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ABSTRACT: Although the amino acid sequences of SARS-CoV-1
and SARS-CoV-2 fusion peptides (FPs) are highly conserved, the
cryo-electron microscopy structures of the SARS-CoV-1 and
SARS-CoV-2 spike proteins show that the helix length of SARS-
CoV-1 FP is longer than that of SARS-CoV-2 FP. In this work, we
simulated the membrane-binding models of SARS-CoV-1 and
SARS-CoV-2 FPs and compared the binding modes of the FPs
with the POPC/POPE/cholesterol bilayer membrane. Our
simulation results show that the SARS-CoV-2 FP binds to the
bilayer membrane more effectively than the SARS-CoV-1 FP. It is
seen that the short N-terminal helix of SARS-CoV-2 FP is more
favorable to insert into the target membrane than the long N-
terminal helix of SARS-CoV-1 FP. Meanwhile, the potential of
mean force calculations showed that the SARS-CoV-2 FP would prefer only one binding mode (N-terminal binding), whereas the
SARS-CoV-1 FP has two favorable membrane-binding modes (C-terminal and N-terminal binding modes). Moreover, in the case of
SARS-CoV-1 FP binding to the target membrane, the transition between the two binding modes is relatively fast. Finally, we
discovered that the membrane-binding mode would influence the helix length of SARS-CoV-1 FP, while the helix length of SARS-
CoV-2 FP could be stably maintained in the membrane-bound configurations. This work suggests that the short helix might endow
the FP with high membrane-anchoring strength. In particular, the membrane-penetrating residues (Phe, Ile, and Leu) of short α-
helix interact with the cell membrane more strongly than those of long α-helix.

■ INTRODUCTION

Pneumonia caused by coronaviruses (CoVs) poses a severe
threat to public health and seriously hinders economic
development. Seven CoVs that can infect human beings have
been found. The four CoVs (HCoV-229E, HCoV-NL63,
HCov-OC43, and HCoV-HKU1) are relatively mild and
generally cause common cold symptoms. The remaining three
CoVs (SARS-CoV-1, MERS-CoV, and SARS-CoV-2) have led
to the global spread of deadly epidemics. For example, in 2003,
the severe acute respiratory syndrome (SARS) caused by
SARS-CoV-1 had spread to 29 countries, and more than 8000
cases of SARS-CoV-1 infection were reported worldwide with
a mortality rate of nearly 10%.1 Since the end of 2019, a new
CoV (SARS-CoV-2)2,3 has triggered unprecedented severe
pneumonia (COVID-19) worldwide. According to the
statistics provided by Johns Hopkins University, by the end
of 2021, the cumulative number of confirmed cases in the
world have exceeded 280 million and the death toll has
exceeded 5.4 million. In particular, the newly discovered SARS-
CoV-2 mutants, such as Delta and Omicron variants, have
become more infectious, which will continue to bring more
significant damage to human health and national economic
development.

A SARS-associated CoV (SARS-CoV) is a positive single-
stranded RNA virus. The envelope of the virus is mainly
composed of lipids and various proteins, including spike
protein (S-protein), envelope proteins (E-protein), and
membrane proteins (M-protein). In addition, one of the
essential proteins in CoV is nucleocapsid protein (N-protein),
which is usually employed as a marker in diagnostic assays.
Various studies on SARS-CoV-1 and SARS-CoV-2 have shown
that the S-protein is essential in viral infection and patho-
genesis.4−9 McLellan et al. determined the cryo-electron
microscopy (cryoEM) structure of SARS-CoV-2 S-protein in
the prefusion conformation and revealed that the binding of
SARS-CoV-2 S-protein with the receptor angiotensin-convert-
ing enzyme 2 (ACE2) has a higher affinity than SARS-CoV-1
S-protein.10 In addition, Zhou et al. determined the complex
structure of full-length ACE2 protein and the receptor-binding
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domain (RBD) of SARS-CoV-2 S-protein, indicating that the
ACE2 protein dimer has “open” and “closed” states. When the
S-protein RDB binds to ACE2, the ACE2 dimer will be
closed.11 The S-protein of SARS-associated CoV (SARS-CoV-
1 or SARS-CoV-2) contains two subunits (S1 and S2), in
which the S1 subunit binds to ACE2 of the host cell through
the RBD.12−16 Then, the S2 subunit promotes the fusion of the
virus envelope and the host cell membrane through a series of
conformational changes.17,18

