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The spike protein of SARS-CoV-2 can recognize the ACE2 membrane protein on the host cell and plays
a key role in the membrane fusion process between the virus envelope and the host cell membrane.
However, to date, the mechanism for the spike protein recognizing host cells and initiating membrane
fusion remains unknown. In this study, based on the general assumption that all three S1/S2 junctions of
the spike protein are cleaved, structures with different forms of S1 subunit stripping and S2’ site cleavage

were constructed. Then, the minimum requirement for the release of the fusion peptide was studied by
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Accepted 11th May 2023 all-atom structure-based MD simulations. The results from simulations showed that stripping an S1
subunit from the A-, B- or C-chain of the spike protein and cleaving the specific S2’ site on the B-chain

DOI: 10.1039/d3ra01764h (C-chain or A-chain) may result in the release of the fusion peptide, suggesting that the requirement for
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1. Introduction

SARS-CoV-2, an enveloped positive single-stranded RNA virus,
belongs to severe acute respiratory syndrome-related coronavi-
rus species and the B coronavirus family. There are 24-40
randomly arranged spike proteins distributed outside the
spherical phospholipid coating of SARS-CoV-2. The spike
protein is a highly glycosylated homotrimeric protein, and its
monomer has two subunits, i.e., S1 and S2.* S1 is composed of
an N-terminal domain (NTD) and a receptor-binding domain
(RBD)," and the receptor binding motif (RBM) on the RBD binds
with angiotensin converting enzyme type 2 (ACE2) on the host
cell.> S2 consists of fusion peptide (FP), heptad repeats 1 and 2
(HR1 and HR2), transmembrane domain (TM), and cytoplasmic
tail (CP).* The spike protein has been vividly described as
a “metastable spring-loaded fusion machine”, which controls
the membrane fusion of the virus and target cell.® In addition,
the spike protein is covered with a shielding layer of glycan,
which makes it almost impossible to be recognized by the
immune system.?

One of the functions of the spike protein is to mediate
membrane fusion. The process of the membrane fusion is
related to the cleavage at the S1/S2 junction and the S2’ site at
arginine 815 and the release of FPs.* The S1/S2 site is also
known as the furin cleavage site, and S1/S2 cleavage is essential
for spike protein-mediated cell-cell fusion and entry into
human lung cells.® One study highlighted that the S1/S2 site is
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the release of FP may be more relaxed than previously expected.

cleaved during virus assembly.® The S1 and S2 subunits are
linked in the form of non-covalent bond interaction after the
cleavage of the S1/S2 junction.” On the post-fusion spike
protein, the S1 subunit did not exist, and the incomplete S2
subunit was cleaved at the S2’ sites.® A study on the cell entry
mechanisms of SARS-CoV-2 suggested that it relies on a second
strategy, ie., host protease activation.* Furin, transmembrane
serine protease 2 (TMPRSS2), and cathepsin L (CatL) are
considered to play a key role in the host protease activation.*

In an earlier study, Dodero-Rojas et al.” conducted molecular
dynamics (MD) simulations with the all-atom structure-based
model (SMOG)°® and found that the spike glycoprotein with all
three S1 subunits stripped off and all three S2’ sites cleaved
would release its FP, and the sugar chains on the S2 subunit
hindered the release of FP.'* To the best of our knowledge, there
are no other simulation studies on the mechanism of FP release
of the spike protein reported to date, except for the above-
mentioned study.'® In this work, we focused on the minimum
requirement for FP release.

On the one hand, it was reported that the interaction
between ACE2 and the RBD region on the S1 subunit can force
the RBD region to change to the UP conformation, reducing the
contact between S1 and S2."* This process also leads to the
refolding of the S1 subunit, disrupting the interaction between
the residues related to ASP614 and near the S2’ sites." The final
effect of ACE2 may remove the S1 subunit from the spike
protein. However, simulation of ACE2 disrupting the S1 and S1
interaction, and finally removing the S1 subunit is difficult and
quite time-consuming. Thus, for simplicity, we mimicked the
effect of ACE2 on the spike protein by directly removing the S1
subunit.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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On the other hand, conformational changes of the spike
protein may happen during the viral binding and interaction
with the cell. In this study, advance induced conformational
changes were not considered, instead the native spike protein
was used. It can be expected that the fusion peptide will be more
easily released from the spike protein with induced conforma-
tional changes due to the viral binding with the cell. Therefore,
the real condition for the release of the fusion peptide can be
expected to be reduced compared to that obtained using the
native spike protein.

