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Abstract—SARS-CoV-2, the causative agent of COVID-19, remains the focus of research worldwide. SARS-
CoV-2 entry into the cell starts with its S protein binding to the angiotensin-converting enzyme-2 (ACE?2)
expressed on the cell surface. The knowledge of the S protein’s spatial structure is indispensable for under-
standing the molecular principles of its work. The S protein structure has been almost fully described using
experimental approaches with the only exception for the protein’s endodomain, the transmembrane domain,
and the ectodomain parts adjacent to the latter. The paper reports molecular modelling of the S protein frag-
ment corresponding to its coiled coil HR2 domain and fully palmitoylated transmembrane domain. Model
stability in lipid bilayer was confirmed by all-atom and coarse-grained molecular dynamics simulations. It has
been demonstrated that palmitoylation leads to a significant decrease in transmembrane domain mobility and
local bilayer thickening, which may be relevant for protein trimerization.
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We are currently experiencing the third wave of the
COVID-19 pandemics caused by SARS CoV-2. Huge
effort is being made worldwide towards the develop-
ment of vaccines and drugs that would aid in overcom-
ing the worldwide COVID-19 crisis. The virus surface
S protein, which plays the key role in virus entry into
the host cell by binding human angiotensin-convert-
ing enzyme 2 (ACE2), is the main target of most vac-
cines.

The S protein consists of the two subunits S1 and
S2, which are produced by the cleavage at the Arg685-
Ser686 site carried by the cellular furin protease. The
S1 subunit contains the signal peptide, N-terminal
domain, and receptor-binding domain that interact
with the ACE2 receptor. The S2 subunit encompasses
the fusion peptide, heptad repeats 1 and 2 (HR1 and
HR2), transmembrane domain (TMD), and
endodomain. The full-size membrane S protein,
whose spatial structure remains unresolved so far,
forms a homotrimeric complex and facilitates the
fusion of the host cell and virus particle membranes,
and consequently, virus entry into the cell [1].

A large amount of structural data is currently avail-
able for the S protein ectodomain, the primary
immune system target, whereas we have much less
information about its TMD and proximal regions

localized close to the membrane [2]. It is assumed that
the conformational mobility of the S protein is due to
bending in a number of hinge regions, one of them
being the region between HR2 and TMD [3]. Given
that conformational mobility is crucial for the virus’s
entry into the cell and possibly plays a role in the
accessibility of the S protein surface epitopes to anti-
bodies, constructing an accurate model of the S pro-
tein fragment, including TMD and neighboring
domains, is critically important.

In the present work, we have built a structural
model of the S protein fragment containing TMD and
the adjacent HR2 domain located at the outer mem-
brane surface and endodomain fragment at the inner
surface, including the cysteine-rich domain (cys)
domain. We used all-atom and coarse-grained molec-
ular dynamics (MD) simulations in a complex mem-
brane to optimize the obtained model and assess the
effects of cysteine palmitoylation on S protein mobil-
ity in the membrane and its local lipid environment.

MATERIALS AND METHODS

All-atom model assembly and parametrization. The
structural model of the SARS CoV-2 S protein frag-
ment (amino acid residues 1157—1256 encompassing
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the HR2 domain, TMD, and cys domain) with the
canonical sequence (Uniprot PODTC2) was built
using homology-based methods and two protein
structures (PDB 2fxp [5] and 6e8w [6]) as templates
with the aid of the Modeller software [4].