The S2 subunit of the SARS-CoV S-protein contains
multiple potential fusion peptides (FPs), typically composed
of 15−40 amino acid residues.13,19−24 Their interaction with
host cells has been widely regarded as the first step of virus
host cell fusion.24,25 For instance, Bosch et al. demonstrated
that the region (residues 858−886) in the S2 subunit of SARS-
CoV-1 could effectively promote membrane fusion.20 Sainz et
al. defined the two segments (residues 770−788 and 864−
886) in the S2 subunit of SARS-CoV-1 as potential FPs.21

Guilleń and co-workers discovered that the segment (residues
873−888) has a high binding affinity with negatively charged
phospholipids.22 Sequence alignment studies revealed that the
FP sequence of SARS-CoV-1 (residues 798−815) is highly
conserved in the CoV family.23,26 It is known that this region
(residues 798−815) is located at the N-terminus of the S2
subunit following S2′ site cleavage and could induce significant
membrane ordering, which is beneficial to the penetration of
FPs into the cell membrane.27 Compared with the type I fusion
proteins of HIV and influenza viruses, the existence of multiple
potential FPs in the S2 subunit of SARS-CoV S-protein is
unique, making the membrane fusion mechanism of SARS-
CoVs more complicated.25

Given the essential role of FPs in viral membrane fusion,
various computational (or theoretical) studies have been
carried out to investigate the mechanism of FP−membrane
interaction.28−33 Li and co-workers30 used the enhanced
sampling scheme to address the FP opening of SARS-CoV-2
S-protein, suggesting that the FP opening should occur on the
sub-microsecond time scale after S2′ site cleavage. All-atom
molecular dynamics (MD) simulation performed by Banerjee
et al.31 showed that the trimeric unit of SARS-CoV-2 FP
(residues 816−855) could effectively trigger the initial stages
of membrane fusion within hundreds of nanoseconds.
Hummer and co-workers32 used all-atom MD simulations to
study the binding of the SARS-CoV-2 FP (residues 816−855)
to cellular membranes, finding that two short amphipathic
helices ensure high binding strength of the SARS-CoV-2 FP to
the cell membrane. Gorgun et al.33 used the FP segment
(residues 798−823) of SARS-CoV-1 S-protein as a template
for modeling the membrane binding of SARS-CoV-2 FP
(residues 816−841) to the human cellular membrane,
revealing three major membrane-binding modes.
Although the FP sequences of SARS-CoV-1 (residues 798−

823) and SARS-CoV-2 (residues 816−841) are highly
conserved (only two mutated amino acid residues: M816/
I834 and E821/D839), the cryoEM studies show a noticeable
difference in the structures of SARS-CoV-1 and SARS-CoV-2
FPs.34−36 In particular, we found that the helix length of SARS-
CoV-1 FP (about 1.9 nm) is longer than that of SARS-CoV-2
FP (about 1.1 nm), as shown in Figure 1. Thus, it is necessary
to compare the membrane-binding mode of SARS-CoV FPs
with different helix lengths or understand how the helix length
influences the FP binding to the cell membrane.

In this work, we constructed the membrane-binding models
of the SARS-CoV-1 and SARS-CoV-2 FPs with a lipid
composition (POPC/POPE/cholesterol: 60/10/30 mol %).
For each FP membrane-binding model (SARS-CoV-1 or
SARS-CoV-2), we generated six different configurations by
changing the angle between the principal axis of the FP peptide
and the bilayer normal (z axis) and placing the FP near the
bilayer surface with different orientations. We performed a 500
ns MD simulation using the CHARMM36 force field37 for
each configuration. Our all-atom MD simulation results reveal
that the membrane binding of SARS-CoV-2 FP is more potent
than that of SARS-CoV-1 FP. In addition, we found that the
SARS-CoV-2 FP binds to the membrane favorably with its N-
terminal while the SARS-CoV-1 FP has no such preference
(both the C-terminal and N-terminal binding modes are
favorable). Finally, we discovered that the membrane-binding
mode would influence the helix length of SARS-CoV-1 FP: the
C-terminal loop insertion mode with a short α-helix and the N-
terminal binding mode with a long α-helix. In contrast, the
short N-terminal helix of SARS-CoV-2 FP can be stably
maintained in the membrane-bound configurations, which
endows the SARS-CoV-2 FP with high membrane-anchoring
strength.

