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ABSTRACT The ongoing COVID-19 pandemic caused by the new coronavirus, SARS-CoV-2, calls for urgent developments
of vaccines and antiviral drugs. The spike protein of SARS-CoV-2 (S-protein), which consists of trimeric polypeptide chains with
glycosylated residues on the surface, triggers the virus entry into a host cell. Extensive structural and functional studies on this
protein have rapidly advanced our understanding of the S-protein structure at atomic resolutions, although most of these struc-
tural studies overlook the effect of glycans attached to the S-protein on the conformational stability and functional motions be-
tween the inactive down and active up forms. Here, we performed all-atom molecular dynamics simulations of both down and up
forms of a fully glycosylated S-protein in solution as well as targeted molecular dynamics simulations between them to elucidate
key interdomain interactions for stabilizing each form and inducing the large-scale conformational transitions. The residue-level
interaction analysis of the simulation trajectories detects distinct amino acid residues and N-glycans as determinants on confor-
mational stability of each form. During the conformational transitions between them, interdomain interactions mediated by gly-
cosylated residues are switched to play key roles on the stabilization of another form. Electrostatic interactions, as well as
hydrogen bonds between the three receptor binding domains, work as driving forces to initiate the conformational transitions
toward the active form. This study sheds light on the mechanisms underlying conformational stability and functional motions
of the S-protein, which are relevant for vaccine and antiviral drug developments.
SIGNIFICANCE Pandemic viral infections have posed a threat to humankind from time to time and encourage
development of vaccines or antiviral drugs based on structural and functional information of proteins in target viruses. X-ray
and cryo-electron microscopy structures of virus proteins provide atomistically detailed information while leaving much of
their dynamic aspects, including the role of glycosylated residues, elusive. Using all-atommolecular dynamics simulations,
we characterize the conformational fluctuations and interdomain interactions of SARS-CoV-2 spike protein. The
interdomain hydrogen-bond and glycan interactions are rearranged in the conformational transition from the inactive to the
active forms, which is responsible for better understanding of molecular mechanisms underlying virus entry into a host cell
and the rational designs of vaccines and antiviral drugs.
INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has caused coronavirus disease 2019 (COVID-19)
(1–3). The rapid spreading of this virus infection since
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December of 2019 has driven researchers in both academic
institutes and pharmaceutical companies to develop vac-
cines and antiviral drugs to meet demand as fast as possible
(4,5). SARS-CoV-2 is an enveloped RNAvirus belonging to
the family Coronaviridae. The spike protein (S-protein) pro-
truding from the envelope mediates the virus entry into a
host cell, and therefore, it is one of the primary targets for
vaccine and antiviral drug developments. The S-protein is
a trimeric protein, and each monomer consists of S1 and
S2 subunits responsible for host-cell receptor binding and
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Interactions in SARS-CoV-2 S-protein
membrane fusion, respectively (6–8). Sequence similarity
between SARS-CoV and SARS-CoV-2 S-proteins (sharing
76% amino acid sequence) (3,9,10) helps to prompt
screening of already approved drugs by repositioning and
to design an effective vaccine, but no prominent success
has been reported yet, to our knowledge.

Structural information of a protein targeted in vaccines
and antiviral drugs developments is generally essential. Un-
til now, a large number of high-resolution x-ray and cryo-
electron microscopy (cryo-EM) structures of SARS-CoV-2
proteins have been accumulated rapidly in the RCSB Pro-
tein Data Bank (PDB) (11). 369 structures have been depos-
ited to the ‘‘COVID-19/SARS-CoV-2 Resources’’ in the
PDB as of September 4, 2020. They include S-proteins
both at the prefusion and postfusion states (9,12–16) and
S-protein bound to the peptidase domain of angiotensin-
converting enzyme 2 (ACE2) receptor (17–21). Cryo-EM
structures show that the S-protein at prefusion state takes
at least two possible conformations: the down form with
three receptor-binding domains (RBDs) buried at the inter-
face and the up form with one of the RBDs protruding from
the interface (9). The atomic structures of S-protein bound
to human ACE2 receptor indicate that the up form plays a
prominent role in binding (18,22). Furthermore, the cryo-
EM structure of a human antibody bound to the SARS-
CoV-2 S-protein suggests that more than one RBD can
take up forms to bind a variable domain of antibody individ-
ually (17). The highly dynamic nature of the S-protein, in
particular its RBD, is responsible for the entry process of
SARS-CoV-2 into a host cell.