All-atom molecular dynamics protocol. The
CHARMM-GUI web-server was used to preprocess
the model before MD calculations [7] with palmitoy-
lation of the cystein residues 1235, 1236, 1241, 1242,
1244, 1248, 1249, 1251, 1254, 1255 (Fig. 1a). Mem-
brane lipid composition was as described previously
[8]: cholesterol : palmitoyl-sphyngomyelin (PSM) :
palmitoyl-oleoyl-phosphatidylethanolamine (POPE) :
dipalmitoyl-phosphatidylethanolamine (DPPE) : pal-
mitoyl-oleoyl-phosphatidylcholine (POPC) : palmi-
toyl-oleoyl-phosphatidylserine (POPS) : dipalmitoyl-
phosphatidylcholine (DPPC) : dipalmitoyl-phospha-
tidylserine (DPPS)ina15:10:9:6:3:3:2: 2 ratio.
The final ratio between lipid molecules after palmitoy-
lation was 88 : 54 : 51 : 36 : 18 : 18 : 12 : 11, respectively.
The total system size, including water molecules
(TTIP3P model) and Na* and CI~ ions (0.15 M), was
176 246 atoms. The cell size was 90 A x 90 A x 215 A.
System energy minimization and system equilibration
was carried out according to the protocol recom-
mended by the CHARMM-GUI web-server, which
included the following steps: (1) system minimization
using the steepest descend method, including 5000
steps, (2) six equilibration stages each 150—250 ps long
with setting atoms velocities at the initial moment in
accordance with the Maxwell distribution at 318 K and
with gradual relaxation of the harmonic constraints on
heavy atoms positions. MD was simulated using the
Gromacs software [9] in the all-atom force field
CHARMM36m [10] inthe NPT ensemble at 318 K for
30 ns.

Coarse-grain model parametrization and coarse-
grain molecular dynamics protocol. Initial models for
coarse-grain MD calculations using the MARTINI
2.2 force field [11] were built using the martinize.py
script based on the obtained all-atom model. A script
available at https://github.com/porekhov/palmitoyl-
ize was used for protein palmitoylation. Molecular
topology for the palmitoylated cysteine residue was
obtained from the work previously published by the
Tieleman group [ 12]. Palmitoylated and nonpalmitoy-
lated trimer models were embedded into the model
bilayer with the same composition as that used for the
all-atom calculation and solvated (standard MAR-
TINI field water model and Na* and Cl~ ions in the
concentration of 0.15 M were used) using the
insane.py scenario (script). MD protocol was chosen
in accordance with the recommendations provided by
the Marrink group [13]. The simulations were made in
the NPT ensemble at 318 K. The integration interval
was set as 20 fs. The trajectories 1 Us in length were
obtained for both systems. Gromacs 2019.4 was used
to carry out the simulations as it was in the previous
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case [9]. The g_lomepro software was used to calculate
lipid bilayer thickness and lipid areas [14]. Python
scripts implementing MDAnalysis libraries were used
to calculate radial distribution functions.

RESULTS AND DISCUSSION

Model construction. The modelled S protein frag-
ment contains several segments with differing degree
of structural order (Fig. la). Modelling the HR2
domain is quite easy given the known structure of the
same domain in the S protein of the closely related
SARS-CoV coronavirus (100% identity for the resi-
dues 1157—1210) (PDB ID 2fxp, [5]). Monomer heli-
ces are oriented in such a way that the hydrophobic
residues 11172, 11179, L1186, L1193, and L1200 are
oriented towards the domain core.

At the same time, there are currently no high-iden-
tity templates available for the S protein TMD. For
this reason, given the o-helical trimer structure and
high number of aromatic residues present in the TMD
N-terminus, we chose the human immunodeficiency
virus (HIV) pg4l envelope protein TMD as a template
(20% identity for the residues 1211—1240, with 33%
identity for the residues 1211—1225 and 7% for the res-
idues 1226—1240). Currently, a number of rather dif-
ferent structures have been obtained for this domain or
one of its fragments (PDB ID 6e8w [6], 5jyn [15], and
6b3u [16]) making it difficult to choose one of them as
a template. Furthermore, the conformation of the res-
idues 1205—1210 still remains unresolved since the
corresponding residues in the template are disordered.
o-helix may be one of the possible conformations. In
this case, the HR2 domain and TMD would form a
coiled coil [3]. However, such conformation appears
to be sterically unfavorable because the numerous aro-
matic residues in the S protein are located at all sides
of the a-helices hindering coiled-coil formation. As a
result, we chose the 6e8w template, notwithstanding it
having a structure unusual for a TMD [6] with bend-
ing o-helices and long 3—10-helices. However, it was
possible with this template to locate the bulk side
chains of the aromatic residues without overlapping
and disturbing the helical symmetry of the coiled coil.
In this case, Y1209, 11216, G1223, V1230, and M 1237
residues are found at the coiled coil axis. The SARS
CoV-2 S protein TMD model obtained in this work
(Fig. la; left) exhibited clear local similarity to the
structure of the SARS-CoV S protein fragment (PDB
ID 2run) obtained previously [17]. The deviation for
the C atoms of the 11 central residues was not larger
than 1 A with most side chains having similar orienta-
tion.