■ METHODS
Membrane-Binding Models of SARS-CoV-1 and

SARS-CoV-2 FPs. To model the SARS-CoV-1 and SARS-
CoV-2 FPs (as shown in Figure 1), we used the cryoEM
structures of the SAR-CoV-1 S-protein (PDB: 5XLR)34 and
the SAR-CoV-2 S-protein (PDB: 6XR8).35 The sequence
alignment showed two mutations between the FP sequences of
SARS-CoV-1 (residues 798−823) and SARS-CoV-2 (residues
816−841): M816/I834 and E821/D839. However, a compar-
ison between the FP structures of SARS-CoV-1 and SARS-
CoV-2 displays that the root mean square deviation between
them is greater than 5.0 Å. In particular, the helix length of
SAR-CoV-1 FP is about 1.9 nm, which is longer than that of
SAR-CoV-2 FP (about 1.1 nm).
Based on the web-based CHARMM-GUI platform,38 we

constructed the membrane-binding models of SARS-CoV-1
and SARS-CoV-2 FPs with a lipid composition (POPC/
POPE/cholesterol: 60/10/30 mol %). The bilayer membrane
contained 180 POPC lipids, 30 POPE lipids, and 90
cholesterol molecules. It is known that phosphatidylcholine

Figure 1. Cartoon representation of the cryoEM structures of the
SARS-CoV-1 and SARS-CoV-2 FP fragments (26 amino acid
residues), illustrated in red and green colors. The comparison
between their sequences shows two mutations: I834/M816 and
D839/E821.
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(PC) and phosphatidylethanolamine (PE) lipids and choles-
terol molecules are predominant components in the cell
membrane. In addition, various studies have shown that
cholesterol influences the membrane-binding affinity of the
SARS-CoV-1 FP25 and plays a critical role in regulating the
organization of the FP in the cell membrane.39 For each
membrane-binding FP model (SARS-CoV-1 FP or SARS-CoV-
2 FP), we generated six different conformations by changing
the angle between the principal axis of the FP and the bilayer
normal (z axis) and placing the FP near the bilayer surface
with different orientations, as shown in Figure 2. For each

configuration, the initial membrane-binding model was
respectively immersed in TIP3PS water40 (a modified TIP3P
water model41 for the CHARMM force field42) and ionized
with 0.15 M NaCl using the web-based CHARMM-GUI
platform.
All-Atom MD Simulations of the Membrane-Bound

FP Models. We performed all-atom MD simulations of the
membrane-binding models of SARS-CoV-1 and SARS-CoV-2
FPs using the CHARMM36 force field37 in simulation software
GROMACS 4.6.7.43 For each configuration, we minimized the
initial structure (given in Figure 2) using the steepest descent
algorithm and then the conjugate gradient algorithm. The
minimized system was heated gradually from 200 to 300 K
under NVT conditions, and a subsequent NPT equilibrium run
was carried out for 10 ns. Finally, a 500 ns NPT production run
was performed for final analysis. For each FP model (SARS-
CoV-1 FP or SARS-CoV-2 FP), six distinct configurations
were simulated respectively for at least 500 ns, and a total of
3.0 μs was used for final analysis. During all NPT simulations, a

semi-isotropic pressure of 1 bar was maintained using the
Parrinello−Rahman algorithm44 (in the z-direction and x/y
plane), and a constant temperature of 310 K was controlled
with the Nose−Hoover method.45,46 All bonds involving
hydrogen atoms were constrained using the LINCS
algorithm47 to extend the integration time step to 2 fs. The
van der Waals interactions were calculated using the Lennard-
Jones potential with a cutoff value of 1.2 nm, and the
electrostatic interactions were computed using the Coulomb
potential with a cutoff value of 1.2 nm. Meanwhile, we
employed the particle mesh Ewald algorithm48 to treat the
long-range electrostatic interactions.