Another key feature of SARS-CoV-2 S-protein is that it is
highly glycosylated like other viral envelope proteins, such
as human immunodeficiency virus 1 and influenza (23).
Mass spectroscopy of the SARS-CoV-2 S-protein identified
66 N-glycan sites per trimeric S-protein unit (24–26). In
comparison with other viruses, the S-protein is suggested
to have a sparse glycan shield (23). In addition, a site-spe-
cific glycan analysis of the S-protein suggests that com-
plex-type (enzyme-modified) N-glycans occupy many of
the sites (14 out of 22 sites), whereas high-mannose-type
N-glycans commonly dominate in the other viruses (25).
The well-known role of a glycan shield is to help virus
escaping from host immune systems by hiding active anti-
gen epitopes. In the SARS-CoV-2 S-protein, which has a
sparse and complex-type N-glycan rich shield, the glycans
likely play not only protective but also passive roles in func-
tion. Experimental studies using a combined antigenic
screening and cryo-EM structure determination show a pos-
sibility to alter the conformational property of S-protein by
modifying distinct N-glycans (27,28).

The intrinsic dynamic nature of SARS-CoV-2, as well as
the structural and functional roles of the glycosylation, can
be overlooked by just structural studies. Molecular dy-
namics (MD) simulations starting from the atomic struc-
tures have opportunities to give complementary
information to experimental studies. So far, there exist
several reports about modeling of a fully glycosylated
full-length SARS-CoV-2 S-protein with palmitoylation at
Cys1236 and Cys1241 anchored on a biological membrane
(28–31). Although a trimeric structure of SARS-CoV-2 S-
protein consisting of S1 and S2 subunits is a large biomole-
cular complex, the MD-specific supercomputer, Anton2,
achieved multiple 10-ms simulations starting from the active
and inactive forms (32,33). These simulations provide
atomic pictures of a glycan shield hiding the S-protein sur-
face and further predict a passive role of distinct N-glycans
to stabilize the active form (30). Thorough analysis of N-
glycan heterogeneity at the S-protein surface suggests
possible roles of the glycans in modulating the immune
response to SARS-CoV-2 virus (28,31). Large-scale simula-
tions of four fully glycosylated full-length S-proteins
anchored on a lipid bilayer were carried out to map
SARS-CoV-2 epitopes not shielded by N-glycans (15,34).
MD simulations also provide structural and energetic details
of the interaction between S-protein and human ACE2 re-
ceptor, suggesting that balanced hydrogen bonding and hy-
drophobic contacts make SARS-CoV-2 a stronger binder to
human ACE2 than SARS-CoV (35–39).

In this study, we also performed all-atom MD simulations
starting from the inactive down and active up forms of a
fully glycosylated SARS-CoV-2 S-protein in solution as
well as targeted MD (TMD) simulations linking two forms.
Our focus is to elucidate key interdomain interactions that
regulate conformational stability of each forms by taking
into accounts of their dynamic structures. We also ask
how the key interactions changes in the conformational tran-
sitions between the two forms. Although similar questions
were already raised by the previous studies, no systematic
analysis has been made using a fully glycosylated SARS-
CoV-2 S-protein, to our best knowledge. To answer these
questions, atomic interactions involving N-glycans are
essential, so we carefully analyze atomic-level interdomain
interactions in our simulation trajectories, including the ef-
fect of glycosylation. This study will add further mecha-
nistic insight into the highly dynamic nature of S-protein
and can help in designing vaccines and antiviral drugs on
COVID-19.
METHODS

Atomic structures of SARS-CoV-2 S-protein

Each monomer of a trimeric SARS-CoV-2 S-protein consists of two sub-

units, the receptor-binding (S1) and the fusion-mediating (S2) subunits

(Fig. 1 A). The S1 subunit involves the RBD as well as the N-terminal

domain (NTD), and several functional regions (upstream helices (UH),

fusion peptide (FP), heptad repeats (HR1 and HR2), central helix (CH),

and transmembrane domain (TM)) reside in S2 subunit. The RBD binds

to the ACE2 receptor to initiate the virus attachment to a host-cell surface,

which is followed by the virus-host cell membrane fusion mediated by S1

and S2 (upstream of FP) cleavage and large conformational changes in the

S2 subunit. Cryo-EM studies reported two possible conformations of
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FIGURE 1 The architecture and simulation models of SARS-CoV-2 S-

protein. (A) The domain architecture of each monomer of a trimeric S-pro-

tein is shown (top). Here, the chains A and C are represented in magenta and

gray, respectively. NTD, RBD, the rest of S1 subunit, and S2 except for

HR2 and transmembrane domain in the chain B are highlighted in blue,

red, green, and yellow (bottom). (B) Solvated simulation models of a fully

glycosylated S-protein in down (left) and up (right) forms are shown. The

chains A, B, and C are shown in red, green, and blue, respectively. The gly-

cans are shown in blue stick representations. Throughout this study, RBD

in chain A can take the up form in MD simulations and undergo the transi-

tion between down and up forms in TMD simulations. To see this figure in

color, go online.
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RBDs, namely down (PDB: 6VXX) (9) and up (PDB: 6VSB) (16). Our sim-