We built a series of artificially modified structures for the
spike protein and performed MD simulations. The system of the
spike protein is large, and thus we applied the SMOG model in
the MD simulation study of the release of FP of the spike
protein. The SMOG model is an all-atom structure-based model,
in which the potential energy function is defined based on the
knowledge of stable conformations of systems.”” The MD
simulations with the SMOG model were successfully applied in
describing the protein folding dynamics,"** and the all-atom
variants were later used to simulate rearrangements of large
biomolecular structures, such as ribosomes'*® and viral
capsids.'”*®

Table 1 Statistical table of the significant conformational changes of FP
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To characterize the release of the FP, fpp was used to describe
the angle of FP relative to the long trimer interface helix of the
spike protein, i.e., residue 816 Co pointing to residue 855 Ca
with respect to residue 990 Ca pointing to residue 1035 Ca. The
calculated root-mean-square-deviation (RMSD) for the fusion
peptide was used to estimate the stability of FP. The dot product
of the two vectors were calculated, and then the fyp values were
obtained.

The simulation results showed that when an S1 subunit of
the A, B or C chain is stripped off and the S2’ site of the B, C or A
chain is cleaved, the FP on the chain with the S2’ site cleavage
can be released, suggesting the minimum requirement for the
release of FP from the spike protein is more relaxed than
previously expected, ie., stripping off all the S1 subunits and
cleaving all the S2’ sites.*®

We also performed simulations of the modified spike
protein structures A_S2'/B/C-S1, A-S1/BSS2//C, and A/B-S1/CS2’
with the classical D614G mutation. The simulation results
showed that for the three structures with the mutation, the
fusion peptide was released more frequently for the repeated
ten times of simulations (Table 1).

A/B/C A-S1 B-S1 C-s1 A-S1/B-S1 B-S1/C-S1 C-S1/A-S1 A-S1/B-S1/C-S1
A_S2/ 0 0 0 5 0 5 4 4
B_S2' 0 9 0 0 10 1 8 9
Cc_s2’' 0 0 0 0 4 8 0 9
A_S2'/B_S2/ 0 9 0 10 9 9 10 10
B_S2'/C_S2’ 0 10 0 0 10 1 10 10
C_S2'/A_S2’ 0 0 1 1 9 10 10 10
A_S2//B_S2'/C_S2’ 0 9 4 6 10 10 10 10
D614G
A_S2 7
B_S2' 9
Cc_s2’ 0

top view of spike protein

front view of spike protein

Fig.1 Vertical and front views of the structure of the spike protein. All glycans were removed. The RBD of A-chain kept on an “up” conformation,
and the RBDs of B-chain and C-chain were at the "down” conformation.
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Fig. 2 RMSD of seven structures: A_S2'/B/C, A/B_S2'/C, A_S2'/B/
C_S2', A_S2'/B_S2'/C, A/B_S2'/C_S2', A_S2'/B/C_S2' and A_S2'/B_S2'/
C_S2’ with time. All seven systems tend towards equilibrium.
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2. Structural modelling and
simulation method

2.1 Structural modelling

The PDB file of the SARS-CoV-2 fully glycosylated full-length
spike protein® was downloaded from the SARS-CoV-2 section
at the CHARMM-GUI website and was used as the initial
structural template. We used the names A, B and C in the
PDB file to mark the three chains of the spike protein. The
representations of -S1 and _S2’ indicate the stripping of an
S1 subunit and the cleavage at the S2’ site, respectively.
Given that the sugar chains were suggested to be like
a damper and did not affect the result of conformational
changes,'® all the sugar chains were removed from the spike
protein (Fig. 1).

