, for the pep09 peptide distinct mutations
demonstrated a diverse effect on the peptide folding (Fig. 1C).

3.1. The S protein-peptide best affinity conformation were investigated in
the solvent environment (wild type systems)

The findings from in silico screening of peptides with protein and
mutational effect (over protein-peptide constructs) were further inves-
tigated using the MD simulation approach. At first, simulated SARS-CoV-
2 protein-peptide wild type and mutated complexes were explored
tracing change in the stability over MDS time course. The RMSD (root
mean square deviation) a time dependent change in the non-hydrogen
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(monomer 2;‘gbain B)

SARS-CoV-2
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Fig. 2. Distinct self-derived S peptides screened (in silico) against the wild type S protein monomers. (A) The protein-peptide intermolecular hydrogen bonding
residues identified during molecular dynamics simulations (MDS). (B) and (C) Different conformations of a particular peptide with its respective SARS-CoV-2 spike
monomer (chain B or chain C). (D) The plot describing change in the protein-peptide interactions over the MD simulation time course. Parameters for tracing
hydrogen bonds were donor-acceptor cutoff distance and angle was set to 3.5 A and > 160-180°, respectively.

4
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atoms, and the root mean square fluctuations (RMSF; Ca atoms of each
residue from the spike protein) were computed. The change in the
binding free energy based on the hydrogen bond (H-bond) interactions
of the S protein-peptide complex were analyzed, along with significant
residues showing selectivity to sets of S peptides. Residues from the
pep01 peptide were found interacting with the S protein residues
ranging from 139 to 143 aa (Fig. 2A and Table S2). A set of few hot-spots
were traced in the pep02-protein binding, and the residue D545 from S
peptide demonstrated high occupancy binding with R18 and K938 from
the S protein (Fig. 2A and Table S2). Common regions from S protein
(700-900 aa) were found interacting with the pep03 and pep04

24
20

RMSD (A)
28 -
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peptides, the N677 residue from peptides formed stable binding with
1762 and K764 amino acids of the S protein (Fig. 2A and Table S2).
The R739 residue from the pep05 peptide was found to make high
occupancy binding with D924 (84.43%) of the S protein. The S protein
residues from 600 to 700 and 990-1050 aa range were found binding
with the pep06 peptide, and the residues K764 and 1762 were shown
making high occupancy binding with N677 of S protein (42.42% and
39.72%, respectively). Additionally, these K764 and 1762 residues from
pep06 were also found binding with E676 and A675 from the S protein,
respectively. Particularly, the residue pair R821(pep07)-E593(protein)
was found showing high occupancy (91.02%), whereas the majority of

Spike protein with:
—pep01—pep02 —pep03
—pep05 —pep06 —pep07
—pep09 —pep10

pep04
----- pep08

16 -
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8 4
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Fig. 3. The change in structural dynamics of the spike protein-peptide complexes over the MD simulation time course. (A) Different conformation of spike monomer
observed when interacting with lower affinity (pep01) peptide, compared to a highly efficient binding peptide (pep07). In the presence of pep01, the S1 and S2
subunit from the S protein slightly shifted away from each other forming an “open” conformation. (B) The root-mean-square deviation (RMSDs) of each atomic
position (excluding hydrogen atoms) for a spike monomer when complexed with different peptide. (C) Computed RMSDs of individual peptides, when complexed

with the S protein monomer.
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residue from the pep08 peptide had low occupancy interactions with the
S protein. Peptide pep09 formed four binding sites with the S protein,
and the peptide residues showing high occupancy binding the S protein
were: K938, N952, S956, R957, and D959. Despite few residues involved
in the peptide-protein binding, the R1013 residue from pepl0 showed
high frequency binding (throughout MD simulation time) with E1005 of
the S protein (Fig. 2A and Table S2). Overall, a larger set of S protein
residues ranging from 550 to 750 and 950-1050 aa, were found binding
with different self-derived S peptides.

The structural folding of differently sized S peptide linear motifs
revealed that except the pep02 and pep07 peptides, most of the studied
peptides have obtained a high conformational movement with respect to
their starting positions (Fig. 2B and C). In addition, these pep02 and
pep07 peptides were found showing a higher number of interactions
with the S protein (Fig. 2D). Furthermore, the pep04, pep06, and pep09
peptides showed a moderate sustained numbers of protein-peptide
intermolecular interaction (Fig. 2D). The structural folding of the S
protein in the presence of different peptides, revealed that peptides
making higher binding affinity induced stable shaping or folding in the S
protein structure (Fig. 3A). For example, a contrast conformation within
the S protein is traced when put together with a peptide having less
binding affinity (pep01), compared to that with the pep07 peptide. In
the presence of pep01 molecule, the S1 and S2 subunit form the S protein
slightly shifted away from each other forming an “open” conformation,
whereas the S protein with pep07 no such confirmation was traced
(“closed” conformation; Fig. 3A). These findings suggest that a partic-
ular S protein monomer require other two monomers for a stable
homotrimer folding, or a self-derived S peptide may induce stability
within the S protein structure folding.