ulations started from the solvated models of either the down or the up form,

which are available in the CHARMM-GUI COVID-19 Archive (http://

www.charmm-gui.org/docs/archive/covid19) (Fig. 1 B; (29)). The detailed

modeling procedure can be found in the original work by Woo and co-

workers (29). In brief, the models include the N-terminus to the residue

right before the HR linker in the S2 subunit (residues 1–1146). The missing

residues in the original PDB structures were modeled by a template-based

modeling using GalaxyTBM (PDB: 6M17 as a template) for the missing

loops in the RBD region (residues 336–518) and using the fragment assem-

bly and loop closure program for other missing loops (residues 67–78, 143–

155, 177–186, 247–260, and 673–686) (40,41). The long N-terminal region

(residues 1–26) and the rest of the missing parts were remodeled based on

the electron density map by the ISOLDE software package (42). The

models introduce 15 disulfide bonds (10 and 5 in the S1 and S2 subunits,

respectively) involving Cys480-Cys488 and Cys840-Cys851 in the missing

loop region, whose existence was suggested during the fit to the density

map. All histidine residues were modeled as singly protonated on ND1

(HSD). Other titratable residues were modeled as a standard state. These
1062 Biophysical Journal 120, 1060–1071, March 16, 2021
models contain 19 N-glycans and 1 O-glycan attached per monomer, ac-

cording to the recent mass spectrometry data (Fig. S1; (25,43)). The

down form contains 762,293 atoms with box lengths of �196 Å, whereas

the up form contains 773,227 atoms with box lengths of�197 Å after equil-

ibration. Before starting simulations, we replaced counterions Kþ in the

original model with Naþ, considering the ion concentration in the extracel-
lular region.
All-atom MD simulations

After 5000-step minimization and equilibration (in total, 652 ps), we per-

formed MD simulations with the isothermal condition at 310.15 K using

Bussi’s stochastic velocity rescaling thermostat (44). Energy and force

are evaluated based on the CHARMM force fields (45–48). The smooth par-

ticle mesh Ewald (PME) scheme (49) was used for electrostatic interaction

with (128, 128, 128) grids and the PME spline order of 6. We employed a

multiple time-step integration using r-RESPA (50) with a time step of 2.5 fs,

in which the PME reciprocal-space interaction was evaluated every other

steps. The real-space nonbonded interaction was obtained with the cutoff

value of 12.0 Å. The van der Waals interaction was evaluated using the

force-based switch function acting on the range from 10.0 to 12.0 Å (51).

All MD simulations were performed by the new version of GENESIS

MD software (52–54). The performance of the S-protein simulations was

68 and 12 ns/day using 128 nodes in Fugaku and 32 nodes in Oakforest-

PACS, respectively. For each form, we performed two independent MD

simulations for 1 ms and 200 ns by changing the random numbers for initial

velocity. Hereafter, we denote them as MD1_Up (1-ms MD from up),

MD2_Up (200-ns MD from up), MD1_Down (1-ms MD from down), and

MD2_Down (200-ns from down).
TMD simulations

We also performed TMD simulations (55), which give one of the available

transition pathways between the starting and target structures by applying

external forces. The external force is given to hold the root mean-square de-

viation (RMSD) from the target structure to a certain value at each time step

in the MD simulation. The constraint is calculated using the mass-weighted

RMSD of all the heavy atoms of three protein chains except for N-glycans.

Therefore, this TMD is useful to examine whether the glycan-protein inter-

actions observed in the conventional MD simulations depend on the initial

computational models of N-glycans predicted by CHARMM-GUI tools.

The target RMSD value decreases linearly with each time step, and it be-

comes sufficiently small in the final step. In this simulation, we set 0.5 Å

as the final value to avoid too-large constraint forces required for small

target RMSD values. TMD simulations were conducted for the transitions

from down to up as well as those from up to down. In this study, the starting

structure was taken from the snapshot at 50 ns of MD2_Up or MD2_Down,

and the target structure was the initial one of MD2_Down or MD2_Up. By

changing random seeds for thermostat, we executed three independent

TMD simulations with two target directions. 20-, 20-, and 50-ns TMD sim-

ulations from down to up forms are denoted as TMD1_ToUp,

TMD2_ToUp, and TMD3_ToUp, respectively. 20-, 20-, and 50-ns TMDs

from up to down are referred to as TMD1_ToDown, TMD2_ToDown,

and TMD3_ToDown, respectively. The simulation methods such as force

fields, nonbonded parameters, integrators, and so on are common to those

in the conventional MD simulations.
Analysis of interdomain contacts and
electrostatic potential