Constant-Velocity Pulling Simulation. We carried out
constant-velocity pulling simulations to investigate the binding
strength of SARS-CoV-1 and SARS-CoV-2 FPs with the
POPC/POPE/cholesterol bilayer membrane. As for each FP
model (SARS-CoV-1 FP or SARS-CoV-2 FP), we took six
different configurations from 3.0 μs MD simulations and used
the six structures as the starting configurations for the
constant-velocity pulling simulation. We performed three
independent constant-velocity pulling simulations with differ-
ent initial velocities for each starting configuration. In each
constant-velocity pulling simulation, we applied an external
force (a force constant of 1000 kJ·nm−1·mol−1) along the z-axis
direction between the bilayer membrane center and the FP
mass center. We moved the FP mass center away from the
bilayer membrane center at a constant velocity of 0.03 nm/ns
and stopped the pulling simulation when the FP mass center
was 6.0 nm away from the membrane center. All constant-
velocity pulling simulations were carried out in the simulation
package GROMACS 4.6.7.43 During all constant-velocity
pulling simulations, a semi-isotropic pressure of 1 bar was
maintained using the Parrinello−Rahman algorithm44 (in the
z-direction and x/y plane) and a constant temperature of 310
K was controlled with the Nose−Hoover method.45,46

■ RESULTS AND DISCUSSION
Membrane-Binding Strength of SARS-CoV and SARS-

CoV-2 FPs. From the all-atom MD simulations of the
membrane-binding models of the SARS-CoV-1 and SARS-
CoV-2 FPs, we constructed the number density profiles for the
phosphate (P) and choline (N) groups of phospholipids,
illustrated in Figure S1 of Supporting Information. Based on
the number density profiles of the phosphate groups, it is
straightforward to calculate the thickness of the POPC/POPE
bilayer membrane, which is defined as the phosphate-to-
phosphate distance (z-distance). We found that the calculated
bilayer thickness with different FPs is about 4.5 nm, indicating
that binding different SARS-CoV FPs to the bilayer membrane
has a little effect on the bilayer thickness (Figure 3A). Thus,
the bilayer membrane surface is defined as the average z-
position of the phosphate groups of lipids, which is 2.25 nm
from the bilayer membrane center along the z-direction.
Furthermore, from the all-atom MD simulations of the

membrane-binding models of the SARS-CoV-1 and SARS-
CoV-2 FPs, we calculated the z-distances from the center of
mass of the FPs to the bilayer membrane surface, which is
defined at the average z-position of the phosphate groups of
lipids (or 2.25 nm from the bilayer membrane center). Based
on the calculated distance values, we have computed the
probability distribution of the distances and then constructed
the potential of mean force (PMF) profiles for the binding of
the FPs to the POPC/POPE/cholesterol bilayer membrane, as

Figure 2. Six membrane-binding configurations of (A) SARS-CoV-1
FP and (B) SARS-CoV-2 FP, used for all-atom MD simulations. The
bilayer membrane (in yellow) is composed of POPC, POPE, and
cholesterol with a composition (POPC/POPE/cholesterol: 60/10/30
mol %). Cartoon representation of the SARS-CoV-1 and SARS-CoV-
2 FP monomers is illustrated in red and green colors, respectively.
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shown in Figure S2 of Supporting Information. It is shown that
different starting orientations of FPs would yield different PMF
landscapes. Therefore, we conducted a convergence test by
combining the six independent simulations for each FP model,
as shown in Figure S3 of Supporting Information. The
convergence test showed that the PMF landscapes converge
after 1.8 μs simulation (at least 300 ns for each simulation
run). From the converged PMF profile (Figure 3B), one can
see that the binding of the SARS-CoV-2 FP to the bilayer
membrane should be more effective than that of the SARS-
CoV-1 FP.
To compare the mechanical strength of FP−membrane