Among the structural modifications of the spike protein, all
the S1/S2 sites were cleaved as a common requirement. Then,
the artificially modified structures of the spike protein were
constructed, in which one, two or three S2’ sites were cleaved, as
follows: A_S2//B/C, A/B_S2'/C, A/B/C_S2'; A_S2//B_S2'/C, A/B_S2//
C_S2/, A_S2//B/C_S2; and A_S2//B_S2'/C_S2'. Meanwhile, the

A_S2’-S1/B-S1/C-S1

initial

A_S2’/B/C

Fig. 3 MD simulation results of the modified spike proteins. (a) A_S2'-51/B-51/C-S1 showed obvious conformational changes for FP and HR1. (b)
A_S2'/B/C did not show obvious outward motions of FP and HR1. Green represents the S1 subunit, blue for HR1, magenta for FP, yellow for
residues 685-815 connecting S2 and S2’ cleavage sites, and red for the other residues. The MD simulations were performed using the SMOG

model.®
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modifications of stripping off one, two or three S1 subunits
compared to that without S1 subunit removal were constructed,
as follows: A/B/C; A-S1/B/C, A/B-S1/C, A/B/C-S1; A-S1/B-S1/C, A/B-
S1/C-S1, A-S1/B/C-S1; and A-S1/B-S1/C-S1. Consequently, we
constructed 7 x 8 = 56 types of modifications for the spike
protein, which were used as the inputs of MD simulations with
the SMOG model.

after md

A_S2’'/B-S1/C
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2.2 MD simulation with the SMOG model

The SMOG method, an all-atom structure-based model, was
employed in the MD simulations of the spike protein. We used
the SMOG2 force field file (AA_glycans_Dodero21.v1) in the
force field repository at the SMOG2 official website (https://
smog-server.org). The values of bond lengths and bond angles
were provided by the Amber03 force field, and the strengths

initial

A_S2’-51/B/C

Fig. 4

(a) A_S2'/B/C-S1 showed obvious outward motions of FP, and (b) A_S2'/B-S1/C and (c) A_S2’-S1/B/C did not show obvious confor-

mational changes for FP and HR1. Green represents the S1 subunit, blue for HR1, magenta for FP, yellow for residues 685-815 connecting S2 and
S2' cleavage sites, and red for other residues. The MD simulations were performed using the SMOG model.®
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of non-planar dihedron and contact were consistent with earlier
implementations of the structure-based model. The SMOG
model was described in detail in the literature.’

The all-atom structure-based MD simulations were per-
formed with Gromacs (v2021.4)." The 1 ns normal MD simu-
lations of the modified structures, A_S2'/B/C, A/B_S2//C, A/B/
C_S2; A_S2'/B_S2//C, A/B_S2//C_S2', A_S2//B/C_S2'; and A_S2//
B_S2//C_S2/, with 7 types of S2’ site cleavages under the condi-
tion that all three S1/S2 sites were cleaved, were performed for
pre-equilibrium. We retained the outputs of the gro files and

after md

View Article Online

Paper

used the trjconv module of Gromacs to output the protein
coordinates in the PDB format.

SMOG 2 topology files were written in reduced units. The
length unit was nano meters, and the mass of each bead was set
to 1, corresponding to a mass unit of about 12 amu.*® Gro-
macs.mdp expects the temperature to be in Kelvin, where
a value of Boltzmann's constant kg (0.00831451 k] mol ' K™ ') is
used internally.”® Thus, in a Gromacs.mdp file, a temperature of
120.3 K corresponds to a reduced temperature of 1. The time
scale was estimated to be increased by a factor of 1000-10 000.**

A_S2’/B-S1/C-S1/

afterm

A_S2’-S1/B/C-S1

Fig. 5

(a) A_S2'/B-S1/C-S1 showed obvious outward motions of FP and HR1 was unwinding, and (b) A_S2’-S1/B-S1/C and (c) A_S2’-S1/B/C-S1

did not show obvious conformational changes for FP and HR1. Green represents the S1 subunit, blue for HR1, magenta for FP, yellow for residues
685-815 connecting S2 and S2’ cleavage sites, and red for other residues. The MD simulations were performed using the SMOG model.®
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Based on the above-mentioned 7 structures with various
types of S2’ site cleavages, we modified them further according
to the 8 cases of stripping off S1 subunits, as described in the
Structural modelling section. Then, the 56 designed structures
were simulated with the SMOG (2.4.4) model using Gromacs.
The parameters for MD simulations were the default values in
the MDP file of Gromacs 5 provided by SMOG-2.4.4. In the MD
simulations, the step size was 0.002, temperature was
controlled at around 130 with the Langevin thermostat method,
and 5000 000 steps were run. Each of the SMOG MD simula-
tions were repeated 10 times.

