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The conformational transition of the receptor binding domain (RBD) of the SARS-CoV-2 spike (S) protein
from the "closed” to the “"open” state is an important dynamic event influencing the infectivity of the
virus. However, how accumulating mutations reshape these conformational dynamics during viral
evolution remains to be clarified. In this study, we observed the motion of the RBD of fully glycosylated
S protein trimers from wild type to Omicron (BA.2, BA.4&5) variants by using all-atomic molecular
dynamics simulations. Our study indicates that, although a fully converged free energy landscape in all
motion directions was not obtained, analysis of the molecular dynamics trajectories reveals significant
differences in the RBD motional patterns among variants due to mutations. Studies have shown that
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specific surface mutations of the Omicron variant exhibit a strong coupling effect with glycan dynamics.
This effect remodels the “glycan gate” conformation mediated by N165 and N343 glycans and
subsequently regulates the motion of the RBD. These findings elucidate the molecular mechanism
between viral surface mutations and glycan dynamic regulation, providing a new theoretical basis for
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1. Introduction

Since the outbreak of the COVID-19 pandemic, significant
progress has been made in understanding the evolution of
SARS-CoV-2, with the spike protein remaining the focus of
investigation.”” The dynamic conformational transition of the
spike (S) protein—wherein its receptor binding domain (RBD)
shifts from a protected “down” or “closed” state to an acces-
sible “up” or “open” state—is a pivotal event governing viral
infectivity.® This is because RBD is directly responsible for
binding to the host angiotensin-converting enzyme 2 (hACE2)
receptor, the first step for viral entry.*®> A vast amount of
research tries to understand virus evolution impact, such as
how mutations on the S protein surface alter its electrostatics
and hydrophobicity to modulate receptor affinity and antibody
evasion.®”® However, how the conformational dynamics of
the spike protein—as an independent, optimizable trait—is
reshaped throughout viral evolution remains a critical unre-
solved question.

Various experimental and computational methods have
been employed to characterize the dynamic behavior of the S
protein. Among them, the single-molecule fluorescence reso-
nance energy transfer experiment observed and quantified the
dynamic equilibrium of the RBD, revealing that viral variants
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understanding the evolutionary adaptability and biological function of the virus.

(such as D614G) significantly shifted the conformational equi-
librium towards an open state that is more conducive to
binding than the wild-type (WT) strain.'®'* Meanwhile, cryo-
electron microscopy studies also provided structural evidence
that the D614G variants favor a more open conformation by
disrupting an inter-protomer salt-bridge contact present in the
WT strain.’>™** Other key single mutations, like K417N, were
also shown to impact the stability of the S protein’s open
state.'® Furthermore, the hydrogen deuterium exchange mass
spectrometry technique was used to analyse the flexible region
of the S protein and further indicated that the Delta variant’s
spike tended to have an open conformation, but it was also
found that the RBD of the early Omicron variant unexpectedly
leaned more towards the closed conformation."”

Molecular dynamics (MD) simulation combined with enhanced
sampling methods and free energy calculation is a powerful tool for
studying the conformational dynamics of S proteins at the atomic
level.'®2* For example, free energy calculations via 2D umbrella
sampling have been used to explore the impact of a single mutation
on this transition process, providing insights into the dynamic
evolution of spike proteins, even when the specific mutations
studied did not become prevalent variants."” Other work focused
on the influence of distant residues, demonstrating that the
analysis of residue motion synergy from MD trajectories can
provide profound insights for predicting the outcomes of
distant mutations.'® Furthermore, research on the surface
glycans of the spike protein has innovatively revealed their
key regulatory role in the conformational dynamics of the
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RBD.”>?° Studies combining conventional molecular dynamics
simulations with experimental validation first demonstrated
that N-glycans at sites N165 and N234 play an essential struc-
tural role by stabilizing the RBD in the open conformation.>®
Subsequently, a distinct mechanistic contribution was uncov-
ered through weighted ensemble simulations, which showed
that the N343 glycan acts as a “‘glycan gate”, actively facilitating
the closed-to-open transition by interacting with the RBD
surface.”® These findings highlight two different aspects of
glycans’ influence: stabilization of the open state and facilita-
tion of the opening transition. This understanding has been
quantitatively refined by a 2D free energy surface constructed
using replica exchange umbrella sampling, which showed that
glycans increase the energy barrier to opening and highlighted
the roles of N165 and N343 in stabilizing both the up and down
states.”’ Further investigations have explored how the specific
type and size of glycans at these key sites (N165, N234, N343)
fine-tuned the stability of the open RBD, and examined the
evolutionary implications of changes in the glycan shield
topology, such as the loss of the N370 glycosylation site in
SARS-CoV-2.”> These important studies have established that
factors, from key mutations such as D614G to specific glycans
such as N165, can play crucial regulatory roles in the S protein
conformational dynamics.