binding, we performed constant-velocity pulling simulations on
different SARS-CoV-1 and SARS-CoV-2 FP-binding models
(Figure S4 of Supporting Information). We carried out three
independent pulling simulations with different initial velocities
for each starting configuration. In a constant-velocity pulling
simulation, we moved the mass center of the FP away from the
membrane center along the membrane normal (z axis) until
the FP was pulled away from the membrane surface (Figure S5
of Supporting Information). From the force-extension curves
(Figure 4), one can see that the maximum rupture forces of
SARS-CoV-2 FP-membrane binding models are between 430
pN and 600 pN and those of SARS-CoV-1 FP-membrane
binding models are in the range of 250−390 pN, revealing that
the membrane-binding strength of SARS-CoV-2 FP is more
potent than that of SARS-CoV-1 FP. Thus, the pulling
simulation results support the PMF profiles presented in
Figure 3B.
According to the number density profiles for water and

cholesterol molecules (as shown in Figure 5A,B), we found
that the membrane-binding of the SARS-CoV-2 FP (with a
short N-terminal helix) caused the displacement of water and
cholesterol molecules toward the bilayer membrane center as
compared to that of the SARS-CoV-1 FP (with a long N-
terminal helix). It is reasonable because the deeper penetration
of the SARS-CoV-2 FP into the membrane would affect the
distribution of water molecules at the membrane−water
interface and that of cholesterol molecules inside the
membrane. On the other hand, the displacement of cholesterol
molecules toward the bilayer membrane center might benefit

the interactions between the SARS-CoV-2 FP and lipids. For
instance, from Figure S1 of Supporting Information, one can
see that the membrane binding of the SARS-CoV-2 FP makes
the density distribution of phosphate and choline groups
broader than that of the SARS-CoV-1 FP. In addition, we
calculated the interaction site residence times for the specific
contacts between the FPs and cholesterol with the PyLIPiD
program developed by the Sansom group.49 By comparing the
strength (measured as residue time) of the cholesterol
interactions with SARS-CoV-1 and SARS-CoV-2 FPs (given
in Figure 5C,D), one can find much stronger cholesterol
interactions with the N-terminal residues of SARS-CoV-2 FP
than those of SARS-CoV-1 FP. However, we also saw weaker
cholesterol interactions with the C-terminal residues of SARS-
CoV-2 FP than those of SARS-CoV-1 FP, indicating that the
SARS-CoV-2 FP prefers the N-terminal binding to the
membrane compared to the SARS-CoV-1 FP.

Binding Modes of the SARS-CoV-1 and SARS-CoV-2
FPs to the Bilayer Membrane. To compare the binding
modes of the SARS-CoV-1 and SARS-CoV-2 FPs to the target
membrane, we calculated the z-distances from the N-terminus
or C-terminus of the FPs to the POPC/POPE/cholesterol
membrane surface, respectively. Based on the calculated z-
distance results, we constructed the PMF profiles for the N-
terminal or C-terminal binding of the FPs to the bilayer
membrane, as shown in Figure 6. From Figure 6A, one can see
that the N-terminus of the SARS-CoV-2 FP is more deeply
inserted in the target membrane than that of the SARS-CoV-1
FP, explaining that the binding strength of the SARS-CoV-2
FP is greater than that of the SARS-CoV-1 FP, as shown in
Figure 4. In contrast, the C-terminal binding strength of the
SARS-CoV-2 FP is weaker than that of the SARS-CoV-1 FP,
presented in Figure 6B. Thus, these results confirm that the
SARS-CoV-2 FP binds to the bilayer membrane more
favorably with its N-terminus, demonstrated in Figure 5D.
Furthermore, Figure 6 shows that both C-terminal and N-
terminal bindings of the SARS-CoV-1 FP are favorable,
explaining the result given in Figure 5C.
Based on the calculated z-distances from the N-terminus and

C-terminus of the FPs to the bilayer membrane surface, we
constructed two-dimensional (2D) free energy maps of the FP