2.3 Structural metrics

To characterize the release of FP, fp was used to describe the angle
of FP relative to the long trimer interface helix of the spike protein,
ie., residue 816 Ca pointing to residue 855 Co with respect to
residue 990 Ca pointing to residue 1035 Ca. The calculated root-
mean-square-deviation (RMSD) for the fusion peptide was used
to estimate the stability of FP. The dot product of the two vectors
was calculated, and then the 6gp values were obtained.

3. Results and discussion

Fig. 2 shows the RMSD curves for the A_S2'/B/C, A/B_S2//C,
A_S2//B/C_S2/, A_S2'/B_S2/C, A/B_S2'/C_S2', A_S2//B/C_S2/, and

View Article Online
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A_S2//B_S2'/C_S2’ structures with various S2’ cleavages. All 7
structures tended towards equilibrium after 1 ns MD simula-
tions with the charmm36-jul2021 force field. After these 7
structures with various S2' cleavages were relaxed, the S1
subunits were removed and the SMOG MD simulations for 5
000 000 steps with a time step of 0.002 were performed and FP
was found to be released for some modified spike proteins.

We constructed 56 variously modified structures of the spike
protein. Various cleavages of the S2' sites and various stripping
of S1 subunits were considered under the common condition
that all three S1/S2 sites were cleaved. Each MD simulation with
the SMOG model for the 56 modified structures of the spike
protein was repeated 10 times. The MD simulation results for
the modified structures with A_S2’, A_S2'/B_S2' and A_S2//B_S2//
C_S2’ are displayed in Fig. 3-11.

Fig. 3 shows the MD simulation results when all the S1
subunits were stripped or retained after the S2’ site on A-chain
was cleaved. A_S2’-S1/B-S1/C-S1 showed obvious conforma-
tional changes for FP and HR1, while A_S2'/B/C did not show
obvious outward motions of FP and HR1. Fig. 4 shows the
results in the case that one S1 subunit of (a) C-chain, (b) B-
chain, or (c¢) A-chain was stripped after cleaving the S2’ site
of A-chain. A_S2'/B/C-S1 showed obvious outward motions of
FP and unwinding of HR1, while A_S2'/B-S1/C and A_S2'-S1/B/
C did not show obvious conformational changes for FP and

initial

A_S2’/B_S2’/C

Fig. 6

changes for FP and HR1. Green represents the S1 subunit, blue for HR1,

(a) A_S2'-S1/B_S2’-S1/C-S1 showed obvious outward motions of FP and HR1, and (b) A_S2'/B_S2'/C did not show obvious conformational

magenta for FP, yellow for residues 685-815 connecting S2 and S2’

cleavage sites, and red for other residues. The MD simulations were performed using the SMOG model.®
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HR1. Fig. 5 shows the results in the case that two S1 subunits of
(a) B-chain and C-chain, (b) A-chain and B-chain, and (c) A-
chain and C-chain were stripped after the S2’ site of A-chain
was cleaved. A_S2'/B-S1/C-S1 showed obvious outward
motions of FP and unwinding of HR1, whereas A_S2’-S1/B-S1/C
and A_S2-S1/B/C-S1 did not have obvious conformational
changes for FP and HR1. Fig. 6 shows the results when (a) all
the S1 subunits were stripped and (b) all S1 subunits were
retained after cleaving two S2’ sites on A-chain and B-chain.
A_S2-S1/B_S2-81/C-S1 showed obvious outward motions of
FP and HR1, and A_S2//B_S2//C did not have obvious

after md
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conformational changes for FP and HR1. Fig. 7 shows the
results when one S1 subunit of (a) A-chain, (b) C-chain or (c) B-
chain was stripped after cleaving two S2’ sites on A-chain and
B-chain. A_S2-S1/B_S2'/C and A_S2'/B_S2'/C-S1 exhibited
obvious outward motions of FP and unwinding of HR1, while
A_S2//B_S2'-81/C did not have obvious conformational changes
for FP and HR1. Fig. 8 shows the results when the S1 subunits
of (a) A-chain and B-chain, (b) B-chain and C-chain, and (c) A-
chain and C-chain were stripped after cleaving two S2’ sites on
A-chain and B-chain. A_S2’-S1/B_S2’-S1/C, A_S2//B_S2’-S1/C-S1
and A_S2-S1/B_S2'/C-S1 showed obvious outward motions of

