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ABSTRACT: SARS-CoV-2 that caused COVID-19 has spread since
the end of 2019. Its major effects resulted in over four million deaths
around the whole world by August 2021. Therefore, understanding
virulence mechanisms is important to prevent future outbreaks and
for COVID-19 drug development. The envelope (E) protein is an
important structural protein, affecting virus assembly and budding.
The E protein pentamer is a viroporin, serving as an ion transferring
channel in cells. In this work, we applied molecular dynamic
simulations and topological and electrostatic analyses to study the
effects of palmitoylation on the E protein pentamer. The results
indicate that the cation transferring direction is more from the lumen
to the cytosol. The structure of the palmitoylated E protein pentamer
is more stable while the loss of palmitoylation caused the pore radius
to reduce and even collapse. The electrostatic forces on the two sides
of the palmitoylated E protein pentamer are more beneficial to attract cations in the lumen and to release cations into the cytosol.
The results indicate the importance of palmitoylation, which can help the drug design for the treatment of COVID-19.

1. INTRODUCTION
Coronaviruses (CoVs) are notorious as the pathogens of
numerous diseases in a wide range of vertebrates, including
human beings. In 2002, the SARS-CoV-related severe acute
respiratory syndrome (SARS) took 4 months to overwhelm 29
countries and killed 774 reported patients. It almost paralyzed
the Asian economy.1 After 10 years, the outbreak of a new
coronavirus, named the Middle East respiratory syndrome
coronavirus (MERS-CoV), spread in 27 countries, causing a
35% death rate.1b,2 In December 2019, a novel coronavirus
named severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) was discovered and now has already spread
across the whole world. The disease caused by it is known as
coronavirus disease 2019 (COVID-19).3 So far, the disease has
infected 106 million people and caused over 4 million deaths in
the whole world.4 In addition to severe pneumonia, the SARS-
CoV-2 can also cause multi-organ damage, including
cardiovascular disease,5 reproductive risk,6 mental illness,7

and smell disfunction.8 Thus, it is urgent to understand the
virulence mechanisms to prevent future outbreaks and to
develop the remedies for COVID-19.
The SARS-CoV-2 is a positive-RNA strand virus that

belongs to the family Coronaviridae.3a,9 The genome of
coronavirus encodes four major structural proteins, which are
the spike (S) protein, nucleocapsid (N) protein, membrane
(M) protein, and envelope (E) protein.10 The S protein mainly
regulates the binding with the ACE2 (angiotensin-converting
enzyme) receptor of cells.11 The N and the M protein serve as

RNA genome-binding protein12 and the most abundant
structural protein of the viral envelope, respectively.13 The E
protein is the smallest among four major structural proteins.
Other than the S, N, and M proteins, the E protein is
abundantly expressed in the infected cells but only a small
percentage is assembled into the viral envelope.14 The majority
of the protein is located on the ER (endoplasmic reticulum),
Golgi complex, and ERGIC (ER−Golgi intermediate compart-
ment).15 The E protein is related to intracellular trafficking and
participates in the viral assembly and budding.14,16 The
recombined CoVs which lack E protein express crippled viral
maturation and incompetent progeny.17 The study about the E
protein is important to understand virulence mechanisms.
The SARS-CoV E protein contains a short hydrophilic