Figure 3. (A) Number density profile for the phosphate (P) groups of phospholipids, obtained from the CHARMM36 all-atom MD simulations of
the POPC/POPE bilayer (30% cholesterol) with SARS-CoV-1 (red) and SARS-CoV-2 (green) FPs. (B) PMF profile for binding the SARS-CoV-1
(red) and SARS-CoV-2 (green) FPs to the POPC/POPE bilayer surface. Dotted lines denote the bilayer surface. A negative distance value
indicates the location inside the membrane, and a positive value indicates the position outside the membrane. Please note that we used the
bootstrapping method to estimate the standard error for the PMF profile.
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binding. In the case of the membrane-bound SARS-CoV-1 FP
(Figure 7A), one can see that the SARS-CoV-1 FP has two
major binding modes: C-terminal binding and N-terminal
binding. Meanwhile, we determined the minimum free energy
path (depicted in Figure 7A) based on the calculated PMF

values of the conformations, finding that the transition
between the two binding modes should be rapid (the free
energy barrier between the two binding modes is less than 2
kJ/mol), as shown in Figure 7B. Meanwhile, Figure 7B shows
an intermediate state (state III) between the two most favored

Figure 4. Force−extension curves for pulling (A) SARS-CoV-1 FP and (B) SARS-CoV-2 FP away from the POPC/POPE/cholesterol bilayer
membrane surface. For each FP model, six different membrane-binding configurations (given in Figure S4 of Supporting Information) were used
for the constant-velocity pulling simulations. Three independent pulling simulations were carried out for each starting configuration with different
initial velocities.
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states (the C-terminal binding and N-terminal binding states,
denoted by I and V), and the three membrane-bound states (I,
III, and V) are depicted in Figure 7C. The N-terminal binding
mode (state V) corresponds to the incomplete insertion of the
long N-terminal helix into the bilayer membrane in an oblique
manner. In particular, the non-polar side chains of three N-

terminal residues (F799, I800, and L803) are buried inside the
membrane (Figure S6A of Supporting Information), indicating
that the penetrating residues (F799, I800, and L803) are more
likely to interact with the membrane, consistent with the result
given in Figure 5D. This pattern was also captured by Gorgun
et al.,33 who employed the SARS-CoV-1 FP segment as a

Figure 5. Number density profiles for (A) water molecules and (B) cholesterol molecules, calculated from the all-atom MD simulations of
membrane-binding models of SARS-CoV-1 (black) and SARS-CoV-2 (red) FPs. Dotted lines denote the bilayer membrane surface. Interaction site
residence time for the specific contacts (C) between SARS-CoV-1 FP and cholesterol and (D) between SARS-CoV-2 FP and cholesterol as a
function of the residue index; some penetrating amino acid residues (Phe, Ile, and Leu) are labeled in each figure.

Figure 6. PMF profiles for (A) N-terminal binding and (B) C-terminal binding of the FPs to the POPC/POPE/cholesterol bilayer membrane
surface (30 mol % cholesterol), constructed from the all-atom MD simulations of SARS-CoV-1 (red) and SARS-CoV-2 FPs (green) with the
bilayer membrane. dNT‑Surface represents the distance from the N-terminus of FPs to the bilayer membrane surface, while dCT‑Surface represents the
distance from the C-terminus of FPs to the bilayer membrane surface (denoted by dotted lines). Please note that we used the bootstrapping
method to estimate the standard error for the PMF profile.
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template and simulated the membrane binding of SARS-CoV-2
FP with a highly mobile membrane mimetic model. The
transition state (state III) between the N-terminal and C-
terminal binding modes shows that the N-terminal helix of the

SARS-CoV-1 FP is partially unfolded, and the FP is anchored
to the membrane surface through the N-terminus and C-
terminus. The C-terminal binding mode (state I) represents a
pattern in which the C-terminal loop is inserted in the bilayer

Figure 7. (A) 2D free energy map (kJ/mol) for binding the SARS-CoV-1 FP to the POPC/POPE/cholesterol bilayer membrane. The x axis
represents the distance (dCT‑Surface) from the C-terminus of the FP to the bilayer membrane surface, while the y axis represents the distance
(dNT‑Surface) from the N-terminus of the FP to the bilayer membrane surface. The conformations along the pathway from the C-terminal binding
mode to the N-terminal binding mode are labeled with I, II, III, IV, and V. (B) Relative free energies (kJ/mol) of five representative conformations
along the pathway between two binding modes; please note that the PMF value of state II is taken as the zero free energy. (C) There are three
representative snapshots for the membrane-bound states (I, III, and V) of the SARS-CoV-1 FP with the bilayer membrane; the lipid and cholesterol
molecules are shown in marine lines and the SARS-CoV-1 FP molecule in a red cartoon.

