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ABSTRACT: In this paper, we present the parameterization of the CAVS
coarse-grained (CG) force field for 20 amino acids, and our CG
simulations show that the CAVS force field could accurately predict the
amino acid tendency of the secondary structure. Then, we used the CAVS
force field to investigate the binding of a severe acute respiratory
syndrome-associated coronavirus fusion peptide (SARS-CoV-2 FP) to a
phospholipid bilayer: a long FP (FP-L) containing 40 amino acids and a
short FP (FP-S) containing 26 amino acids. Our CAVS CG simulations FP-L or
displayed that the binding affinity of the FP-L to the bilayer is higher than s -
that of the FP-S. We found that the FP-L interacted more strongly with
membrane cholesterol than the FP-S, which should be attributed to the (&
stable helical structure of the FP-L at the C-terminus. In addition, we &
discovered that the FP-S had one major and two minor membrane-bound

states, in agreement with previous all-atom molecular dynamics (MD) studies. However, we found that both the C-terminal and N-
terminal amino acid residues of the FP-L can strongly interact with the bilayer membrane. Furthermore, we found that the disulfide
bond formed between Cys840 and Cys851 stabilized the helices of the FP-L at the C-terminus, enhancing the interaction between
the FP-L and the bilayer membrane. Our work indicates that the stable helical structure is crucial for binding the SARS-CoV-2 FP to
cell membranes. In particular, the helical stability of FP should have a significant influence on the FP—membrane binding.
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H INTRODUCTION However, the membrane fusion process of SARS-CoVs

Severe acute respiratory syndrome-associated coronaviruses (consisting of multiple FPs) is more complicated than

. . ; . . 2
(SARS-CoVs)"” have severely threatened public health. Since ¥nﬂuenza VITuses, which “S“albl’g conta'ln a single FP. ’ F(?r
the end of 2019, the outbreak of SARS-CoV-2 and its mutants 1nst.ance, Rf)ttler and co-workers consade;ed the hydrophobic
have triggered unprecedented severe pneumonia (namely, regron (residues 770 788) asap otential FP of SARS-CoV-
COVID-19), and various mutants of SARS-CoV-2 continue to 1. W1mle).7 andl co-woll‘kers also proposed the same
seriously impact human health and the development of the hydrophobic region (re51dues. ,770—?1;?23 as th? SARS-
world economy. The envelope of the RNA virus consists of CoV-1 FP. Furthermore, Guillen et al. identified the

various proteins, among which the spike protein or S-protein is segment (residues 873 8.88) of S-protein as an i;t ernal FP
vital to viral infection.”® The S-protein of SARS-CoV (SARS- (IFP) of SARS-CoV-1. Whittaker and co-workers ™ showed

CoV-1 or SARS-CoV-2) consists of S1 and S2 subunits. that t'he amino acids of the segment (residues 7228—815)
are highly conserved among all CoVs. Lee et al.™ solved the

FP structures of SARS-CoV-2 (residues 816—838) in the
different states by the solution NMR and CD experiments,

Various studies have consistently revealed that during virus
infection, the receptor-binding domain (RBD) of the S1

subunit first interacts with the host cell's angiotensin- line that 2 hel; heli £ ch . Ie bindi
converting enzyme 2 ( ACEZ),Q_B and then, the S2 subunit revealing that a helix-turn-helix motit characterizes the binding

facilitates the membrane fusion between the host cells and of the SARS-CoV-2 FP to cell memb.ranes. .
SARS-CoVs. ' +15 Due to the complex membrane—fusion mechanism of SARS-

The S2 subunit of S-protein, which involves viral fusion and CoV FPs, it is a great challenge for experimental research. As

entry, contains different structural domains, including fusion

peptide (FP) and transmembrane (TM).'®'” FP is a short Received: August 8, 2022
peptide with 15—40 amino acid residues,*™>’ which are Accepted: September 21, 2022
mainly hydrophobic. In particular, some membrane-penetrat- Published: October 6, 2022

ing residues are highly conserved in the coronavirus family,
such as leucine (Leu), isoleucine (Ile), and phenylalanine
(Phe). The FP is vital to the viral fusion into host cells.”
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Figure 1. Comparison between the (A) CAVS1 CG model and (B) CAVS2 CG model for cholesterol. In the CAVS1 and CAVS2 models, two
C1T beads were respectively attached to the cholesterol ring to prevent the closer packing between cholesterol molecules, and the nonpolar tail of
cholesterol was grouped into three beads (one C2P and two C3P beads). As for the cholesterol ring, four CG particles (one CIO, one C6R, and
two C4R beads) were used for the CAVS1 model and seven CG particles (one CEO, one C3E, two C3P, and three C2P beads) for the CAVS2

model.