terminal, a large hydrophobic transmembrane domain (TMD),
and a long hydrophilic carboxyl end (Figure S2).18 Synthetic
peptides of the TMD of E protein can form dimers, trimers,
and pentamers,19 among which the pentametric structure is
widely accepted and studied as a viroporin.13a,14,15 Similarly,
the TMD of SARS-CoV-2 E protein was also found to form a
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five-helix buddle surrounding a narrow pore.19 The narrow
pore is suggested as a viroporin to regulate multiple stages of
viral life circles. Viroporins can transport different ions but
usually prefer cations (H+, K+, Na+, and Ca2+).20 As reported,
the cell infected with coronavirus exhibited a remarkable
increase in pH in the Golgi complex. The increased pH
protects spike protein and promotes the release of the virus
from the cell.16 This finding supports that the E protein
pentamer of coronavirus could be a H+ channel, transferring
H+ from lumen to cytosol. The higher pH in the lumen may
help in release of the virus. To modulate protein functions,
post-translational modifications (PTMs) are necessary. The
PTMs of the E protein of coronavirus include glycosylation
and palmitoylation.13a,21 N-glycosylation, as reported, appears
in a minor form of SARS-CoV E protein, which has both C-
and N-terminals exposed on the luminal side.22 Nevertheless,
the E protein with both the C- and N-terminal on the
cytoplasmic side is not modified by glycosylation. By contrast,
all three cysteine residues (C40, C43, and C44) in the SARS-
CoV E protein are modified by palmitoylation.23 The mutants
of these cysteine residues in E protein of mouse hepatitis virus
A59 (MHV-A59) weaken the ability to form virus-like
particles.24 Additionally, MHV was prone to degradation
when carrying triple mutants.24a Additionally, the palmitoy-
lated protein with higher hydrophobicity benefits membrane
anchoring and association.25 The studies on human
coronavirus also proved the poor localization of non-
palmitoylated E protein in membranes, while the palmitoylated
E proteins are not affected.24a These findings proved the
importance of palmitoylation on the E protein.
To better understand how palmitoylation affects the

function of coronavirus E protein, the SARS-CoV-2 E protein
pentameric structure was used as the reference (E protein
without palmitoylation). The palmitoylation was performed on
the cysteine residues 40, 43, and 44 to each monomer as the
palmitoylated E protein pentamer (E protein with palmitoy-
lation). Afterward, molecular dynamics (MD) simulations were
run to observe the effects of palmitoylation. Besides, the
topological and electrostatic studies were applied to analyze
the function of palmitoylation. In the end, we simulated several
layers of H+ ions on two sides to detect the differences in the
force on cations. These studies were summarized in the
Conclusions section to discuss the effects of palmitoylation on
the function of passing ions on the E protein pentamer.

2. METHOD
2.1. Modeling and Simulation. 2.1.1. Modeling. The

sequence of E protein monomer of SARS-CoV-2 from 2019
was used as the query sequence (RefSeq: YP_009724392.1)
(Figure S1). The three-dimensional pentameric structure of
the E protein of the SARS-CoV-2 structure was based on the
pentameric structure of the SARS-CoV E protein of the PDB
5X2926 and was achieved using the Robetta server.27 Figure S1
shows the sequence and structural alignment of SARS-CoV-2
and SARS-CoV. The sequence similarity is 96%. The modeled
pentameric structure was used as the initial configuration (E
protein without palmitoylation) for the MD simulation. The
palmitoylation was performed on the cysteine residues 40, 43,
and 44 of each monomer (Figure 1) to yield the E protein
pentamer with palmitoylation. The palmitate groups were
added using CHARMM-GUI28 by CHARMM36 force field.29

2.1.2. Simulation. The CHARMM-GUI28 webserver was
used to create the simulating system (Figure 1). The two

structures were then embedded in the membrane dioleoyl
phosphatidylcholine (DOPC) around the center along the Z-
axis. The DOPC is used widely in experiments close to the
membrane where E protein is found.30 The membrane is a
square with a side length of 150 Å along the x- and y-axis. The
system was solvated with water of type TIP3P31 of thickness
15 Å on either side of the membrane. NaCl was used to ionize
the system with a concentration of 150 mM. Parameterization
of the atoms in the system was attained with the CHARMM36
force field.29 Periodic boundary condition was applied to the
simulating box, and particle mesh Ewald32 was used for the
long-range electrostatic interactions. The final system was then
subjected to the MD simulation with NAMD 2.12.33 The
whole simulation includes two steps. The first is equilibration,
and the second is production run. NPT was used for the
equilibration. The temperature was set to 300 K and the
pressure was set to 1 atm using a Langevin thermostat with a
damping coefficient of 1/ps and a Nose−́Hoover Langevin
piston barostat with a decay period of 25 fs, respectively. The
temperature was reassigned every 500 steps. During the
equilibration, a constraint was applied to the entire E protein
pentamer with palmitoylation and the headgroup of the DOPC
lipid. In the production run, NPT ensemble was continued for
100 ns. The constraints on E proteins and headgroups of the
DOPC membrane were released during the production run.
For nonbonded interactions (electrostatic and van der Waal),
the cutoff was set to 12 Å. The switching distance was set to 10
Å. In the production run, the NPT ensemble was continued
for100 ns. The constraints on E proteins and headgroups of
the DOPC membrane were released during the production
run. E protein pentamers with and without palmitoylation
simulations were repeated two more times. The analyses were
based on the production runs.