Contact pairs between amino acids or amino acid-glycan in the MD trajec-

tories were analyzed based on the minimal distance between residues

including hydrogen. The contact was defined if the minimal distance is
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FIGURE 2 (A) RMSFs of the Ca atoms in residues belong to RBDs (top) and NTDs (bottom) in the last 500 ns of MD1_Down and MD1_Up. (B) The

lowest mode in PCA of the simulation trajectories of down (left) and up (right) forms is shown. For clarity, the vectors are magnified 100 times. Both top and

side views are shown in top and bottom figures, respectively. To obtain the RMSF and PCA, the S2 subunit of simulation snapshots was superimposed to that

in the down form of S-protein. To see this figure in color, go online.
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less than 2.5 Å. The electrostatic potential of the domain surface was calcu-

lated for the last snapshot of the MD simulation using the APBS (adaptive

Poisson-Boltzmann solver) tool implemented in PyMOL (56,57). The

linear Poisson-Boltzmann equation was solved at 150 mM ionic strength

in monovalent salt with a solvent dielectric of 78.0 and a solute dielectric

of 2.0. The CHARMM C36m force-field parameters (atomic charge and

radius) were applied to the amino acids and amino acid-glycans.
RESULTS AND DISCUSSION

Conformational fluctuations of SARS-CoV-2 S-
protein in solution

In the four MD simulations, the overall structures of SARS-
CoV-2 S-protein were stable. No transitions between down
and up forms were observed for the short timescales. Three
RBDs were generally stable as rigid domains in the down-
form MD simulations (MD1_Down (Fig. S2 A) and
MD2_Down (Fig. S3 A)). In MD1_Down, RBDA moved
slightly toward the up form (Fig. S2 A). Larger RMSDs of
both RBDs are observed in MD1_Up (Fig. S2 B) and
MD2_Up (Fig. S3 B). In contrast, NTDs in the down and
up forms are almost equally rigid (Figs. S2 and S3). In
MD1_Up, rigid domain movements of NTDB and NTDC

were observed around 400 and 650 ns, respectively
(RMSD �10 Å). Therefore, we mainly focus on the last
500 ns of MD1_Up and MD1_Down, which are considered
to be fully equilibrated.

Figs. 2 and S4 show the root mean-square fluctuations
(RMSFs) and the lowest mode vectors in principal compo-
nent analysis (PCA) of three RBDs and NTDs in
MD1_Down/Up and MD2_Down/Up, respectively. In these
analyses, the S2 subunit of simulation snapshots was super-
imposed to that of the down form of the cryo-EM structure
(PDB: 6VXX). The flexible loop regions that were not deter-
mined with cryo-EM analysis were omitted in these ana-
lyses. The RMSF analysis suggests the existence of large
conformational fluctuations of the loop region around the
C480 residue in both down and up forms. The RMSFs of
three RBDs are almost comparable in MD1_Down, whereas
RMSF of RBDA is larger than RBDB and RBDC in
MD1_UP (Fig. 2). The RMSFs of three NTDs in the
down and up forms are almost comparable, except for
NTDC in Up form. This is mainly due to a rigid domain
movement observed around 650 ns of MD1_Up. The
RMSFs of RBDs in MD2_Up are larger than those in
MD2_Down (Fig. S4). In three RBDs of the up form,
the RMSFs of RBDA are the largest. Because RBDA takes
the up conformation, it reduces interdomain contacts with
the other domains significantly. The RMSFs of NTDs in
the up form are also greater than those in the down form,
and the order of magnitude is NTDB z NTDC > NTDA.
When RBDA takes the up form, NTDB and NTDC become
more mobile.

PCA on MD1_Down/Up suggests collective motions of
three RBDs and NTDs in S-protein both in the down and
up forms. In particular, RBDA-NTDB, RBDB-NTDC, and
RBDC-NTDA in down move in the same directions (Fig. 2
B, top view) in the lowest PC mode, which contributes
�30% of total conformational fluctuations. From the side
view, the whole RBDs and NTDs in down seem to undergo
Biophysical Journal 120, 1060–1071, March 16, 2021 1063
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swinging motions along the lowest PC mode. In contrast, the
domain motions in up seem to be less cooperative. RBDA

moves toward the cavity between NTDB and RBDB.
RBDC becomes less mobile because of interactions with
RBDA, which might make NTDA less mobile. The contribu-
tion of the lowest PC mode in MD1_Up to the total confor-
mational fluctuations is �35%. On the other hand, in the
MD2 simulation, NTDB moves toward the cavity and
RBDA and RBDC move together because of their direct in-
teractions (Fig. S4). As a result, the fluctuations of NTDA

become smaller. This PCA suggests that the change of
RBDA position increases the mobility of NTDB and
RBDB, which are adjacent to RBDA. The increased mobility
of another RBD may induce the structure toward a two-
RBDs-up conformation, which was recently determined us-
ing cryo-EM (12).
Interdomain residue-residue and residue-glycan
interactions in MD simulations