an important supplementary tool for experimental research, the
all-atom molecular dynamics (MD) simulation technique has
been widely used to probe the membrane—fusion mechanism
of SARS-CoV FPs.*® For instance, Tajkhorshid and co-
workers®” used the experimental FP structure (PDB:
S5XLR)*® of SARS-CoV-1 (residues 798——823) to model
the FP structure of SARS-CoV-2 (residues 816——841).
They found that the FP fragment (containing 26 residues) of
SARS-CoV-2 had three membrane-binding modes in a highly
mobile membrane mimetic environment. Hummer et al.’'
used full-length FP (composed of 40 amino acid residues) of
SARS-CoV-2 to construct an FP—membrane binding complex
and found that the full-length FP (residues 816—855),
containing three short helices and a fully conserved disulfide
bond, spontaneously bound to the membrane. Banerjee and
co-workers® compared the binding of two different SARS-
CoV-2 FPs (a long FP encompassing 40 residues and a short
FP containing 26 residues) to the cell membrane. Their MD
simulations showed that the long FP (FP-L) trimer would
trigger the membrane fusion more effectively than the short FP
(FP-S). Pal®® employed replica-exchange MD (REMD)
simulations to explore the physicochemical properties of the

SARS-CoV-2 FPs, suggesting that the S-protein dynamics
(especially loop dynamics) should be critical to the
fusogenicity of SARC-CoV-2. Li and co-workers’* investigated
the opening of the SARS-CoV-2 FP using enhanced sampling
techniques, showing that the interaction between small
molecules and the FP would slow the opening of the FP.
However, the all-atom MD simulation method requires
considerable computational power when investigating the
process of a complex system occurring on a larger spatial
scale and on a longer time scale. To ease the computational
costs, various coarse-grained (CG) models (such as
MARTINL*™* TMFF,*™*" PACE,""** UNRES,"*" and
GBEMP,”~* PRIMO,***’ ELBA,””®' etc.) have been
proposed by reducing multiple atoms into a “superatom”.
The accuracy of these CG models varies with the granularity
level or the purpose of specific research. For instance, Voth et
al.>* constructed a CG model for a complete SARS-CoV-2 viral
particle and showed how to improve the CG model using
available experimental and computational data. To explain the
high infection of SARS-CoVs, Tarakanova et al.>® constructed
CG models for the S-proteins of different CoVs. They
conducted the normal mode analysis (NMA) to compare the
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protein dynamics of different CoV S-proteins. Amitai’*
constructed a shape-based CG model for the SARS-CoV-2 S-
protein and conducted the on-rate (targeting) analysis to
predict important mutation sites in the S-protein. Gu and co-
workers®™® used the MARTINI force field to simulate the
binding form of SARS-CoV-2 RBD with ACE2, and they found
that the plier structure at both ends of the RBD-ACE2
interface would benefit the interaction between the RBD and
the full-length human ACE2. Tieleman and co-workers*®
constructed the MARTINI CG models for the intact envelopes
of SARS-CoVs containing multiple S-proteins. They performed
microsecond CG simulations to explore the S-protein
dynamics in different SARS-CoV envelopes. Unfortunately,
there is a lack of CG simulations to explore the fusion
mechanism between SARS-CoV FPs and cell membranes.

Previously, we have proposed the CAVS models for water,”’
phospholi ids,>%>” sterols,°”®! surfactants,®” and helical
peptides.”’ In the CAVS CG model for water shown in Figure
S1 in the Supporting Information,®” four actual water
molecules are grouped into a collective unit. As for the
CAVS models for phospholipids given in Figure S2 in the
Supporting Information, two additional electrostatic inter-
action sites are included in each ester-linkage group, such that
the CAVS simulation can accurately predict the dipole
potential of phosphatidylcholine (PC) phospholipid bilayers>®
and correctly reveal the ether linkage effect.”” We also applied
the CAVS CG model to reveal the sterol effect on the water—
membrane interface structure and the sterol dynamics in
bilayer membranes.’”®" Recently, the CAVS force field has
been successfully used to simulate a surfactant’s adsorption on
graphene.”” In addition, we parameterized the CAVS CG
model for different helical peptides and explored the tilt of
KALP peptides in the dimyristoylphosphatidylcholine
(DMPC) bilayer.”*