Viral membrane protein palmitoylation has been
studied for more than 40 years [18]. It is currently
assumed that almost all cysteine residues in the C-ter-
minal part of the S protein TMD and cys-domain of
coronaviruses, including SARS-CoV, are palmitoy-
lated [19]. For this reason, the choice of the plexin
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Fig. 1. (a) Structural model of the SARS CoV-2 S protein fragment (HR2 domain and TMD, residues 1157—1256) before (left)
and after (right) molecular dynamics. o.-Helices are indicated with violet, 3—10-helices with blue, and palmitoyl residues with
orange. Aromatic residues are represented as sticks. (b) Root mean square fluctuation (RMSF) of the Ca-atoms of in the residues
of the modeled S-protein fragment at the final stage of MD simulation (20—30 ns). (c) Changes in the secondary structure of the
S-protein fragment during all-atom MD. Vertical axis—simulations time; horizontal axis—amino acid residues of the three
monomers. Each dot in the plot shows the secondary of an individual residue at a certain moment of simulation.

structure (PDB ID 515k) also enriched in cysteine res-
idues linked by a high number of disulfide bonds as a
template for modelling SARS-CoV-2 S protein cys-
domain structure made in Woo et al. (2020) [8] seems
quite unreasonable. When building our model, we
assumed all cysteine residues (ten in each subunit) to
be palmitoylated. The final modelled structure is pre-
sented in Fig. 1a (left).

All-atom molecular dynamics. The CHARMM36m
force field was chosen because of its being broadly
used to study the dynamics of both proteins with low-
ordered regions and protein—membrane systems [10].
Moreover, using this field allows one to more accu-
rately reconstitute the conformation of experimentally
determined structures, including short membrane
proteins with non-ideal o-helical structure [20].
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All-atom MD calculations showed that the struc-
ture of the studied protein undergoes some significant
changes. It should be noted in this regard that, until
the full structure of the protein is completely deci-
phered, the boundaries shown in Fig. 1a are, in a cer-
tain sense, tentative. For example, the TMHMM web
service [21] predicts that the 1214—1234 residues
(Fig. 1a) are located in the hydrophobic membrane
layer. However, preliminary MD simulations showed
that the location of bulk aromatic residues
(W YIWLGF,,,) in this membrane layer is steri-
cally unfavorable, and, thus, this fragment “floats up”
into the polar heads area of the outer lipid layer, simul-
taneously dragging some cys-domain residues from
the polar heads area of the inner layer into the hydro-
phobic membrane layer. At the same time, it is known
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that disordered secondary structure is untypical of the
residues in the proteins’ transmembrane fragments,
which suggests the helical structure for the residues
downstream L1234 as well. The structures of the
monomer (PDB ID 6b3u [16]) and trimers (PDB ID
5jyn [15] and 6e8w [6]) of the HIV envelope protein
gp41 TMD with the helix length of more than 30 resi-
dues also speak in favor of the elongated helical TMD.
Based on this comparison, the helical fragment in our
model can extend up to the C1241 residue, with the
total length of each transmembrane helix being 34 res-
idues.