In Fig. 3, we show the probability of forming the interdomain
contacts and hydrogen bonds in MD1_Down and MD1_Up.
Only the results of residue pairs that have more than 55%
(Fig. 3, A, B, and D) or 20% (Fig. 3 C) of the averaged con-
tacts in either MD1_Down or MD1_Up are shown. In
MD1_Down, some residue-residue and residue-glycan con-
tacts exist between different RBDs (Fig. 3 A). A complex-
type N-glycan attached at N343 forms contacts and hydrogen
bonds with Y489 and Q493, suggesting a major role in the
conformational stability of RBDs (Fig. 4 A, top). The patterns
of the interdomain contacts and hydrogen bonds change dras-
tically from down to up. In the up form, no interactions be-
tween RBDA and RBDB are found, whereas the contacts
and hydrogen bonds between RBDA and RBDC are empha-
sized; S477-T385, Q493-C379, Y489-T385, and Q493-
K378 pairs provide essential interdomain contacts. The first
two result from hydrogen-bond interactions, suggesting their
strong influences on the tight interaction between RBDA and
RBDC. The rest of interactions provide hydrophobic contacts
to support the up conformation. Interestingly, Y489 and Q493
switched the interaction pairs before and after the conforma-
tional transition (Fig. 4 A, bottom).

In Fig. 3 B, we observed many interdomain contacts and
hydrogen bonds between residue pairs and residue-glycan
pairs between RBDs and NTDs. In particular, E465-N234
and E516-Y200 pairs include side-chain contacts as well as
hydrogen bonds. Some of N-glycans interact with multiple
side chains, likely adding their hydrophobic interactions to
the stabilization. In particular, a high-mannose-type N-glycan
at N234 strongly interacts with S459 and K462, whereas the
glycan at N165 seems to loosely contact with various resi-
dues (Fig. 4 B, top). In the up form, most of the contacts
and hydrogen bonds in the RBDA-NTD interface are lost.
Loose contacts between N165 and RBDA and also hydrogen
bonds between H519 and N234 play an important role (Fig. 4
1064 Biophysical Journal 120, 1060–1071, March 16, 2021
B, bottom). The high-mannose-type N-glycan at N234 in-
trudes a cavity between NTDB and RBDB and interacts
with D985 and R983 in S2B, and also T415 in RBDC

(Fig. 3 C). Interestingly, most of the contacts and hydrogen
bonds between RBDB and NTDC, as well as those between
RBDC-NTDA, are lost in the up form. This suggests the
increased flexibility of RBDB, RBDC, and three NTDs after
taking the up form of RBDA, which is consistent with our ob-
servations of RMSFs (Fig. 2 A). Movement of the N-glycans
will be further discussed in the analysis of TMD.

The down form contains many contacts among three NTDs
and S2 subunit as shown in Fig. 3 D. The contacts mainly
consist of residue-residue interactions. In particular,
hydrogen bonds between S383 and R983 or between S383
and D985 seem to be dominant interactions (Fig. 4 C, top).
Compared with the interactions between RBDs (Fig. 3 A)
or between RBDs and NTDs (Fig. 3 B), electrostatic interac-
tions involving Glu, Asp, and Arg seem to be important in the
domain interfaces between RBDs and S2 subunit. All the
contacts and hydrogen bonds between RBDA and S2 disap-
pear in the up form (Fig. 4 C, bottom), whereas some remain
between RBDB and RBDC and the S2 subunit. Alternatively,
R983 and D985 in S2 interact with the glycan at N234 (Fig. 4
B, bottom). As we see in Fig. 3 B, RBDA-NTDB interactions
are mainly stabilized through the glycans at N165 and N234.
In addition, the intruded N234 mediates the interaction be-
tween RBDA and the S2 subunit. These interactions likely
contribute to the stabilization of the up form. Detailed inter-
actions between amino acid residues and glycosylated
amino-acid residues N165, N234, and N343 in
MD1_Down/Up are illustrated in Fig. S5.

The residue-level interdomain contacts and hydrogen
bonds are influenced by subtle changes of domain motions
in MD simulations. To examine the statistical significance
in the analysis, we examined independent trajectories from
MD2_Down/Up (Fig. S6). Because of the conformational
stability of the three RBDs in the down form, the results of
interdomain contacts and hydrogen bonds in MD2_Down
are similar to those in MD1_Down. In contrast, RBDA in
the trajectory of MD1_Down shifted slightly outwards, and
therefore, novel residue pairs in RBD-RBD and RBD-NTD
interfaces are shown in Fig. 3. The residue pairs in RBD-
S2 interface are marginally affected, suggesting their strong
interactions in the SARS-CoV-2 S-protein. In Figs. S7 and
S8, the time series of interdomain contacts in MD1_Down/
Up and MD2_Down/Up are shown. We could see that most
interaction pairs shown in Fig. 3 are stable over the last
500 ns, demonstrating a good convergence of our
simulations.
How do interdomain interactions change in
transitions between the down and up forms?