However, virus evolution is not a simple accumulation of
isolated factors.”””*® The challenge of current research lies in
how these mutations can work in synergy with the dynamic
regulation of glycans to jointly reshape the conformational
landscape of the S protein of the variants of concern. Solving
this challenge is precisely the key to answering the fundamen-
tal question mentioned in the beginning. In this study, we used
all-atom metadynamic simulations of the fully glycosylated
SARS-CoV-2 spike protein trimer to investigate how the RBD
opening mechanism has evolved across major variants (from
wild type to Omicron BA.2 and BA.4/5), and to analyze how
surface mutations and glycan dynamics collectively shape this
process, particularly at N165 and N343, reshapes the conforma-
tional landscape of the spike protein. Through this analysis, we
aim to elucidate the connection between surface mutations and
glycan dynamics, thereby establishing a mechanistic basis
for understanding the structural and functional evolution of
the virus.

2. Methods

2.1. Construction of fully glycosylated spike protein
structures for VOCs

Following the framework developed by Woo et al.* for fully
glycosylated SARS-CoV-2 spike protein models, we constructed
complete spike protein structures for the variants of concern
(VOCs) studied herein. The precise set of amino acid mutations
defining each VOC (Delta, BA.2, and BA.4/5) was determined
based on the consensus data provided by authoritative genomic
surveillance resources, specifically the covariants.org project,
which tracks shared mutations across major viral lineages.
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With these defined sequences, we then generated the struc-
tures through homology modeling. Initially, utilizing wild-type
models from the CHARMM-GUI COVID-19 Archive®**® as tem-
plates, we incorporated the VOC-specific amino acid mutations
using the MODELLER software package.’’ For glycosylation
patterns, we integrated recent comprehensive analyses by
Shajahan et al,*® which comparatively examined N- and
O-glycosylation sites across wild-type, Delta, and Omicron spike
proteins. In contrast to the wild-type strain, the N17 site in
Delta and the N17, N74, and N149 sites in Omicron BA.2 were
maintained in non-glycosylated states. Detailed information of
mutations and glycan sequences are stored in 3_Additional
Information.xlsx. These structural modifications were imple-
mented through the glycan reader & modeler module of the
CHARMM-GUI online platform. The initial coordinates for the
fully-glycosylated Spike protein system were prepared using
the CHARMM-GUI. The protonation states of all titratable
residues were assigned assuming a physiological pH of 7.0.
The system was then solvated in a periodic boundary box with
TIP3P water molecules, ensuring a minimum distance (20 A)
between the protein and the box edges. Potassium and chloride
ions were added to neutralize the total system charge and to
achieve a physiological salt concentration of 0.15 M. Both the
protein and the attached N-glycans were described using the
all-atom CHARMM36 force field.