2.2. Topological Study. As shown in Figures S1 and S2,
the TMD of the E protein pentamer is marked from 17V to
37L (21 residues) in five monomers for RMSF (root-mean-
square fluctuations) analysis based on the stable state (60−100
ns). The diagram (Figure 1) shows that the cytosolic side (C-
terminal) is on the top while the luminal side (N-terminal) is
on the bottom.13a

2.2.1. RMSF and Root-Mean-Square Deviation. The
RMSF of the α-carbons of the residues (21 residues) on the
TMD is achieved based on the last 40 ns simulations by visual
MDs (VMDs)34 (eq 1).35
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Figure 1. Diagram of the E protein pentamer in the membrane. The
C-terminal of the E protein pentamer is on the top, cytosolic side, and
the N-terminal of the E protein pentamer is on the bottom, luminal
side. The membrane lipid is represented in gray lines. The E proteins
are represented in the carton (blue). The palmitate groups
(palmitoylation) are colored purple.
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where i represents the residue ID, T represents the total
simulation time (here is the number of frames), ri(tj)
represents the residue i in the time of tj position, and ri

ref is
the reference position of the residue i, calculated from the
time-average position.
The RMSD (root-mean-square deviation) is to measure the

average distance between two protein structures, calculated
using eq 234,35
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whereW = Σwi is the weighting factor, N is the total number of
atoms, ri(t) is the position of atom i at time t after least square
fitting the structure to the reference structure, and ri

ref is the
reference position of residue i defined by the reference
structure (here we used the initial structure as the reference).
2.2.2. General Comparison of the Projections of the E

Protein Pentamer’s Top and Bottom Views. The E protein
pentamers with and without palmitoylation were compared to
show the conformational differences in both top and bottom
views. The structures were from the last frame (at 100 ns) of
the simulation.
2.2.3. Minimal Pore Radius and Pore Volume Testing. The

pore radius is tested using HOLE236 for the E protein
pentamer with and without palmitoylation in 60−100 ns
simulations. The minimal pore radius is the minimum radius of
the ion channel formed by the E protein pentamer TMD. To
avoid the spherical probe ball running in the wrong direction,
the moving direction is restrained to follow the Z-axis.36 The
pore radius was tested three times for a single frame, and the
maximum value was taken as the minimal pore radius. It is
because of the existence of a gradient when HOLE increases
the probe size. To better understand the effect of
palmitoylation on channel size, the TMD was split into three
parts, including the C-terminal part (residue 30−39), middle
part (residue 20−30), and N-terminal part (residue 11−20), to
test the minimal radius separately. The volume is calculated by
integration through the pore.
2.2.4. Electrostatic Potential Study. The structures of the

palmitoylated and non-palmitoylated E protein pentamer were
from the last frame (at 100 ns) of the simulations. The
electrostatic potential calculations of the E protein pentamer
were carried out using Delphi.37 The charge and the radius of
atoms were calculated using the force field CHARMM36 and
assigned using PDB2PQR.38 The dielectric constants were set
as 2 for proteins and membranes,39 while 80 for water. The salt
concentration was set as 150 mM, and the probe radius was set
as 1.4 Å. The protein filling percentage was set as 70%, and the
resolution was set as 1.5 grids/Å. The electrostatic potentials
on the surfaces were visualized using Chimera40 for both
cytosolic (top view) and luminal sides (bottom view). The
color range was set from −1.0 kT/e (red) to 1.0 kT/e (blue).
The potential surfaces were visualized using Chimera,40 and
the electric field lines were visualized using VMD34 to
demonstrate the interactions.
2.2.5. Principal Component Analysis. The mass centers of

the TMD from 60−100 ns (1000 frames) were selected for
principal component analysis (PCA). The X, Y, and Z of the
mass center were treated as variables to perform PCA. The
analyses were applied separately for the non-palmitoylated E
protein and palmitoylated E protein.