initial

A_S2’-S1/B_S2’/C

FP_B

initial

A_S2’/B_S2’-51/C

Fig.7 (a) A_S2’-S1/B_S2'/C and (b) A_S2'/B_S2'/C-S1 showed obvious outward motions of FP and HR1 was unwinding, and (c) A_S2'/B_S2'-S1/C
did not show obvious conformational changes for FP and HR1. Green represents the S1 subunit, blue for HR1, magenta for FP, yellow for residues
685-815 connecting S2 and S2’ cleavage sites, and red for other residues. The MD simulations were performed using the SMOG model.®
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\'} f*v‘..
initial

A_S2’-S1/B-S2’/C-S1

Fig. 8

(@) A_S2'-S1/B_S2'-S1/C, (b) A_S2'/B_S2'-S1/C-S1 and (c) A_S2'-S1/B_S2'/C-S1 showed obvious outward motions of FP and HR1. Green

represents the S1 subunit, blue for HR1, magenta for FP, yellow for residues 685-815 connecting S2 and S2’ cleavage sites, and red for other

residues. The MD simulations were performed using the SMOG model.®

FP and HR1. Fig. 9 shows the results when all the S1 subunits
were stripped or retained after cleaving three S2’ sites on A-
chain, B-chain and C-chain. A_S2-S1/B_S2’-S1/C_S2’-S1
showed obvious outward motions of FP and HR1, while A_S2//
B_S2//C_S2' did not have obvious conformational changes for
FP and HR1. Fig. 10 shows the results in the case that one S1
subunit of A-; B- or C-chain was stripped after cleaving all the
three S2’ sites, where all the A_S2'-S1/B_S2//C_S2’, A_S2//B_S2'-
$1/C_S2" and A_S2//B_S2//C_S2'-S1 structures showed obvious
outward motions of FP and HR1. Fig. 11 shows the results
when two S1 subunits on (a) A-chain and B-chain, (b) B-chain

© 2023 The Author(s). Published by the Royal Society of Chemistry

and C-chain, and (c) A-chain and C-chain were stripped after
cleaving all three S2’ sites, where all A_S2’-S1/B_S2"-S1/C_S2/,
A_S2//B_S2-81/C_S2"-S1 and A_S2’-S1/B_S2/C_S2’-S1 showed
obvious outward motions of FP and HR1.

Fig. 12 shows the S1 subunit of chain C and the S2 subunit of
chain A, given that the latter was covered by the former. As
shown in Fig. 12, before removing the S1 subunit, the FP on the
S2 subunit was bound in a groove under S1. The S1 key resisting
the FP release was mainly the ASP614 residue.'* When S1 was
removed, the key ASP614 residue of S1 was removed together,
and thus the head of the S2 subunit was exposed. This provided

RSC Adv, 2023, 13, 16970-16983 | 16977
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after md
A_S2’-S1/B_S2’-S1/C_S2’-S1

initial

(R
4

initial

A_S2'/B_S2’/C_S2’

Fig. 9

(@) A_S2'-S1/B_S2'-S1/C_S2’-S1 showed obvious outward motions of FP and HR1, and (b) A_S2'/B_S2'/C_S2' did not show obvious

conformational changes for FP and HR1. Green represents the S1 subunit, blue for HR1, magenta for FP, yellow for residues 685-815 connecting
S2 and S2’ cleavage sites, and red for other residues. The MD simulations were performed using the SMOG model.®

the possibility for FP release, which was also dependent on the
S2’ site cleavage. Fig. 13 shows that after the MD simulation, the
FP obviously stretched out.

Fig. 12 shows the local conformational changes, in which
only the S1 subunit of the C chain and S2 subunit of the A chain
remained. Using the ligand interaction module of MOE, it was
found that the LYS835 residue of FP interacted with the ASN616
residue on the A-chain by hydrogen bonding, the GLN836 and
LYS854 residues of FP formed hydrogen bond interactions with
the ASP614 residue of the A-chain S1 subunit, and the ARG983
residue of HR1 interacted via w-H with the HIS519 residue of
the A-chain RBD region.