Here, we examine TMD simulation trajectories to answer
how the detected interdomain interactions change from



A

B

C

D

FIGURE 3 The interdomain contacts and hydrogen bonds in MD1_Down and MD1_Up. (A) The interactions between different RBDs, RBDA-RBDB (pur-

ple), RBDB-RBDC (green), and RBDC-RBDA (light blue); (B) those between RBDs and NTDs, RBDA-NTDB (purple), RBDB-NTDC (green), and RBDC-

NTDA (light blue); (C) those between N234 and RBDs/S2, N234B-RBDB (green), N234B-RBDC (light blue), N234B-S2B (orange), and N234B-S2C (yellow);

(legend continued on next page)
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down to up or from up to down transitions. The analysis is
necessary to understand the interactions related to the N-
glycans because the previous analysis depends on the start-
ing structures of N-glycans in MD simulations. In TMD
simulations starting from down to up or vice versa, we
added restraints only to the protein heavy atoms, allowing
the N-glycans to move freely (Fig. S9). Fig. 5 shows the
minimal distances of the interdomain amino acid residue
and residue-glycan pairs in TMD3_ToUp (see Fig. S10 for
all trajectories). The two amino-acid residue pairs, namely
Y489/Q493 in RBDC and T385/K378 in RBDA, are broken
at the domain interface (Fig. 5, top left). Similarly, two pairs
between Y489/Q493 in RBDC and the complex-type N-
glycan at N343 in RBDA break in the middle of the TMD
simulation from down to up (Fig. 5, top left). Instead,
Y489 and Q493 in RBDC make new contacts with T385
and K378 in RBDA, respectively, showing the switching
of the interaction pairs. Interactions between amino acid res-
idues in RBDA and a complex-type N-glycan at N165 in
NTDB are basically stable (Fig. 5, top right), and some in-
teractions can be transiently formed (e.g., N481-N165).
These results suggest that N165 can follow RBDA during
the transition between down and up.

In the RBD-NTD-S2 interface, E516 and S383 in RBDA

lose their interactions with Y200 in NTDB and R983 in S2B,
respectively (Fig. 5, bottom left). Similarly, the high-
mannose-type N-glycan at N234 in NTDB loses the interac-
tions with K462 in RBDA, but it makes a new contact with
H519 in RBDA after the transition to the up form. In addi-
tion, the glycan at N234 can form contacts with E988 in
both S2B and S2C, which are located at the top of S2
(Fig. 5, bottom right). The glycan at N234 intrudes into
the void space between RBDA, NTDB, and S2 because of
strong electrostatic interactions between the glycan and
amino acid residues. The change in RBDA position during
the transition likely weakens the interdomain interaction.
The high-mannose-type N-glycan at N234 in NTDB pro-
vides sufficient interdomain contacts between RBDA,
RBDB, and S2, which seem to be important for the stabili-
zation of the up form of the S-protein. In general, the
TMD simulation results (Figs. 5 and S10) are consistent
with the interdomain contacts and hydrogen bonds observed
in canonical MD simulations (Figs. 3 and S5).

Fig. 6 shows three snapshots of TMD3_ToUp obtained at
0, 25, and 32 ns, whose RMSDs with respect to the up form
are 6.8, 3.1, and 2.0 Å, respectively. The glycan at N165 in
NTDB moves upward, following the motion of RBDA, and
fills the cavity between RBDA and NTDB. The N-glycan
and (D) those between RBDs and S2, RBDA-S2 (purple), RBDB-S2 (green), an

amino acid residues. In the analysis, a contact is defined when the minimal distan

the D.A (donor.acceptor) distance is shorter than 3.4 Å, the D-H.A angle is s

trajectory is divided into five 100-ns trajectories, and the average numbers of c

numbers are shown in error bars. Only the residue pairs that have more than 5

MD1_Up are shown. To see this figure in color, go online.
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343 in RBDA loses the interactions with RBDC because of
the movement of RBDA. The N-glycan at N234, facing out-
wards in the down form, fills a cavity formed by the motion
of RBDA. Finally, it reaches the top of the S2 domain. The
motions and interactions with the N-glycans suggest that
upon the large positional changes of RBDA from down to
up, the N-glycans show significant flexibility in their confor-
mation and change their interaction partners.
Role of electrostatic repulsions between three
RBDs in the down form

The analysis of interdomain contacts and hydrogen bonds
suggests the importance of charged amino acid residues
and their interactions. Fig. 7 shows the surface charge distri-
butions of RBDs at 500 ns of the MD1_Down simulation us-
ing the APBS tool in PyMOL software (56,57). In the top
view of RBDs (Fig. 7 A), we found that the surface of the
central cavity formed by three RBDs is positively charged,
which may present repulsive forces. The positive charges
mainly result from the side chain of K417, R408, and
K378, as we see in the side view (Fig. 7 B). There exist nega-
tively charged regions near K378; they result from the
exposed backbone carbonyl groups in F374 as well as
S374 and do not interact with the other RBD surfaces.
D405 is close to R408, but the side chain of D405 is not
exposed to the RBD interface.