Here, we parameterized the CAVS CG model for 20 amino
acids and simulated the FP—membrane binding process. First,
we constructed the binding complexes of a short FP (FP-S)
and a long FP (FP-L) with a POPC/cholesterol bilayer (the
ratio of POPC to cholesterol is 7:3). Then, we generated six
different membrane-binding structures for each FP—membrane
binding model and performed a 10 ps CAVS simulation on
each starting configuration. Finally, we used the 60 us CG MD
trajectory to explore the membrane-binding modes of the FPs.
It is encouraging that our CAVS model can capture the
binding modes observed in atomistic MD studies. In addition,
our CAVS simulations show that the stable helical structure
enables the hydrophobic residues to interact strongly with
cholesterol, which endows the FP-L with a higher membrane-
binding strength than the FP-S. This observation is consistent
with the previous all-atom MD simulation results.*"** Finally,
we investigated the effect of the disulfide bond between
Cys840 and Cys851 on the membrane binding of the FP-L,
finding that the disulfide bridge stabilizes the helical structure,
which should strengthen the binding between the FP-L and the
bilayer membrane.

B METHODS

CAVS Models for Cholesterol. In our earlier work, we
proposed the CAVS CG model for cholesterol and investigated
the influence of cholesterol on various phospholipid bilayer
structures.’” However, the old version of the CAVS cholesterol
model (namely, CAVS1) underestimated the phospholipid
bilayer thickness at low cholesterol contents. In this paper, we

Alanine Dipeptide

Figure 2. CAVS model for alanine dipeptide. In this model, the van
der Waals (vdW) interacting centers are denoted by black and the
electrostatic interaction sites by red and blue.

propose an updated version of the CAVS model for cholesterol
(namely CAVS2), which can improve the prediction of POPC
bilayer thickness at low cholesterol concentrations. Figure 1
compares the difference between the CAVS1 and CAVS2
representation for cholesterol. In the CAVS1 model, we
reduced the cholesterol ring to four CG particles (one CIO,
one C6R, and two C4R beads) and introduced a point dipole
into the CIO bead containing two electrostatic sites: OI and
CIO. In the CAVS2 model, we reduced the cholesterol ring to
seven CG particles (one CEO, one C3E, two C3P, and four
C2P beads). Similarly, we included a point dipole into the
CEO bead containing two electrostatic sites: OI and CEO.
Therefore, the main difference between the CAVS1 and
CAVS2 models is the granularity level of the cholesterol ring,
Specifically, the CAVS2 model introduces three more CG
particles into the cholesterol ring than the CAVS1 model. In
the CAVS1 and CAVS2 models, we grouped the hydrophobic
tail of cholesterol into three beads (one C2P and two C3P
beads). In addition, the pseudo-methyl groups (two CI1T
beads) of cholesterol were explicitly attached to the cholesterol
ring to prevent the closer packing between cholesterol
molecules.

CAVS Models for Amino Acid Dipeptides. In the CAVS
CG representation for alanine dipeptide (Figure 2), we
reduced the alanine dipeptide into 10 CG units: one CAN,
three C1T, two OCN, two CON, and two NHC beads (the
corresponding all-atom structures of these reduced CG beads
are given in Figure S3 in the Supporting Information). In the
alanine dipeptide model, the OCN and HN sites involve
electrostatic interactions. The CG representation for the side
chain analogues of 19 amino acids is depicted in Figure S4 in
the Supporting Information. Based on the all-atom structures
of amino acid dipeptides, we determined the equilibrium
distance (Table S1 in the Supporting Information) of the bond
connecting two neighboring CG units. Similarly, the angle and
dihedral potentials were parameterized by fitting the
probability distributions constructed from all-atom reference
MD simulations of amino acid dipeptides.®® All angle-bending
and dihedral angle parameters are given in Tables S2 and S3 in
the Supporting Information, and the vdW interaction
parameters (Table S4 in the Supporting Information) for all
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Figure 3. FP models of SARS-CoV-2: FP-S (red) and FP-L (green). Cys840 and Cys851 (space-filling models) form a disulfide bridge in the FP-L

model.
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Figure 4. Six starting configurations of the (A) FP-S and (B) FP-L binding to the POPC/cholesterol bilayer membrane were used for the CG
simulations. The bilayer membrane comprises 154 cholesterol molecules and 358 POPC lipids. The FP-S and FP-L monomers are indicated by red,

the cholesterol molecules by yellow, and the POPC lipids by blue.