In the course of MD simulations, the N-tails gen-
erally retained their disordered structure (Fig. la;
right) and demonstrated high mobility (Fig. 1b).
However, partial ordering of the N-terminal residues
with the formation of o-helices could be observed
(Fig. 1c), which is consistent with the helical confor-
mation of the residues at the C-termini of several S
protein ectodomain structures (PDB ID 6xr8, etc.).
On the contrary, the coiled coil state of the HR2
domain appeared to be very stable, with highest
mobility having been observed at its boundaries. The
hinge fragment totally changed its conformation, with
relatively slight thermal fluctuations of the atoms. The
transmembrane domain generally retained its helical
structure, including the conformationally strained 3—
10-helices observed in the template (PDB ID 6e8w).
Large fluctuations are not typically characteristic of
transmembrane helices, with the model proposed in
this paper being no exception. Finally, despite palmi-
toylation and close interaction with the membrane,
the cys-domain showed rather high mobility on aver-
age, which was largely due to the relatively mobile
closing K1256 and F1256 residues. Here, it should
also be noted that palmitoyl residues attached to the
C1235 and C1236 residues exhibited different behavior
compared to those attached to the other cysteine resi-
dues. In our model, the indicated cysteine residues
belong to TMDs and are visibly embedded into the
membrane. This results in that the acyl chains
attached to them are able, in terms of geometry, to
penetrate into the membranes outer lipid layer, while
the acyl chains of the remaining palmitoyl residues are
incapable of doing so and fluctuate exclusively within
the inner lipid layer. In this connection, it is interest-
ing to note that mass spectrometry has previously
shown [22] that cysteine residues at the C-terminus of
the influenza A virus hemagglutinin TMD undergo
not palmitoylation as such but rather stearylation. Qur
observations suggest that the position of cysteine resi-
dues at the C-terminus of the S-protein TMD also
allows their stearylation, while the addition of a longer
aliphatic chain will result in local disordering of the
membrane environment. Thus, the MD results show
that, under natural conditions, stearylation is the most
likely posttranslational modification of the cysteine
residues in the S-protein TMD.
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Due to the presence of a weakly structured (at the
initial moment) hinge, the HR2 domain can oscillate
relative to the TM D, but the amplitude of these oscil-
lations is relatively small. The angle between the
domains changed insignificantly over the course of the
trajectory, reaching 20° in the first 10 ns, decreasing to
5° as the hinge was structured over the next 10 ns, and
remaining at this level thereafter.

It was interesting to compare the obtained results
with the results of the NMR study of the S-protein
TMD (residues 1209—1237) [23], whose amino acid
sequence is different from the canonical one (Uniprot
ID PODTC2), namely, it contains Leu instead of Met
in the positions 1229 and 1233 and Ser-Ser-Thr
instead of Cys-Cys-Met in the positions 1235—1237.
The authors were unsuccessful in determining the
structure of the TMD N-terminal part (residues
1209—1217) enriched with aromatic residues, whereas
the 1218—1237 residues formed a trimer consisting of
nearly parallel o-helices, with the interhelical contacts
being quite different from those in the previously stud-
ied trimers (PDB ID 5jyn, 6e8w, etc.) [23]. The
authors found that the trimer core is made up of four
nonpolar residues of similar size, namely, 11221,
11225, L1229, and L1233, which stabilize the trimer.
However, this mutual position of the helices raises
questions when we consider the canonical sequence,
where two of these four residues are methionines and
terminates with the Cys-Cys-Met tripeptide. First,
larger methionine residues will disrupt the tight pack-
ing of the trimer core detected by NMR. Second, the
overall geometry suggests that at least one cysteine res-
idue in this pair (as well as one in the next C1240—
C1241 pair) will also be oriented towards the core and
its palmitoylation will, therefore, be hindered or at all
impossible. Thus, the TMD model proposed on the
basis of NMR analysis does not agree well with the
native S-protein conformation.

We should also note that palmitoylation may possi-
bly also contribute to maintaining the structural stabil-
ity of the S protein TMD. As has already been men-
tioned above, a certain number of helices in TMD
(Fig. 1a) are strained 3—10-helices, which are quite
rare in membrane proteins. We performed a prelimi-
nary MD simulation for the nonpalmitoylated S-pro-
tein TMD. As a result, the 3—10-helices were trans-
formed into the more stable o-helices, which dis-
rupted the trimer structure (data not shown). In the
case of MD stimulation for the palmitoylated TMD,
no 3—10 transformation into o-helices was observed
(Figs. 1a, Ic). Thus, we may state that palmitoylation
reduces the conformational mobility of helices in the
TMD and stabilizes its structure. An indirect confir-
mation of this palmitoylation function are the experi-
mental data on the greater importance of palmitoyla-
tion of the cysteine residues located at the start of the
cys-domain [24]. According to our model, these resi-
dues belong to TMD and their palmitoylation prevents
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the conformational conversion of 3-10-helices into
o-helices.