The RMSDs of the S protein monomer in presence of different self-
derived S peptides, suggest that protein with pep0l obtained higher
flexibility compared to that with other peptides (Fig. 3B). The S protein
monomers obtained a consistent stability after ~50 ns though with
different peptides, and this stability ranged between ~8-10 A (Fig. 3B).
Particularly, the S protein with pep02 has obtained highest stability
within its structure (Fig. 3B). Investigating different partners of the S
protein, like the pep01 and pep03 has highest flexibility, whereas other
peptides had RMSDs ranging between ~3-4 A after 50 ns (Fig. 3Q).

3.2. Mutant S protein-peptide compared with the wild type systems

The effect of different mutations occurring in the SARS-CoV-2 virus
variants (Table S1) were investigated, with respect to our studied S
protein-peptide components. Individual amino acid flexibility (RMSF;
based on C-alpha (Ca) atoms) for each S protein monomers in presence
of peptide, as well as from the wild type and the mutated systems are
presented in Fig. 4. The change in the amino acids flexibility upon
inserting S345L in the S peptide, suggests that the protein with pep01
has higher flexibility compared to other mutations (Fig. 4A). In partic-
ular, the mutated S345L amino acids in peptide have shown ~ 7 A
flexibility in the S protein compared to that of the wild type. Upon
inserting A544D mutation in the peptide a stable S protein was observed,
however, this positioned residue in the protein itself has shown insta-
bility (Fig. 4A).

Regions of the S protein in presence of different peptides and mu-
tations have shown a similar trend in the change for the RMSF plots. For
example, residue ranging 250-450, 680-760, and 915-1000 has
induced stability for the S protein in presence of the pep02 and pep03
peptides, whereas contrast behavior was observed for the pep01, pep04,
and pepO05 peptides (Fig. 4A). For the N830K and T833N mutations in
the pep07 peptide has shown a distinct behavior with the S protein, a
higher flexibility is observed in the RMSF plots for the protein with
T833N mutations. All mutations introduced in the pep09 (N943F,
L955F, and S956A) peptide have induced stability in the complexed S
protein structure. Furthermore, a significant increase in stability is
observed in the protein structure upon N943K mutation in the pep09
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peptide (Fig. 4A). Inserting mutations in the S peptide destabilized the
complexed S protein structure, resulting an allosteric effect over
different functional regions of the protein (Fig. 4A).

Measuring change in the amino acid stability from self-derived S
peptides in the wild type and mutated forms, highlighted a significant
difference among peptides (Fig. 4B). Particularly, for the pep01 peptide
molecule the centered amino acids induced stability, whereas tailed
residues from N-terminus or C-terminus has higher flexibility. The initial
residues (N-terminus) from pep03 and pepO5 has less stability compared
to C-terminus, whereas the pep02 and pep04 peptides that formed high
affinity binding with the S protein has induced stability (comparing the
wild type and mutant systems; Fig. 4B). For the N830K and T833N
mutant systems (Fig. 4A), the pep07 in N830K mutated system has
conserved structure compared to that of the T833N system. Moreover,
the N943F, L955F, and S956A point mutations have resulted in higher
flexibility among the 944-955 residues for the pep09 peptide (Fig. 4B).

Tracing individual residue making interactions between the mutated
S peptide and the wild type S protein, suggest that pep01 has shown a
higher number of residues involved in the protein-peptide interactions
in the mutated system (Fig. 5A). The mutated pep02 and pep03 peptides
have slightly reduced the number of amino acids involved in the protein-
peptide binding. No significant change for pep04 was observed in both
forms, whereas the pep05 peptide has induced interactions in the
mutated system. Particularly, the pep07 (T833N) mutant system is
similar as in the wild type whereas pep07 (N830K) has fewer binding
residues, and the pep09 peptide has formed an almost similar number of
interactions in different mutated and wild type systems (Fig. 5A).
Overall, for the mutant peptide system a higher number of residues were
found binding the S protein, despite increased flexibility in the protein
structure (Fig. 4A).