CAVS CG particles are directly adopted from our previous
works.”’ 7%

Membrane-Binding Models of SARS-CoV-2 FPs. Based
on the experimental S-protein structure of SARS-CoV-2 (PDB:
6XR8),”> we obtained all-atom structures of the FP-L (26
amino acid residues) and FP-S (40 amino acid residues), as
shown in Figure 3. Then, we converted each atomistic
structure into its corresponding CG representation. Since
phosphatidylcholine (PC) and cholesterol molecules are the
major components of biomembranes, we constructed the FP—
membrane binding complexes with the POPC bilayer (30 mol
% cholesterol) using the PACKMOL program.66 The POPC
bilayer membrane comprises 154 cholesterol molecules and
358 POPC lipids. For each FP—membrane complex, we
constructed six starting structures (Figure 4) by altering the
orientation of the FP relative to the bilayer normal (z-axis).

CAVS Coarse-Grained (CG) Simulation. The simulation
package GROMACS 4.6.5°” was used for all CAVS
simulations. Each membrane-binding model of the FP was
immersed in the CAVS CG water’’ (0.15 M NaCl solution),
and the solvated complex was minimized. The optimized
structure was heated from 100 to 300 K under NVT
conditions. Then, we performed a 100 ns NPT equilibrium
run followed by a 10 us production run under an NPT
condition. All NPT simulations were conducted at a constant
temperature of 310 K with the Nose—Hoover method®®® and
a constant pressure of 1 bar with the semi-isotropic Parrinello-
Rahman algorithm.”” We used a shift scheme for the vdW
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Figure 5. (A) Cholesterol effect on the POPC/cholesterol bilayer
thickness, and the experimental bilayer thickness of the POPC bilayer
was obtained from the work by Hodzic et al.”> (B) Cholesterol effect
on the POPC area condensation, and we obtained the experimental
results for area per molecule from the work by Smaby et al.”* (C)
Cholesterol effect on the average cholesterol tilt in the POPC bilayer,
and our previous work® provided the CHARMM36 all-atom
calculations of the cholesterol tilt angle. (D) Cholesterol effect on
the dipole potential of the POPC bilayer, and we obtained the
exper%nental result for the dipole potential from the work by Haldar
et al.
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Figure 6. Free-energy (PMF) landscapes for the backbone distributions (¢)/y) of 20 amino acid dipeptides, obtained from the Dunbrack library.76

In the free-energy contour plots, the difference between the contour lines is 0.5 kJ/mol.

interactions (shifted from 1.2 to 1.6 nm) and adopted the
particle mesh Ewald (PME) method”" to calculate electrostatic
interactions (the cutoff value is 1.6 nm). The integration time
step of 10 fs was used for CG simulations when we employed
the LINCS algorithm”” for the constrained bonds inside CG
units.

Constant-Velocity Pulling Simulation. In this work, we
conducted pulling simulations with a constant velocity to
compare the FP-L and FP-S membrane-binding strength in the
POPC/cholesterol bilayer. Six different structures selected
from CAVS simulation trajectories were used for the pulling
simulation. Three independent pulling simulations (starting
with different initial velocities) were conducted for each
selected configuration, and a pulling force was applied to
remove the FP from the bilayer surface (toward the aqueous
solution). The removal force constant is 1000 k] nm™" mol™!,
and the constant pulling speed is 0.005 nm ns™'. We
terminated each pulling simulation when the distance between

the FP mass center and the bilayer surface was about 4.0 nm.

B RESULTS AND DISCUSSION

Improving the CAVS Model for Cholesterol. Hodzic et
al.” used the SAXS (small-angle X-ray scattering) technique to
determine the bilayer thickness of POPC membranes as a
function of cholesterol content, showing that the experimental
bilayer thickness increased from 3.7 nm at low cholesterol
contents and then reached the plateau at high cholesterol
concentrations (>17% cholesterol). Our previous work showed
that the early CAVS model (CAVS1) roughly captured this
experimental trend.®® However, the CAVS1 model under-
estimated the experimental bilayer thickness of the POPC
membrane and did not reproduce the plateau at high
cholesterol concentrations. To improve the prediction of
POPC bilayer thickness at low cholesterol concentrations, we
proposed an updated version of the CAVS model for
cholesterol (CAVS2) by introducing more CG units. By
comparing the performance of the CAVS1 and CAVS2 CG
models in predicting the bilayer thickness of the POPC
membrane, we found that the CAVS2 model improved the
prediction at low cholesterol contents and reproduced the
plateau at high cholesterol contents, as shown in Figure SA. In
addition, Smaby et al.”* investigated the cholesterol effect on
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the POPC bilayer condensation, showing a rapid decrease in
area per molecule below 30% cholesterol and a slow decline
above 30% cholesterol. It is encouraging that the CAVS2
model nicely captures the feature, as shown in Figure SB.