2.2.6. Electrostatic Force Study. To quantitatively demon-
strate the electrostatic force on the cations along with the
distance with the membrane, H+ ions were selected. On both
cytosolic and luminal sides, ten spherical layers of H+ ions were
simulated (Figure S3). The nearest layer is 1 Å away from the
membrane while the farthest is 10 Å. For each layer, there are
288 H+ ions; the center is on the Z-axis, which passed the mass
center of the TMD. In each layer, the radiuses of H+ circles are
from 3 to 10 Å. In a certain circle, for every 10°, a hydrogen
ion is placed. The electrostatic force on H+ was split along the
Z-axis (Z component) to demonstrate the component force of
the direction. The Z component force direction was set from
the bottom (luminal side) to the top (cytosolic side). The
electrostatic force was calculated using DelphiForce,41 and the
parameters were the same as that of potential surface
calculations.

3. RESULT AND DISCUSSION
3.1. Topological Study. From the RMSD study of the

TMD (Figure S4), both systems have achieved stability after
10 ns simulation. From the RMSD of the repeated simulations,
both the E protein pentamer with and without palmitoylation
also reached stability after 40 ns. The repeated simulations also
show that the E protein pentamer reached stability after 40 ns.
The structures in Figure 2 are the E protein pentamers

extracted from the last frame (at 100 ns) of the MD
simulations of both systems. The structures were aligned
using Chimera,40 and the two sides of the ion channel were
compared from the top and bottom views. From the general
comparison, the palmitoylated E protein pentamer stabilizes
the pentametric structure in the larger pore size on the
cytosolic sides while the loss of palmitoylation reduces the
pore radius on the cytosolic side and reshapes the structure
into an irregular conformation. By contrast, there is no
significant difference in the bottom view. In Figure S6, we also
compared the structures in the two repeated simulations in the
top view (structures are from the frame at 100 ns). The
comparison shows the same result. To further investigate the
effects of palmitoylation on the whole ion channel during
simulations, the HOLE236 program was applied to test the
minimal pore radius of the C-terminal part, middle apart, and
the N-terminal part of the ion channel.
As shown in Figure 3A, in the equilibrium state (60−100

ns), the C-terminal part of the palmitoylated E protein
pentamer exhibits a minimal pore radius of 3.96 Å (standard
deviation: 0.31 Å). By contrast, the C-terminal part of the non-
palmitoylated E protein pentamer only has a 1.56 Å minimal
pore radius (standard deviation: 0.35 Å). The loss of
palmitoylation directly reduces the pore radius. Without

Figure 2. General comparison of the E protein pentamer in the top
and bottom view. The non-palmitoylated E protein pentamer is red
colored while the palmitoylated E protein pentamer is colored blue.
The palmitate groups are colored purple.
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palmitoylation, the collapse of the ion channel happened twice
at 10 and 40 ns, respectively. The structures (Figure 3B) were
extracted from the simulation at 0, 10, and 40 ns for structural
comparison (Figure 3C). The diagram (Figure 3D) clearly
shows one of the helix monomers’ movements (red dots)
during the simulation, causing the pore radius to shrink. The
volume calculated from the C-terminal part of the TMD also
shows that the E protein pentamer with palmitoylation
possesses a higher capacity for ion transfer while the loss of
palmitoylation makes the capacity of the E protein pentamer
lower (Figure S8). Besides, palmitoylation at the C-terminal
also affects the middle part of the TMD (Figure S8). The

minimal pore radius in the middle part of the TMD of the
palmitoylated E protein pentamer is larger than that without
palmitoylation. Although in the N-terminal part (Figure S9),
palmitoylation does not affect. This finding is consistent with
the general comparison, which shows a higher area in the top
view for the palmitoylated E protein pentamer but no
significant difference in the bottom view.
To investigate the reason for the collapses, the salt bridges

and RMSF were calculated for the E protein pentamers.
Interestingly, the salt bridge in both the E protein pentamer
with and without palmitoylation is the same one (ARG61
chain D-ASP72 chain E); the occupancy of this in the E

Figure 3. Minimal pore radius of the E protein pentamer on the C-terminal during the simulation (A) and the structure comparison of the E
protein pentamer without palmitoylation at 0, 10, and 40 ns (B−D).