In the up form, K378 in an RBD can interact with Q493 in
another nearby RBD (Figs. 3 and 4). The loop structure
including Q493 is flexible (Fig. 2). This loop also includes
the negatively charged residue E484. Interestingly, E484
in RBDA frequently formed a hydrogen bond with K378
at the beginning of MD1_Up (the averaged frequency of
the hydrogen-bond formation is �50% in 0–300 ns) and
in the middle of TMD simulations. The electrostatic interac-
tion between this flexible loop and positively charged sur-
face of RBD may act as an attractive force toward the up
form.
Molecular interactions regulating conformational
stability and transitions of SARS-CoV-2 S-protein

In this study, we performed four all-atom MD simulations of
SARS-CoV-2 S-protein in solution: two simulations starting
from the down form (1 ms and 200 ns) and two from the up
form (1 ms and 200 ns). Based on the simulation trajectories,
we detect important interdomain interactions as shown in
Figs. 3 and S4. Although some of them show different
d RBDC-S2 (light blue), are shown. Red characters mean the glycosylated

ce between two residues is shorter than 2.5 Å. A hydrogen bond is decided if

maller than 120�, and the H-D.A angle is greater than 30�. The last 500-ns
ontacts and hydrogen bonds are shown as bars. The maximal and minimal

5% (for A, B, and D) or 20% (for C) of contacts in either MD1_Down or
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FIGURE 4 Key interdomain interactions at the

final snapshots of MD1_Down (top) and MD1_Up

(bottom). (A) The RBD-RBD interface, (B) the

RBD-NTD-S2 interface, and (C) the RBD-S2 inter-

face are shown. Dotted circles show strong interac-

tions to stabilize the position of RBDs in each form.

Key residues and N-glycans are shown in sphere rep-

resentations. To see this figure in color, go online.

Interactions in SARS-CoV-2 S-protein
frequencies of the formation of interdomain contacts and
hydrogen bonds, we observed common key features in two
independent simulation trajectories in both the down and
up forms. The interaction involving the N-glycan is also
investigated, and the functional roles of distinct glycans at
N165, N234, and N343 are elucidated. However, the glycan
interactions can be influenced strongly by the starting struc-
tures of MD simulations. The glycan conformations in the
structures were added computationally by CHARMM-GUI
tools, likely affecting the analysis result. To be independent
from possible computational artifacts, we conducted six
TMD simulations: three for the transitions from down to up
(20, 20, and 50 ns) and three for those from up to down
(20, 20, and 50 ns). In the TMD simulations, we did not
add restraining forces to the N-glycans in S-protein so the
N-glycans can freely fluctuate during the conformational
changes toward the up or down form. In the analysis of
time courses of the minimal distances, we obtained the
consistent results of interdomain interactions with those
observed in the canonical MD simulation trajectories. We
therefore consider that this analysis of contacts and hydrogen
bonds is meaningful in cases of the amino-acid residue pairs
as well as N-glycan/amino-acid residue pairs. The key inter-
domain interactions that stabilize either down or up forms are
summarized in Fig. 8. We call this conformational transition
mediated by glycans the ‘‘glycan-locking mechanism,’’ by
which the three major glycans N165, N234, and N343 regu-
late the movement of RBDs.
FIGURE 5 The minimal distances of the interdo-

main amino acid residue and residue-glycan pairs in

the TMD2_ToUp simulation. Red characters mean

the glycosylated amino acid residues. RMSD in

TMD simulations is measured using the cryo-EM

structure in the up form as a reference. To see this

figure in color, go online.
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FIGURE 6 Key interdomain interactions observed at

the initial (0 ns), 10 ns, and the final (20 ns) of

TMD2_ToUp. The figures show a side view of the

RBD-NTD interface. Key residues and N-glycans are

shown in sphere representations. To see this figure in co-

lor, go online.

Mori et al.
Casalino et al. carried out all-atomMD simulations of fully
glycosylated full-length SARS-CoV-2 S-protein and dis-
cussed the role of a glycan shield (30). They compared acces-
sible surface areas of S-protein with and without
glycosylation in their multiple-microsecond MD simulations
in both the down and up forms. They also discussed the role
of N-glycans at N165 and N234 to stabilize the up form and
performed additional MD simulations by mutating N165 and
N234 to alanine to conform their functional roles. The simu-
lations showed large destabilization of the RBDs in the
mutant, confirming the glycans’ functions. Our results on
the role of N165 and N234 are fully consistent with their
finding and add further details on their functional motion.
The electrostatic repulsion in the central cavity between three
RBDs in the down form is likely to be overlooked in the pre-
vious studies. Because N-glycans increase the conforma-
tional stability of both the up and down forms in different
manners, there must be destabilization factors or driving
forces on the conformational changes in the S-protein. We
consider that the electrostatic repulsion in the cavity at
trimeric center is one such device in the S-protein. We note
that there is no N-glycan in the region, so this repulsion is in-
dependent from the glycosylation of S-protein.