It was obvious that the fusion peptide was masked by the S1
subunit before it was removed, and after the S1 subunit was
stripped, the C-terminal of the fusion peptide was exposed. At
the end of the MD, the N-terminal of the fusion peptide moved
away from its original position and the angle with the S2
subunit backbone was close to 90°.

To characterize the release of FP, the angle of FP relative to
the long trimer interface helix of the spike protein (fgp) was
defined, i.e., the angle between the vector of the 816 Ca residue
pointing to the 855 Ca residue and the vector of the 990 Ca
residue pointing to the 1035 Ca residue. The dot product of the
two vectors was calculated, and then the 6p value was obtained.
For FP release in the structure A_S2'/B/C-S1, there was a cliff

16978 | RSC Adv, 2023, 13, 16970-16983

descent for fpp at about 6 ns (SMOG time) simulations
compared to the initial structure, showing that FP was released
(Fig. 14).

It was interesting to find that FP could be released when only
one S1 subunit was stripped off and one S2’ site was cleaved
under the general condition of cleaving all three S1/S2 junc-
tions. The FP release process for the spike protein was similar to
that observed in the video file provided in a previous study,"
where all three S1 subunits were stripped off and all three S2
sites were cleaved. In this study, the simulation results showed
that the requirement for the release of FP may be more relaxed
than previously expected. The times for the release of the FP for
10 repeated MD simulations are summarized in Table 1.

When all the S1 subunits of A-chain, B-chain and C-chain
were reserved, the release of FP could not occur even if all
three S2’ sites and all three S1/S2 sites were cleaved. The FP of
the spike protein could be released in the following cases: (1)
when one S2’ site on A-chain (B-chain or C-chain) was cleaved,
the minimum requirement for the release of FP was stripping
off the S1 subunit on C-chain (A-chain or B-chain); (2) when two
S2’ sites were cleaved, one specific S1 subunit needed to be
stripped off for the release of FP; and (3) when all S2’ sites were
cleaved, removal of any one S1 could lead to the release of FP.
The case (1) indicated that the FP could be released for the S2’
site cleavage of A-chain and the S1 subunit stripping of C-chain,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) A_S2'-S1/B_S2'/C_S2’' showed obvious outward motions of FP and HR1 was unwinding, and (b) A_S2’/B_S2’-51/C_S2’, and (c) A_S2'/

B_S2//C_S2'-S1 showed obvious outward motions of FP and HR1. Green represented the S1 subunit, blue for HR1, magenta for FP, yellow for
residues 685-815 connecting S2 and S2’ cleavage sites, and red for other residues. The MD simulations were performed using the SMOG model.®

or the S2’ site cleavage of B-chain and the S1 subunit stripping
of A-chain, or the S2’ site cleavage of C-chain and the S1 subunit
stripping of B-chain, which had similar release tendencies. For
example, the stripping of the S1 subunit of A-chain may be
considered to control the release of FP from B-chain.

As given in Table 1, the MD simulations of A-S1/B-S1/B_S2’
and A-S1/B-S1/C_S2’ showed the possible releases of the FP on
B-chain and C-chain, B-S1/C-S1/C_S2’ and A_S2'/B-S1/C-S1
showed the possible release of the FP on C-chain and A-
chain, and A-S1/B_S2'/C-S1 and A-S1/A_S2'/C-S1 showed the
possible release of the FP on B-chain and A-chain. For the A-S1/

© 2023 The Author(s). Published by the Royal Society of Chemistry

B-S1/C-S1 structure, cleavage of any S2’ could induce the
release of FP.

The MD simulation results of the 56 artificially modified
structures of the spike protein suggested that the minimum
requirement for the release of FP from the spike protein may
be more relaxed than the harsh condition where all three S1/
S2 and three S2’ sites were cleaved and all three S1 subunits
were stripped off.'® In this study, when only one S1 subunit
was stripped off and one specific S2’ site was cleaved under
the common condition of three S1/S2 cleavages, the release of
FP could occur according to the MD simulations with the

RSC Adv, 2023, 13, 16970-16983 | 16979
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(a) A_S2’-S1/B_S2'-51/C_S2', (b) A_S2'/B_S2'-S1/C_S2’-S1, and (c) A_S2'-S1/B_S2'/C_S2’-S1 showed obvious outward motions of FP and

HR1. Green represents the S1 subunit, blue for HR1, magenta for FP, yellow for residues 685-815 connecting S2 and S2’ cleavage sites, and red for
other residues. The MD simulations were performed using the SMOG model.®

SMOG model. Of course, when two or three S2’ sites were
cleaved and one S1 subunit was removed, FP could also be
released.