Figure 4. Number of salt bridges in the E-protein pentamer in adjacent monomers with and without palmitoylation during 60−100 ns simulations
(A) and the sole salt bridge (ARG61-ASP72) in both the E protein pentamer with and without palmitoylation (B).
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protein pentamer with palmitoylation is close to 1 while that in
E protein without palmitoylation is around 0.4 (Figure 4). The
distance of ARG61(chain D)-ASP72(chain E) is over 3 Å,
revealing that the salt bridge belongs to the weak electrostatic
binding. Due to a salt bridge threshold of 4 Å, the residue pairs
of ARG61-ASP72 in other adjacent chains are not displayed.
We further extend the threshold to calculate the distance of
ARG61(chain A)-ASP72(chain B) (Figure S12). The result
shows that ARG61(chain A)-ASP72(chain B) in the
palmitoylated E protein pentamer possess a lower distance of
6 Å while that in the non-palmitoylated E protein is over 10 Å.
It means that the structure of the E protein pentamer without
palmitoylation is unstable compared with that of the E protein
pentamer with palmitoylation. The RMSF study also shows
that the α-carbons in the TMD residues of the non-
palmitoylated E protein pentameric structure are higher than
those in the palmitoylated E protein pentamer (Figure S11).
Both results reveal the instability of the non-palmitoylated E
protein pentamer. The loss of palmitoylation caused an
unstable pentametric structure, leading to the narrow pore
radius and collapses of the ion channel. In previous studies, the
palmitoylation of the E protein pentamer has also been shown
with high importance in murine coronavirus assembling.24b

The related palmitoylated residues have also been studied in
the previous studies.24a However, mechanism studies were not
applied in them. Unlike previous studies, this work focused on
the mechanism of how palmitoylation affects the E protein
pentamer in computational studies. The function of
palmitoylation in stabilizing proteins has also been found in
rous sarcoma virus (RSV) transmembrane glycoprotein,42

CCR5 receptor,43 and TEAD proteins.44 The mechanism
found in this work may be also related to the other
palmitoylated transmembrane proteins.
3.2. Electrostatic Study. As shown in Figure 5, the top

side (cytosolic side) of the electrostatic surface of the E protein

pentamer is positively charged while the bottom side (luminal
side) of that is negatively charged. This configuration provides
that the electrostatic forces acting on cations on two sides are
from lumen to cytosol, which is suitable for attracting cation
on the luminal side and releasing cation on the cytosolic side.
Combined with cation preference20e for viroporin, if the cation
is H+ ions, the release of H+ from the lumen to the cytoplasm
by the E protein pentamer would cause higher pH in the
lumen. The result is consistent with the previous finding that
the loss of the E protein pentamer causes a high pH in the
Golgi complex.16 From the top view, the center of the E
protein is positively charged (Figure 5). The palmitoylation on
the cytosolic side increases the positively charged area. The
enlarged area strengthens the repulsive force on the cation on
the top side. By contrast, even the luminal side (Figure 5

bottom view) of the E protein pentamer is not palmitoylated;
the surface of this does not show significant differences. The
electrostatic surface and electric field lines of the membrane
with the E protein pentamer are visualized in Figure 6. From

the top view, the positively charged area is extended by
palmitoylation. It is consistent with the results of the E protein
pentamer in Figure 5. For the bottom view of the membranes,
the E protein pentamers with and without palmitoylation show
no significant differences in the electrostatic potential at the
surfaces. However, the electric field lines in the E protein
pentamer with palmitoylation show intensive interactions with
the surrounding membrane. Compared with findings in Figure
6, the palmitoylation on the top can enhance the interactions
on the bottom.