Based on the CAVS CG simulations of the POPC/
cholesterol bilayer bound with the FPs, we estimated the
average cholesterol tilt angle (#) as follows

0) = f09°9 p(6)d0 0

where 6 and p(0) represent the tilt angle and the probability.
We define the cholesterol tilt angle (Figure SS in the
Supporting Information) based on the orientation between
the principal axis of cholesterol and the z-axis (bilayer normal).
Figure SC shows that the average cholesterol tilt angle
decreases with the increase of the cholesterol concentration,
in agreement with the CHARMMS36 all-atom simulation
results.

Furthermore, we measured the dipole potential ¢q as a
function of z through the following relation
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Table 1. Relative Populations (%) of Three Dominant
Regions (@, ag, PPII + f) Calculated Based on the
Backbone (¢/y) Distributions of Amino Acid Dipeptides
and the Comparison between the CAVS Simulations and the

Dunbrack Library,”® Which Is Free to Download
ay, (%) ag (%) PPIL+f (%)

amino acid CAVS Dunbrack CAVS Dunbrack CAVS Dunbrack

Ala 3.1 44 473 462 47.1 477
Arg 1.2 3.7 43.2 40.7 53.9 55.2
Asn 92 142 4338 42.1 45.1 434
Asp 43 6.6 489 516 445 411
Cys 45 6.7 427 434 499 49.6
Gln 42 47 433 2.4 50.1 52,0
Glu 47 45 452 429 482 522
Gly 27.1 345 24.1 232 23.6 19.8
His 8.7 7.5 412 39.2 467 523
Tle 2.7 32 431 416 53.8 57.8
Leu 3.8 37 475 48.1 474 476
Lys 3.1 47 46.4 453 483 49.8
Met 32 4.0 42.6 429 523 52.8
Phe 64 8.0 444 425 463 492
Pro 0 0 20.1 23.1 79.9 76.9
Ser 2.1 2.4 469 463 492 50.7
Thr 22 0.6 48.1 504 47.8 487
Trp 2.4 6.1 493 512 478 424
Tyr 23 3.6 45.2 46.3 50.9 49.9
Val 12 04 39.8 37.7 57.1 61.8
1 z ., pz ,
¢(2) = ——/ dz / p(z")dz"
& Y0 0 (2)

where ¢, represents the vacuum permittivity and p(z”)
corresponds to the local charge density. The CAVS2 model
(shown in Figure SD) displays that the dipole potential of the
POPC bilayer increases with the increase of cholesterol
concentration, qualitatively in agreement with the
CHARMM36 all-atom and experimental results.

CAVS CG Simulations of Amino Acid Dipeptides.
Here, we completed the CAVS CG force field parameterization
for 20 amino acids. The derivation of the CAVS CG
parameters for amino acids and phospholipids has been

ey . 5863
described in our previous works,

below:

and we briefly report it

(1) We parameterized the bonded potential (bond and
angles) for the CAVS force field based on all-atom MD
simulations. Tables S1—S3 in the Supporting Informa-
tion present the parameters of bonded potential for the
CAVS force field.

The intermolecular interaction potentials between
CAVS CG beads and solvents (such as water and 1-
octanol) were parameterized based on the experimental
solvation free energies of organic molecules in
solvents.”® Then, we parameterized the nonbonded
potential (Table S4 in the Supporting Information) of
CAVS CG beads by fitting the all-atom MD results for
the radial distribution functions (RDF).®®

To preserve the electrostatic characteristics of a
hydrophilic molecule, we introduced the electrostatic
interaction sites into the CAVS CG unit and calculated
the partial charges (Table S5 in the Supporting
Information) according to the dipole moments of the
organic molecules.