A change in the H-bond interactions over time highlighted that the
pep01 (S345L) peptide has higher number of interactions with the
protein in the mutated system, compared to that of the wild type system
(Figs. 2D and 5B). The mutated L345 amino acid from the peptide was
found binding with the R969 and D172 residues of the S protein (with
occupancy 75.85%; Table S3). Among studied mutations, the pep07
(N830K or T833N) have shown a higher number of interactions between
S peptide and protein (Fig. 5B). In the wild type system the N830 residue
from the pep07 peptide was found interacting with T983, Q979, and
Q736 residues of the S protein, whereas these interactions were dis-
rupted upon N830K mutation (Fig. 5C). Moreover, inserting T833N in
the pep07 peptide has induced N833(peptide)-D588 / G568 / Q288
(protein) interactions (Fig. 5D).

Inserting A544D mutation in pep02 have replaced A544(peptide)-
N934(protein) with D544-R18 / K938, whereas A675V mutation in
pep04 has almost similar binding frequency with the S protein (Fig. 5C
and D). Conformational dynamics of the wild type and mutant residues
at position 544 from the pep02 (A544D) peptide are presented in Fig. 5E.
In the pep05 peptide, the residue positioned at 738 was found binding
only in the mutated N738K form with N291 and F566 of the S protein
(Fig. 5D). Residues L955 and S956 from the pep09 peptide binding with
S protein in the wild type were disrupted upon inserting mutations,
whereas in the pep09 (N943K) system the mutated residue itself inter-
acted with the S protein (Fig. 5D). Visualizing dynamics of different
protein-peptide complexes, it was observed that presence of mutation in
the system has induced an “up” active conformation of the spike (RBD)
domain (Fig. 5E), that could enhance the interaction with the ACE2
receptor.

A change in RMSD for the S protein in different mutated systems,
suggest that the monomers with the pep05 (N738K) and pep04 (A675V)
peptides have higher flexibility (Fig. 6A). Comparing protein dynamics
when with two different pep07 mutations (N830K and T833N), the
protein with pep07 (N830K) has stable structure (Fig. 6A). Conforma-
tional dynamics of individual mutated peptides (Fig. 6B) over the 100 ns
of MDS time course, demonstrated that mutated peptides have stable
structural folding compared to that of the wild type (Fig. 2B and C). The
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Fig. 4. Conformation dynamics of individual amino acids from the wild type and mutated systems (point mutations were inserted in the self-derived peptides). (A)
The change / difference in the RMSF for the S protein, when complexed with different mutated S peptides. (B) Change in the RMSF for self-derived S peptides
(compared with wild type and mutated systems). The following point mutations were inserted in the S peptides: S345L (pep01), A544D (pep02), D588G (pep03),
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respect to the crystal structure of the S protein pdb id.: 6vsb [26,27].
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the MD simulation time course. Parameters for tracing hydrogen bonds were donor-acceptor cutoff distance and angle was set to 3.5 A and > 160-180°, respectively.
(C) and (D) Particular amino acids from the peptide found mutated in different SARS-CoV-2 virus variants, and making interactions with the spike protein (in-
teractions with occupancy > 2% or 2 ns are shown). These residues are labeled in the peptide-protein order. (E) Conformational dynamics of the wild type and
mutant residue at position 544 from the pep02 (A544D) peptide. Intermolecular interactions between protein and peptide are represented in the dotted line. Presence
of mutation in the protein-peptide system has induced an “up” active conformation of the spike (RBD) domain that could be responsible for interacting with the ACE2
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mutated pep02 (A544D) and pep04 (A675V) peptides, were found
comparatively more stable after 50 ns (Fig. 6C). In addition, the pep07
(N830K) peptide was found less flexible compared to pep07 (T833N),
whereas all three mutations (L955F, N943K, and S956A) in the pep09
peptide has obtained stability similar as that of the wild type (Fig. 6C).