3.3. Principal Component Analysis. In Figure 6 (first
column), the clear movement of the palmitoylated E protein
pentamer is observed. So, the PCA was applied on both the
palmitoylated E protein and non-palmitoylated E protein
pentamer separately. The results (Figure S13) show that in
four stages (stage1: 60−70 ns, stage 2: 70−80 ns, stage 3: 80−
90 ns, and stage 4: 90−100 ns), the center of the non-
palmitoylated E protein pentamer moved based on one center,
while the palmitoylated E protein pentamer shows a clear
motion trajectory in four stages. This finding infers that the
palmitoylated E protein pentamer possesses higher motility in
the membrane.

3.4. Electrostatic Force on H+. To better analyze the
electrostatic force on the cations when the E protein pentamer
is approached, several layers of H+ ions (along the Z-axis) were
simulated to be placed on both sides of the membrane (Figure
S3). The farthest layer of H+ was 10 Å away from the
membrane. The electrostatic forces were split into the X, Y,
and Z components. The Z component is the main force to
attract or repel ions. On the cytosolic side (Figure 7A), the Z

Figure 5. Electrostatic surface of the E protein pentamer with and
without palmitoylation in the top and bottom view. The color range
was set from −1.0 kT/e (red) to 1.0 kT/e (blue).

Figure 6. Electrostatic surfaces and electric field lines of the
membrane/E protein with and without palmitoylation. The
membrane structure (with the E protein pentamer) is represented
in the first column; the electrostatic surfaces are represented in the
second column; and the field lines are presented in the third column.
The color range was set from −1.0 kT/e (red) to 1.0 kT/e (blue).
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component of the electrostatic force shows a constant decrease
on the palmitoylated E protein pentamer when the H+ leaving
the membrane and the direction is from lumen to cytoplasm.
By contrast, the loss of the palmitoylation resulted in non-
constant Z components when H+ ions were leaving the
membrane. Besides, the standard deviations in the non-
palmitoylated E protein pentamer are much higher than those
in the palmitoylated E protein pentamer. It means, for each
layer, the potentials at different positions are different, which
results in non-constant forces acting on cations when the ions
approach the membrane. It does not help to repel cations in
the cytoplasm. However, there is no significant difference
between the non-palmitoylated and palmitoylated E protein
pentamer on the luminal side (N-terminal) (Figure 7B).
Although the standard deviations of the palmitoylated E
protein pentamer are higher than those in the non-
palmitoylated E protein pentamer, they are only one-third of
those in the C-terminal for the non-palmitoylated E protein
pentamer. In general, the electrostatic force of the palmitoy-
lated E protein is more supportive for transferring cations from
lumen to cytoplasm.

4. CONCLUSIONS
The E protein is an important SARS-CoV-2 structural protein.
The pentameric structure of E protein serves as viroporin.
Palmitoylation is a common and important PTM on the E
protein. MD simulations are performed on the E protein
pentamers with and without palmitoylation in this study. Based
on the MD simulations, the topological and electrostatic
studies reveal how palmitoylation affects the E protein
pentamer. Without the palmitoylation, the pentametric
structure loses dynamic equilibrium and the pore radius was
significantly decreased and the pore collapsed. In the
electrostatic studies, the luminal side of the E protein pentamer
is highly negatively charged while the cytosolic side is highly
positively charged. The surface potential supports the
attraction of cations on the luminal side and the repulsion of
cations on the cytosolic side. This finding is consistent with the
finding of previous studies that the viroporin prefers cation
transfer. The palmitoylation on the E protein pentamer extends
the positively charged area on the cytosolic side and increases
the electric interaction with the membrane on the luminal side.
Additionally, the PCA reveals that palmitoylation may increase
the motility of the E protein pentamer. In the end, we
simulated H+ ions approaching the E protein pentamer on the
luminal side and leaving the E protein on the cytosolic side.

The results indicate that the electrostatic force on the
palmitoylated E protein pentamer can provide a constant
force along a certain layer, helping cation transfer from the
lumen to the cytoplasm. To go further and more accurately
prove the ion transferring direction, more sophisticated
biological experiments are required. This study reveals the
importance of palmitoylation on the E protein pentamer,
which is helpful for the treatment development of COVID-19
and other corona virus-related diseases.
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