()

(3)

We constructed the potential mean force (PMF) profiles (or
free-energy landscapes) for the backbone (¢b/y) distributions
of 20 amino acid dipeptides based on the Dunbrak library,”® as
displayed in Figure 6. From the CAVS simulation results
(Figure 7), it is seen that our CG model can correctly predict
the three dominant regions (ag, @, and PPII + f). The
backbone (¢/y) distributions can be classified into the
following regions: (a) PPII region (—120° < ¢ < —20, 60° <
w < 180° and —180° < y < —120°); (b) f§ region (—180° < ¢
< —120° and 120° < ¢ < 180°, 60° < y < 180° and —180° < y
< —120°); (c) ag region (20° < ¢ < 160° and —60° < y <
120°); and (d) ag region (—160° < ¢p < —20° and —120° < ¥
< 60°). The CAVS CG results for the relative populations of
three dominant regions (@, ag, and PPII + f3) show that the
CAVS predictions are consistent with the Dunbrack library
results (Figure 8), indicating that our CAVS model can predict
the amino acid preference for the secondary structure (Table
1).1

CAVS CG Simulations of Membrane-Binding Models
of the FP-S and FP-L. Figure 9A illustrates the number
density distributions of the phosphate (P) calculated from the
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Figure 9. (A) Number density distribution of the phosphate (P) groups of POPC, constructed based on the CAVS CG simulations of POPC/
cholesterol bilayer bound with the FP-S (black) and FP-L (red). (B) PMF curves for binding the FP-S (black) and FP-L (red) to the bilayer
membrane. The error for the PMF curves was estimated using the bootstrapping method.
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Figure 10. Residence time of the interaction between amino acid residues of (A) FP-S and (B) FP-L with cholesterol in the POPC bilayer. We
labeled some hydrophobic amino acid residues that interact strongly with cholesterol.

N-terminus

State Il

C-terminus

L841

C-terminus

F823

N-terminus

State Il

C-terminus

“45 40 05 00 05

dCTM-Surhﬂ

Figure 11. Two-dimensional (2D) free-energy landscape for the interaction between the FP-S and the POPC bilayer (30% cholesterol), and the
free energy unit is kJ/mol. dery surface represents the z distance from the FP C-terminus to the POPC bilayer surface, while dyr_surface cOrresponds
to the z distance from the FP N-terminus to the POPC bilayer surface. We labeled the most stable state with I and two metastable states with II and
III. Some hydrophobic residues of the FP-S are represented by color spheres and the phosphate groups by yellow spheres.

CAVS simulations of the FP—membrane binding structures.
According to the number density profiles, we estimated the
distance from phosphate to phosphate (z distance) and defined
this as the POPC bilayer thickness. Our results show that the
FP—membrane binding has an insignificant influence on the
POPC/cholesterol bilayer thickness (around 4.3 nm). Thus,
we can consider the z-position of the bilayer membrane surface
to be 2.15 nm away from the bilayer center. Then, we
calculated the free energy curves (Figure 9B) for binding the
FPs to the POPC bilayer. It is seen from Figure 9B that the
interaction strength of the FP-L with the membrane should be
higher than that of the FP-S.
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It has been reported that increasing the cholesterol content
would enhance the interaction between FPs and cell
membranes.”””” Thus, the membrane-binding strength of the
FPs should be related to the interaction strength with
cholesterol. To estimate the interaction strength between
membrane cholesterol and the FPs, we evaluated the residence
time of the interaction between amino acid residues of the FPs
with cholesterol in the POPC bilayer using the PyLIPiD
program.”® Our results (Figure 10) show that the hydrophobic
amino acid residues significantly contribute to the FP—
membrane binding strength. In particular, one can see from
Figure 10 that the amino acid residues of the FP-L at the C-
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Figure 12. Two-dimensional (2D) free-energy landscape for the interaction between the FP-L and the POPC bilayer (30% cholesterol), and free
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the z distance from the FP N-terminus to the POPC bilayer surface. We labeled the most stable state with I. Some hydrophobic residues of the FP-
S is represented by color spheres and the phosphate groups by yellow spheres.
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Figure 13. Force-extension curves for pulling the FP-S away from the POPC bilayer surface. From the CAVS simulations of the FP-S, six different
structures (Figure S7 in the Supporting Information) were selected for the pulling simulation. Three independent pulling simulations (starting with

different initial velocities) were conducted for each selected configuration.

terminus have much stronger cholesterol interaction than
those of the FP-S. Furthermore, we computed the helicity of
the FPs as a function of residue index from six independent 10
us CAVS CG simulations (Figure S6 in the Supporting
Information), consistently displaying that the C-terminal
helices of the FP-L are more stable than those of the FP-S.
Our results indicate that its secondary structural elements
should substantially influence the FP—membrane interaction
strength. Specifically, the hydrophobic residues of a short helix
might facilitate the membrane binding of FPs.