Figure 8. (A) 2D free energy map (kJ/mol) for binding the SARS-CoV-2 FP to the POPC/POPE/cholesterol bilayer membrane. The x axis
represents the distance (dCT‑Surface) from the C-terminus of the FP to the bilayer membrane surface, while the y-axis represents the distance
(dNT‑Surface) from the N-terminus of the FP to the bilayer membrane surface. (B) Representative snapshot of the most stable membrane-bound
configuration of the SARS-CoV-2 FP with the bilayer membrane, and the lipid and cholesterol molecules are shown in red and yellow sticks,
respectively, and the SARS-CoV-2 FP molecule in a green cartoon.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.2c01295
J. Phys. Chem. B 2022, 126, 4261−4271

4267

https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01295?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01295?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01295?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01295?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01295?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01295?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01295?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01295?fig=fig8&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c01295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


membrane and the N-terminal helix of the SARS-CoV-1 FP
remains unfolded. In the C-terminal binding mode (state I), it
is seen that the non-polar side chains of two C-terminal
residues (F815 and L823) are pointed toward the bilayer
membrane center (Figure S6B of Supporting Information),
indicating that the penetrating residues (F815 and L823) have
strong interactions with the membrane, consistent with the
result shown in Figure 5C.
However, as for the SARS-CoV-2 FP-membrane binding,

only the N-terminal binding mode is the most favorable
because the short N-terminal helix of FP is deeply embedded
in the bilayer membrane, as shown in Figure 8. This
observation should support the MD simulation work of
Hummer and co-workers,32 showing that a short amphipathic
helix might endow the FP with a high membrane-anchoring
strength. In addition, it is interesting to find that the non-polar
side chains of three N-terminal residues (F817, I818, and
L821) are also buried inside the membrane (Figure S7 of
Supporting Information). Furthermore, by comparing the

interaction strength of the three N-terminal residues (Phe, Ile,
and Leu) with membrane cholesterol (given in Figure 5C,D),
it is seen that the three penetrating residues of SARS-CoV-2
FP interact with membrane cholesterol more strongly than
those of SARS-CoV-1 FP, suggesting that the hydrophobic
residues (Phe, Ile, and Leu) in a short α-helix bind to the cell
membrane more strongly than in a long α-helix.
The comparison of FP structures shows that the helix length

of the SAR-CoV-1 FP is longer than that of the SAR-CoV-2
FP, as shown in Figure 1. However, we found that the N-
terminal helix of the SARS-CoV-1 FP partially unfolded during
the transition from the N-terminal binding mode to the C-
terminal binding mode. Thus, it is interesting to investigate the
correlation between the FP membrane-binding modes and the
helix length of the FPs. In this study, we constructed the 2D
free energy map as a function of the helix length of the FPs
(Figure 9A), showing that the helix length of the SARS-CoV-1
FP was maintained in the N-terminal insertion mode (state a
or state V in Figure 7C). However, we found that in the C-

Figure 9. (A) 2D free energy map (kJ/mol) for binding the SARS-CoV-1 FP to the POPC/POPE/cholesterol bilayer membrane. The x axis
represents the helix length of the FP, while the y axis represents the distance (dNT‑Surface) from the N-terminus of the FP to the bilayer membrane
surface. (B) Relative free energies (kJ/mol) of three representative conformations (a, b, and c) with different helix lengths; please note that the
PMF value of conformation c is taken as the zero free energy.