We performed, in total, 1.2-ms canonical MD simulations
of a fully glycosylated SARS-CoV-2 S-protein in solution.
The simulation lengths are a bit shorter than other computa-
tional studies including multiple-microsecond MD simula-
tions. However, none of them succeeded in simulating the
spontaneous conformational changes between up and
down in multiple-microsecond MD, suggesting that much
longer timescales are required in the conformational
changes. In this sense, if we focus on the elucidation of
the interdomain interactions regulating the conformational
stability of the up and down forms of the S-protein, our sim-
ulations seem to be enough, and the results are meaningful.
Because N-glycans are very flexible, we might need longer
simulations to examine the interactions between N-glycans
and amino acids in different domains. Therefore, we per-
formed multiple TMD simulations for investigating such in-
teractions, allowing N-glycans to move freely in TMD
simulations. Fortunately, the TMD results agree with the
contact and hydrogen-bond analysis of canonical MD simu-
lation trajectories.
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Finally, we discuss the conformational changes of the S-
protein between the down and up forms. We performed six
TMD simulations between the two states and observed the
structural changes between them. In TMD simulations, we
add the RMSD restraint forces to protein heavy atoms and
force the protein toward the target structure. As shown in
Fig. S9, the conformational change happened almost line-
arly without the effect of thermal fluctuations. It was also
criticized many times that the pathways obtained in TMD
may not be realistic compared to other sampling schemes.
In this work, we do not aim to discuss the intermediate
structures between the up and down forms of the SARS-
CoV-2 S-protein. To discuss the intermediate structures,
we suggest performing MD simulations based on enhanced
conformational sampling methods, such as replica-ex-
change schemes (58). Considering the large system size
of a fully glycosylated SARS-CoV-2 S-protein in explicit
solution, gREST (59) or GaMD (60–62) seems to be a
good scheme to be applied rather than the original T-
REMD (63). The gREST simulations of the S-protein in
solution are now underway in our group using Fugaku su-
percomputer resources. The results on the spontaneous
conformational changes of the S-protein and the intermedi-
ate structures between the down and up forms will be dis-
cussed elsewhere.
CONCLUSIONS

Based on the fully glycosylated SARS-CoV-2 spike protein
structural models, we performed all-atom MD simulations
of the up and down forms and target MD simulations be-
tween them. To understand key interdomain interactions
in each form, we analyzed the simulation trajectories in
terms of atomic contacts and hydrogen bonds between
different RBDs, between RBDs and NTDs, and between
RBDs and the S2 subunit. The down and up forms of the
S-protein are stabilized via different residue-residue and/
or residue-glycan interactions, as summarized in Fig. 8.
In addition to the stabilization factors including the hydro-
phobic and hydrogen bonding interactions, repulsive forces
are implemented in the interior cavity surface formed by
three RBDs. The repulsive electrostatic forces between
positively charged side chains in three RBDs are balanced
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FIGURE 7 Electrostatic potential mapped to RBDs in down form. Three

basic amino-acid side chains, K378, R408, and K417, provide positively

charged surfaces toward the center of a trimeric form of S-protein. APBS

plugin in PyMOL software (56,57) is used to visualize the electrostatic po-

tential. To see this figure in color, go online.

FIGURE 8 ‘‘Glycan-locking mechanism’’ for the conformational transi-

tion between down and up forms of SARS-CoV-2 S-protein. Major interdo-

main interactions observed in all-atom MD and TMD simulations are

illustrated as gray ellipsoids. Electrostatic interactions between three

RBDs give repulsive forces for driving conformational changes from

down to up, whereas interdomain contacts and hydrogen bonds between a

trimeric structure stabilize the down form with the help of N-glycans at

N343. The up form loses interdomain contacts and hydrogen bonds, in

particular between RBDB, RBDC, and S2. However, the N-glycan at

N234 supports the interaction between them by intruding into the void

space. To see this figure in color, go online.

Interactions in SARS-CoV-2 S-protein
with interdomain hydrogen bonds and van der Waals inter-
actions to stabilize the down form. In the transition from
down to up forms, the electrostatic interaction may work
as a driving force to break the trimeric symmetry of the
S-protein conformation. The up form, which is an asym-
metric structure with only one RBD taking the up form,
is stabilized via side-chain electrostatic interactions and
residue-glycan interactions to fill the cavity between two
chains. This study was able to elucidate key atomic inter-
actions to stabilize the down and up forms that were deter-
mined by cryo-EM, whereas target MD simulation could
predict only one possible pathway between the down and
up forms. To find intermediate structures and other candi-
dates of the active conformations, we need to explore the
conformational space of SARS-CoV-2 more extensively
by using some of the enhanced conformational sampling
methods.
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