To compare the FP-S and FP-L membrane-binding modes,
we computed the z-distances from the FP N-terminus and C-
terminus to the POPC bilayer surface and constructed a two-

36770

dimensional (2D) free-energy landscape (in the unit of kJ/
mol) for the FP—membrane binding, as shown in Figures 11
and 12. In the case of the FP-S, we found that the FP-S has
three membrane-bound states (one major and two minor
binding modes), and the structures of the most stable state
(state I) and two metastable states (states II and III) are
presented in Figure 11. The most favorable state (state I)
corresponds to the immersion of the FP-S in the POPC
bilayer. In addition, it can be seen that some hydrophobic
residues (such as F817, 1818, F823, and L841) strongly
interact with the POPC bilayer, in support of the observation
in Figure 10A. The two metastable states (states II and III)
represent the two minor binding modes: state II reveals the
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insertion of the C-terminal loop into the bilayer, while state III
is featured by the incomplete embedding of the N-terminal
helix into the POPC bilayer. In addition, we found that F833
and 1834 belong to the C-terminal loop segment (Figure 11),
and the hydrophobic side chains of F817 and L821 are
pointing toward the bilayer membrane center (Figure 12),
explaining why they strongly interact with cholesterol
(illustrated in Figure 10). It is encouraging that the binding
modes of the FP-S revealed by our CAVS model are similar to
the results obtained from the all-atom MD simulation
performed by Tajkhorshid and co-workers.”

However, in the case of the FP-L, one can see from Figure
12 that the FP-L has only one predominate binding mode, in
which the N-terminal and C-terminal helices are embedded
into the POPC bilayer. Based on the 2D free-energy landscape
given in Figure 12, we randomly selected three representative
configurations from the most stable state (state I). The three
representative structures in Figure 12 show that the hydro-
phobic side chains of amino acid residues are pointing toward
the membrane center, ensuring a strong interaction between
the FP-L and the bilayer. These results support the
observations in Figure 10B, showing that the FP N-terminus
and C-terminus strongly interact with membrane cholesterol.
In addition, the N-terminal and C-terminal amino acid residues
of the FP-L have a high tendency to form the helical structure
(Figure S6 in the Supporting Information). All-atom MD
simulations performed by Hummer and co-workers’' have
shown that the helical structure should enhance the ability of
hydrophobic residues (in particular, Phe, Ile, and Leu) to
penetrate the cell membrane. It has been reported that the
crowding or insertion of peptides should alter the area per
lipid, resulting in membrane bending.””*" In this work, we
found that the single-peptide binding has an insignificant
influence on the area per lipid. Thus, it is worth investigating
how multiple peptide binding influences membrane bending,
which we will present in our future work.

Membrane-Binding Strength of the FP-L is Stronger
than the FP-S. To investigate the interaction strength of the
FPs with the POPC bilayer, we conducted the pulling
simulations of the FP—membrane binding models (Figure S7
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Figure 16. Comparison between the force-extension curves for
pulling the FP-L-SS (left pannel) and the FP-L-noSS (right panel)
away from the POPC/cholesterol bilayer surface.

in the Supporting Information). In each case, we removed the
FP from the POPC bilayer surface (toward the aqueous
solution) and terminated the simulation when the distance
between the FP mass center and the bilayer surface was about
4.0 nm. Based on the force-extension curves (given in Figures
13 and 14), it can be seen that the force to remove the FP-L
from the POPC bilayer surface is in the range of 800 to 1200
pN, while the FP-S only requires a removal force of 500 and
700 pN. These results support that the interaction between the
POPC bilayer and the FP-L is stronger than the FP-S.

In the pulling simulations of the FP-S, we selected four
configurations from the most favorable state (state I in Figure
11), one from state II, and one from state III, as illustrated in
Figure S7 in the Supporting Information. One can see from
Figure 13 that the maximum removal forces in state I (680—
910 pN) are greater than those (490—600 pN) in states II and
111, in support of the PMF profile in Figure 11. Similarly, in the
case of the FP-L, we randomly selected six different structures
(Figure S7 in the Supporting Information) from the most
favorable state (state I). It can be seen in Figure 14 that the
maximum force (in the range of 800—1200 pN) to remove the
FP-L from the bilayer depends on the depth of the FP-L
insertion: the deeper insertion leads to the greater maximum
rupture force.