3.3. Mutational landscape over the SARS-CoV-2 spike homotrimer

To understand the effect of different SARS-CoV-2 variants over the S
protein homotrimer formation (Fig. 1C and Table S1), each amino acids
from the S protein were screened against 20 other amino acids (A, R, N,
D,C,Q,E,G, H,LL K MF,P,S,T,W,Y, and V). These findings can help

to interpret the frequency with probability of amino acids at the residual
mutation sites of naturally occurring SARS-CoV-2 variants, as well as
different possible mutations. Overlaying S protein mutation from SARS-
CoV-2 variants with the protein-peptide interactions from the wild type
system, highlighted that most mutations reside in regions where self-
derived peptides interact with the S protein (Fig. 7A and Table S4).
The frequency of mutations demonstrating protein-protein binding af-
finity change within the trimeric S protein, suggest significant changes
in the residue ranging from 500 to 1000 aa, where a higher number of
the protein-peptide interactions (H-bonds) were traced (Fig. 7B and
Table S4). Particularly, the A544R (residing in the pep02) mutation
induced binding affinity within the spike homotrimer monomers
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Fig. 7. A distinctive behavior of variants over the SARS-CoV-2 spike homotrimer unit. (A) Some of the infectious known variants of the SARS-CoV-2 virus: Alpha
(B.1.1.7), Beta (B.1.351), Delta (B.1.617.2 & B.1.617), Gamma (P.1), Lamba (C.37), and Omicron (B.1.1.529) [2,3] represented over the S protein structure (mutated
residues are represented as spheres in red / orange / yellow color). The right panel describes protein-peptide intermolecular hydrogen bonding residues identified for
the wild type systems and compared with the mutations from SARS-CoV-2 variants. (B) Change in the binding affinity within the monomers of spike trimer, upon
inserting point mutation in a respective S protein monomer. In addition, to the known variants of S protein (as shown in Fig. 1 and Table S1), these mutated amino
acids were screened or mutated by 20 other amino acids (A, R, N, D, C,Q,E, G, H, L L, K, M, F, P, S, T, W, Y, and V).

(Fig. 7B), from which it can be postulated that by inserting such muta-
tions (Table S4) could stabilize an “up” or “down” conformation of the
functional spike protein homotrimer unit. A blocked monomer or sta-
bilized homotrimer can induce production of antibody repertoire
different from the “open” conformation.

4. Conclusions

Several structural based approaches have already been applied to
develop vaccine targeting the SARS-CoV-2 virus, however, there lacks a
detailed understanding in the direction to block the homotrimer for-
mation of the S protein. Herein, we propose that disruption in homo-
trimer formation may block the viral entry into the host cell or reduce
the kinetics of the S protein. We designed self-derived peptides from the

10

S protein (monomer 1 of the homotrimer) and screened them against the
second or third monomer of the homotrimer, with a goal that they could
stabilize or block the trimer unit. Alongside, we investigated point
mutations emerging from different SARS-CoV-2 virus variants with
respect to change in the protein-peptide binding affinity. Molecular
dynamics data revealed that among the hydrogen bond interacting
residues, the R821(pep07)-E593(protein) residue pair formed high oc-
cupancy binding (91.02% in the wild type system). In addition, a larger
set of S protein residues ranging from 550 to 750 and 950-1050 in the
wild type systems were found interacting with different self-derived S
peptides. Peptides pep02 and pep07 in the wild type systems were
among high affinity binders with the S protein, and in particular, the
point mutation in the pep02 peptide lowered the number of protein-
peptide interactions. Considering different studied mutations in the
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peptide dataset, the pep07 (N830K or T833N system) had a higher
number of interactions between S peptide-protein, and the mutant
A544D in the pep02 peptide have replaced A544(peptide)-N934
(protein) with D544-R18 / K938 residue pairs. Moreover, the A544D
mutation from the pep02 peptide induced instability for the complexed
S protein, whereas the point mutation N943K from pep09 had exhibited
a contract behavior. A significant increase in the residue binding with S
protein was observed in the mutant peptide systems, compared to that of
the wild type system.

The dynamics of different protein-peptide complexes were investi-
gated, suggesting the presence of mutation in the system has induced an
“up” active conformation of the spike (RBD) domains that could enhance
the interaction with the host cell receptor. Inserting mutation in the
peptides destabilized the complexed S protein structure, which resulted
in the allosteric effect over other different functional regions of the
protein. Comparatively, two point mutations N830K and T833N in the
pep07 peptide have distinctive effects over the structure, the N830K
mutated system has conserved structures compared to the T833N sys-
tem. The frequency of mutations in the protein-protein binding affinity
changes within the trimeric S protein, suggest a significant changes in
the region where protein-peptide forms a high number of H-bonds in-
teractions. The A544R (pep02) mutation can have a significant impact
on the binding affinity within the spike monomers of the homotrimer
unit. We believe that our findings can allow better understanding of the
SARS-CoV-2 spike homotrimer, and our data could help to design further
experiments to develop self-derived peptides replacing a single S protein
monomer from the trimer, blocking the homotrimer functional unit or
inducing stability.
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