The simulation results in this study suggest that the
minimum requirement for releasing the FP from the spike
protein may be more relaxed than previously expected. It will be
easier to strip off one S1 unit and cleave one S2’ site compared to
stripping off all three S1 subunits and cleaving all three S2’ sites.
The simulation results may provide a new way to think about
the mechanism of FP release, and the FPs can be expected to be

16980 | RSC Adv, 2023, 13, 16970-16983

released one by one in an asymmetric and non-simultaneous
process.

The modification treatments for the spike protein in this
study were reasonable to explore the mechanism of the FP
release from the spike protein. In the previous study,' the
condition for the release of FP was assumed to be all three S1
subunits were stripped off and all the three S2’ sites were
cleaved. Here, we found that the minimum requirement for
releasing the FP may be more relaxed than expected and an
asynchronous FP release could occur based on the results of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Interaction between the S1 subunit of chain C and the S2 subunit of chain A. Red is for S1 (residues 1-685), blue for HR1 (residues 912—

984), magenta for FP (residues 816—855), green for residues 685-815 connecting S2 and S2’ cleavage sites, and cyan for other residues. The 2D
graph show the interactions between ASP614 and ASN616 of S1 subunits and adjacent residues from left to right, respectively.

MD simulations with the all-atom structure-based SMOG
model.

Moreover, the spike protein mutations may have an effect on
the release of FPs. It has been shown that the mutations in
individual residues of the spike protein have a significant
impact on the pathological function of the spike protein.** As an
example, it was reported that the D614G mutation enhanced the
density and infectivity of the virus spike protein, suggesting that
this mutation may be associated with fewer S1 subunit shed-
ding."**** It was pointed out that Asp614 of the S1 subunit
forms a salt bridge with Lys854 of the S2 subunit, and Asp614 is
often replaced by glycine, the mutation of which will remove key
salt bridges."*

Early studies have shown that the D614G mutation may
affect the detachment of the S1 subunit, but it has not been
mentioned whether it will affect the release of fusion peptides,

except that this mutation will cause the disappearance of the
salt bridge between ASP614 and LYS854. We supplemented the
md of the spike protein with D614G mutation. We selected the
three structures(A_S2/B/C-S1, A-S1/B_S2'/C and A/B-S1/C_S2")
with the lowest possible requirements for releasing fusion
peptides as the control group to observe the effect of D614G
mutation on the release of fusion peptides. Ten repetitive and
independent MD results demonstrated that the fusion peptide
release frequency of the mutant protein does not differ signifi-
cantly from that of the wild-type structure across three different
structures. For the (A_S2'/B/C-S1) structure, the fusion peptide
was released in seven results, for the (A-S1/B-S2'/C) structure,
the fusion peptide was released in ten results, and for the (A/B-
$1/C-S2') structure, no fusion peptide was released. This indi-
cates that the D614G mutation had a small impact on the fusion
peptide.

Fig. 13 Conformational changes of the S2 subunit of chain A for the A_S2'/B/C-S1 structure (a) after and (b) before the MD simulation for 500

000 steps with a time step of 0.002 using the SMOG model.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 0rp changes with time for the A_S2//B/C-S1 structure. At
approximately 6 ns of SMOG time. The SMOG time should be multi-
plied by a factor larger than 1000 to correspond to the actual simu-
lation time. There was a cliff descent for 6p at about 6 ns of SMOG
time compared to the initial structure, indicating the release of FP.

4. Conclusion

In this study, MD simulations with the all-atom structure-based
SMOG model were performed for 56 modified structures of the
spike protein to study the minimum requirements for the release of
FP. Each MD simulation was repeated 10 times. The MD simulation
results showed that when one S1 subunit of A-chain (B-chain or C-
chain) was stripped off and one specific S2’ site of B-chain (C-chain
or A-chain) was cleaved, the release of FP could occur, suggesting
a more relaxed requirement for the release of FP than expected
previously. This asynchronous release of the FPs may facilitate
a flexible mechanism for spike protein targeting on the host cells.
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