Role of Disulfide Bridge in the Membrane Binding of
the FP-L. Recently, Sikdar et al.®' explored the effect of
disulfide bonds on the HAV-2B (hepatitis A virus 2B) peptide
partitioning and found that the disulfide bonds would alter the
hydrophobic exposure of peptides, which will influence the
interaction of the viral peptide with host cells. To probe the
effect of the disulfide bridge (S—S) on the helices of the FP-L,
we conducted the CAVS CG simulations on the FP-L with the
disulfide bridge (namely, FP-L-SS) and the FP-L with a broken
disulfide bridge (namely, FP-L-noSS) in an aqueous solution
(0.15 M NaCl), respectively. Based on the 1.0 us CG
simulations in the aqueous solution, we found that the disulfide
bond formed between Cys840 and Cys851 has little effect on
the helical structure at the N-terminus but had a significant
impact on the helical structure at the C-terminus (Figure 15).
Specifically, the disulfide bond is critical to maintain the
stability of the helical structure at the C-terminus (Figure 15).
In addition, we calculated the helicity per residue from the 1.0
us CAVS CG simulations of the FP-L-SS and FP-L-noSS in an
aqueous solution (Figure S8 in the Supporting Information),
confirming the role of the disulfide in the stability of the helical
structure.

Furthermore, we conducted constant-velocity pulling
simulations on the FP-L with the broken disulfide bridge
(FP-L-noSS) to investigate the influence of the disulfide bridge
on the interaction between the POPC bilayer and the FP-L.
Before performing the pulling simulations, we performed the
CG simulations on the starting configurations of the FP-L-
noSS (Figure S7 in the Supporting Information) for 100 ns
and used the equilibrated structures for pulling simulations. By
comparing the force-extension curves of the FP-L with the
disulfide bridge and without the disulfide bridge (Figure 16), it
is seen that the disulfide bridge influences the maximum
rupture forces of the membrane binding of the FP-L. In
particular, five of six pulling simulations show that the disulfide
bridge enhances the interaction strength of the FP-L with the
POPC bilayer, and only one pulling simulation demonstrates
that the disulfide bridge has a slight influence on the FP—
membrane binding strength. Therefore, we can conclude that
the disulfide bond formation (between Cys840 and Cys851)
stabilizes the short helices of the FP-L (Figures 15 and S8 in
the Supporting Information), consequently enhancing the
binding between the FP-L and the POPC bilayer.

B CONCLUSIONS

In this work, we presented an updated version of the CAVS
force field for cholesterol (CAVS2), which can more effectively
improve the cholesterol effect on the POPC bilayer compared
to the early version of the CAVS CG model (CAVS1). Then,
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we completed the CAVS force field parameterization for 20
amino acids, which can accurately reproduce the amino acid
propensity for secondary structures.

We applied the CAVS force field to explore the binding
between the FPs of SARS-CoV-2 and the POPC bilayer (30
mol % cholesterol). We constructed six different membrane-
bound configurations for each FP model and performed a 10
us CAVS CG simulation on each configuration. The PMF
calculations revealed that the FP-L interacts with the POPC
bilayer more strongly than the FP-S, consistent with the
constant-velocity pulling simulation results. Based on the 2D
free-energy landscapes for the FP—membrane binding, we
discovered that the FP-S had one primary and two minor
binding modes. It is encouraging that the three binding modes
captured by our CAVS CG model are similar to those obtained
by previous all-atom MD simulations. In contrast, the FP-L
had only one predominate binding mode: the N-terminal and
C-terminal residues strongly interact with membrane choles-
terol. Our work indicates that the stable helices of the FP-L
ensure the FP-L with a higher membrane-binding strength as
compared to the FP-S. This conclusion is confirmed by
investigating the role of disulfide bond in the membrane
binding of the FP-L. Specifically, the disulfide bond formed
between Cys840 and Cys851 stabilizes the C-terminal helices,
facilitating the interactions between the FP-L and the target
membrane.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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CAVS CG representation for water; CAVS CG mapping
for phospholipids, corresponding all-atom structures of
reduced CG beads in the CAVS CG model; CAVS CG
mapping for the neutral analogues of 19 amino acid side
chains; definition for the cholesterol tilt angle with
respective to the bilayer normal (z-axis); calculated
helicity per residue for the FP-S and FP-L; six
membrane-binding models of the FP-S and FP-L used
for the pulling simulations at a constant speed;
calculated helicity per residue for the FP-L-SS and FP-
L-noSS (Figures S1—S8); constrained distances between
two consecutive CG beads; parameters for the angle-
bending potential of the CAVS force field; parameters
for the dihedral angle potential of the CAVS force field;
vdW parameters for various CAVS CG types, and partial
charges used for the electrostatic interaction sites in the
CAVS CG particles (Tables S1—S5) (PDF)
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