Coarse-grain molecular dynamics. To elucidate the
effects of the cysteine residues’ palmitoylation on the
local TMD lipid environment, additional studies of
palmitoylated and nonpalmitoylated proteins embed-
ded in a membrane of similar composition were per-
formed using a coarse-grained approximation that
allowed increasing the simulation time to 1 Us.
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The local membrane bilayer thickness was calcu-
lated for both systems (Fig. 2a). It can be seen that the
presence of palmitoyl residues leads to a local thicken-
ing and distortion of the membrane around the protein
(black area around the white area corresponding to the
protein; Fig. 2a). The averaged local area per lipid with
the embedded palmitoylated (left) and nonpalmitoy-
lated (right) trimer is shown in Fig. 2b. The lipids
around the protein are packed tighter than in the
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remaining part of the membrane. In addition, we
additionally calculated the radial distribution func-
tions of the lipids present in the membrane relative to
the TMD axis of mass in a membrane plane in two sys-
tems (Figs. 2e—2h). It can be seen from the obtained
results that protein palmitoylation has hardly any
effect on the membrane distribution of cholesterol
(Fig. 2e) and some other lipids (DPPS, DPPC,
DPFE, and PSM, plots not shown), while the radial
distribution function values for POPE and POPS
(Figs. 2f—2h) near the nonpalmitoylated protein are
higher than those near the palmitoylated protein, i.e.,
the membrane in the TMD region becomes enriched
in POPE and POPS. For POPC, the opposite effect is
observed consisting in a significantly higher probabil-
ity of detecting this lipid near a palmitoylated protein
compared to a nonpalmitoylated one. Therefore, pal-
mitoylation leads to a significant redistribution of lipid
types in a realistic multicomponent bilayer model.
Together with the observed membrane thickening and
a decrease in the area per lipid near the palmitoylated
protein, this may indicate the formation of a raft-like
lipid microdomain in its vicinity. These observations
are also in good agreement with the palmitoylation
effects reported by Charollais and Van Der Goot
(2009) [25]: palmitoyls can increase the effective
hydrophobic length of the protein TMD by increasing
the thickness of the adjacent lipid bilayer and facilitat-
ing association with ordered lipids.

In the course of MD simulation, the HR2 domain
of the S-protein trimer tilts relative to the TMD
(Figs. 2b—2d) in the same way as it does in the case of
the all-atom simulation, which correlates well with the
maximum angle distribution of approximately 20° and
a significant portion of conformations showing the
angle between the domains as low as 0° (i.e., a com-
pletely “straight” conformation). In addition, the
presence of palmitoyl residues slightly reduces the
amplitude of the S-protein bend. This may be partly
due to the fact that a denser and thicker membrane
layer is formed around the TMD protein decreasing its
mobility.

The calculated lateral diffusion coefficients for pal-
mitoylated and nonpalmitoylated protein D ,mion =

(0.0205 + 0.0004) x 10-5 and D_ymion = (0.0025 +

0.0001) x 10> cm?/s indicate that palmitoylation
decreases the protein mobility rate in the lateral mem-
brane plate by an order of magnitude. It may be sug-
gested that this decrease facilitates S-protein TMD
trimer stabilization.

To summarize, the present study reports the first
3D model of the S-protein TMD and HR-2 domains
that would consider cysteine palmitoylation. The pro-
tein model was embedded into the membrane of com-
plex composition and optimized. Model stability was
evaluated by all-atom and coarse-grain MD simula-
tions. It was shown that the conformational mobility
of the HR2-TMD fragment is achieved via bending in
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the hinge region located at the boundary between the
two domains. We also showed that TMD palmitoyla-
tion leads to local changes in the bilayer (its thickening
and compaction as well as lipid redistribution) similar
to those taking place during raft-like microdomain
formation. The model obtained in the present work
may be used for interpreting structural data in further
studies.
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