Figure 10. (A) 2D free energy map (kJ/mol) for binding the SARS-CoV-2 FP to the POPC/POPE/cholesterol bilayer membrane. The x axis
represents the helix length of the FP, while the y axis represents the distance (dNT‑Surface) from the N-terminus of the FP to the bilayer membrane
surface. (B) CryoEM structure of SARS-CoV-2 FP (left) taken from an experiment (PDB: 6XR8), and the simulated structure of SARS-CoV-2 FP
(right) taken from a representative snapshot for the most stable membrane-bound configuration of the FP with the bilayer membrane.
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terminal loop insertion mode (state c or state I in Figure 7C),
the FP helix at the N-terminus was exposed to the aqueous
solution and partially unfolded and the helix length of the FP
was almost shortened by half (from 1.9 to 1.0 nm). Based on
the DSSP50 analysis results (Figure S8 of Supporting
Information), we discovered that the SARS-CoV-1 FP retained
the helicity at the N-terminus in two out of the six MD
simulations, while there was an observable loss in the α-helical
character of the FP in four out of the six MD trajectories. In
addition, the DSSP analysis revealed that the C-terminal
residues preferred the loop structure (coil-turn-coil or coil-
bend-coil) while the N-terminal α-helix was partially unfolded.
From the end-to-end distance analysis (Figure S9 of
Supporting Information), we observed that the FP with a
short helix restrained the distribution of end-to-end distance
compared with the FP with a long helix, indicating that the
tertiary structure (with a short helix at the N-terminus and a
loop structure at the C-terminus) should be stable. Meanwhile,
the calculated free energies (or PMFs) of the conformations
along the pathway (shown in Figure 9A) revealed the rapid
transition between the two binding modes with different FP
helix lengths, presented in Figure 9B. Therefore, it is clearly
seen from Figures 7B and 9B that the SARS-CoV-1 FP has two
favorable binding modes: the C-terminal loop insertion mode
with a short α-helix and the N-terminal binding mode with a
long α-helix.
In contrast, the helix length of the SARS-CoV-2 FP can be

stably maintained in the membrane-bound configurations, as
shown in Figure 10. This observation is reasonable because the
short N-terminal helix of the SARS-CoV-2 FP can be
completely embedded in the bilayer membrane (as shown in
Figure 8B). The DSSP analysis and the end-to-end distance
analysis gave consistent results (Figures S10 and S11 of
Supporting Information), showing that the SARS-CoV-2 FP
continuously retained the helicity at the N-terminus. In
addition, the DSSP analysis results demonstrated that the C-
terminal residues (at least 10 amino acid residues) were
unstructured (mainly random coil), and the random coil at the
C-terminus would not be conducive to the binding of C-
terminal residues to the membrane. Thus, the SARS-CoV-2 FP
prefers the N-terminal binding mode because a short helix at
the N-terminus endows the SARS-CoV-2 FP with higher
membrane-anchoring strength.

■ CONCLUSIONS
In this work, based on the cryoEM structures of the SARS-
CoV-1 and SARS-CoV-2 S-proteins, we constructed different
membrane-binding models of the SARS-CoV-1 and SARS-
CoV-2 FPs with a lipid composition (POPC/POPE/
cholesterol: 60/10/30 mol %). For each FP (SARS-CoV-1
FP or SARS-CoV-2 FP), we simulated six different membrane-
binding systems independently using the CHARMM36 force
field, and a total of 3.0 μs MD simulation trajectory was used
to analyze the membrane-binding mode of the FPs. The all-
atom MD simulation results revealed that the binding strength
of the SARS-CoV-2 FP to the bilayer membrane is greater than
that of the SARS-CoV-1 FP. Meanwhile, we found that the
SARS-CoV-2 FP binds to the bilayer membrane favorably with
the N-terminal helix insertion mode because the short α-helix
at the N-terminus is stable and the C-terminal residues are
unstructured. In contrast, the SARS-CoV-1 FP has no such
preference, and both the C-terminal loop insertion mode and
the N-terminal insertion mode are favorable. Furthermore, we

found that the membrane-penetrating residues (Phe, Ile, and
Leu) were more likely to interact with membrane cholesterol,
suggesting that these hydrophobic residues are essential to the
FP−membrane binding. In particular, the membrane-penetrat-
ing residues of short α-helix interact with the cell membrane
more strongly than those of long α-helix, explaining that the
SARS-CoV-2 FP prefers the N-terminal binding to the
membrane compared to the SARS-CoV-1 FP.
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