2.2. System pre-equilibration and glycan relaxation

All subsequent MD simulations were performed using GRO-
MACS 2023.2-plumed-2.10.0-dev version.**** To pre-equilibrate
the glycosylated protein system and facilitate glycan relaxa-
tion, we initially performed energy minimization using the
steepest descent algorithm with a convergence criterion of
maximum force less than 1000 k] mol~' nm ™. Subsequently,
the system entered a preliminary equilibration phase using
the NVT ensemble, during which the Nose-Hoover thermo-
stat®® maintained the system temperature at 300 K while
position restraints were applied to both the protein backbone
and side chains. Following this, a temperature equilibration
phase was conducted, maintaining the NVT ensemble with
position restraints applied exclusively to a-carbon, with tem-
perature regulated at 300 K via the Nose-Hoover thermostat.
To further enhance glycan relaxation, simulated annealing
was implemented under the NVT ensemble with position
restraints on protein heavy atoms, comprising four annealing
cycles over 10 ns, each cycle linearly increasing temperature
from 300 K to 600 K before cooling back to 300 K. Finally,
the system underwent a terminal equilibration phase transi-
tioning to the NPT ensemble, utilizing the Nose-Hoover
thermostat and Parrinello-Rahman barostat®® to maintain
temperature and pressure at 300 K and 1 bar, respectively.
Throughout this protocol, van der Waals interactions were
treated using force-switch correction with a cutoff radius of
1.2 nm, electrostatic interactions were handled via the Particle
Mesh Ewald (PME) methodology,>”° and hydrogen bond
lengths were constrained using the LINCS algorithm®’ across
all simulation stages.

This journal is © the Owner Societies 2026
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2.3. Well-tempered metadynamics simulation

To enhance the sampling of open-to-closed conformational
transitions, four collective variables (CVs) were selected and
grouped into two categories. The first group comprises geo-
metric descriptors modified based on Fallon’s scheme: (i) CV1,
RBD opening angle (see light blue dashes in Fig. 1A and B), and
(ii) Cv2, RBD torsional angle (see pink dashes in Fig. 1A and B).
The second group includes root mean square deviation
(RMSD)-based descriptors: (iii) RMSD-XA, the RMSD to a refer-
ence open structure, and (iv) RMSD-XB, the RMSD to a refer-
ence closed structure. In the metadynamics setup, CV1 and CV2
(the geometry CVs mentioned in the main text) were used for
adding Gaussian hills. The hill widths were set as 0.08 rad,
0.05 rad, 1 A and 1 A. The hill height was set as 0.25 kcal mol ™
with a bias factor of 10. In the simulations, upper and lower
wall restraints were applied to the collective variables RMSD-
XA, RMSD-XB, CV1, and CV2 to confine their values within
specified ranges (—1 to 30 for RMSD-XA and RMSD-XB, 0.8 to
2 for CV1, and —0.7 to 1 for CV2, in the unit of A or rad) using
harmonic potentials with a force constant of 500 kcal mol™* A2,
Additionally, an upper wall restraint with a force constant of
1000 kcal mol " A% was applied to the RMSD of the RBD to limit
its value below 2.5 A to maintain RBD’s structural stability.
We conducted three independent repeated simulations for
each variant, with each simulation lasting for 400 nanoseconds
(400 ns * 3 replicas). Particularly for the BA.2 variant that
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exhibits a unique open mechanism, we performed an addi-
tional five repeated simulations to further verify its behavior.
A detailed PLUMED file has been uploaded to 3-METAD.dat in
the github repo.

2.4. Free energy surface reconstruction and reweighting

Herein, we employed the well-tempered metadynamics simu-
lations considering the extensive and all-atom on the fully
glycosylated S protein trimer to map the free energy landscape
(FEL) governing RBD motion.”’ The time-dependent bias
potential accumulated during the metadynamics simulation
is presented:

N2
Vs, t) = Z w exp (_%> (1)

<t

where s denotes the set of chosen CVs, s(¢;) is the previously
visited points along the CV space at time interval ¢;, and w is the
initial height of the Gaussian. All simulations were performed
using GROMACS 2023,* with the bias potential applied via the
PLUMED2 plugin.** Upon completion of the metadynamics
simulation, the unbiased FEL was reconstructed through a
reweighting procedure. To recover the unbiased surface pro-
jected onto the geometric CV1, CV2, and the final bias potential
V(s;) was assumed to remain approximately constant during
sampling, and the statistical weight of each trajectory frame
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Fig. 1 Conformational dynamics of the SARS-CoV-2 Spike Protein and its synergistic regulatory mechanism by mutations and glycans. (A) Collective
variables for the opening transition are shown in green and yellow dashes. (B) The geometric free energy landscape for the WT S protein, projected onto
the opening and torsional angle CVs. (C) The corresponding free energy landscape was re-projected onto RMSD-based coordinates. (D—F) Structural
snapshots illustrating the dynamic interaction network between key mutations and adjacent glycans at different stages of RBD opening.
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was assigned as:

V(si)
% ()

W X exp

where kg is the Boltzmann constant, and T is the system
temperature. This formulation corrects the non-Boltzmann
sampling introduced by the metadynamics bias and enables
recovery of the unbiased free energy distribution. The reweight-
ing was implemented using the REWEIGHT_BIAS module in
PLUMED2,** yielding the unbiased multi-perspective free-
energy landscape in:

Fbias(s) = %lhl |:Z exp(—ﬂ V(S, l,‘)):| (3)

1
where f = T is the inverse thermal energy and V(s,t,) is the
B

bias potential deposited at time.
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2.5. Low-energy state occupancy ratio

To quantitatively compare the thermodynamic stability and
conformational diversity across variants, we calculated the
occupancy from the RMSD-based FELs. The methodology first
identifies a “low-energy conformational ensemble’” by select-
ing all points on the FEL with a relative free energy below a set
threshold (e.g., <8.0 kT). Within this ensemble of stable
states, each conformation is then classified: it is defined as
“open” if its RMSD to the closed reference is greater than its
RMSD to the open reference, and ‘“closed” otherwise. The
occupancy of the open state is the percentage of conforma-
tions within this low-energy ensemble that are classified as
“open”, with the closed state occupancy calculated analo-
gously. These values, presented in Fig. 2 of the main text,
serve as a direct measure of the system’s thermodynamic
preference for the open versus closed states, effectively inte-
grating information about both the depth and breadth of the
corresponding energy basins.

Variant-specific Opening Path

Intermediate

Fig. 2 Comparative analysis of RBD opening dynamics across SARS-CoV-2 variants. The RMSD-based FELs for the Delta, BA.2, and BA.4&5 variants are
shown on the left, illustrating their distinct thermodynamic stability for the open and closed states. The calculated low free energy state occupancy ratio
for the open and closed states is directly annotated on each landscape, quantifying the thermodynamic preference. The panels on the right illustrate the
corresponding variant-specific opening pathways by showing representative structures for the closed, intermediate, and open states. The pathway is
defined by the relative positions of the RBD (red), the N165 glycan (blue), and the N343 glycan (orange). The distinct trajectories for Delta (red dashed
line), BA.2 (green), and BA.4&5 (blue) reveal that each variant utilizes a unique structural mechanism for the RBD opening transition, correlating with the
thermodynamic differences observed in their respective FELs.
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2.6. Hydrogen bond contact analysis

Hydrogen bonds were identified using the mdtraj.baker_hub-
bard function, which implements the Baker-Hubbard geo-
metric criteria.”* A hydrogen bond was defined to exist if the
distance between the donor and acceptor heavy atoms was
lower than 2.5 A and the angle formed by donor-hydrogen-
acceptor was greater than 120 degrees. Detailed information
can be found in supporting script: 3_find_hbond_between.py.

2.7. Calculations on glycan surface charge distribution

To investigate the electrostatic properties of the N165-glycan
and validate our interpretation of its interaction with the RBD
surface, we performed density functional theory (DFT) calcula-
tions. A representative structure of the sialylated N165-glycan
was extracted from our MD trajectories. Single-point energy
calculations were then carried out on this structure using the
Gaussian 16 software package. The calculations employed the
B3LYP hybrid functional®* with the 6-31G(d,p) basis set.*>*
The resulting molecular electrostatic potential (MEP)"” was
subsequently mapped onto the electron density surface to
visualize the charge distribution across the glycan, as presented
in the SI (Fig. S5).

3. Result and discussion

3.1. Comparative analysis strategy and semi-quantitative
interpretation for free energy landscapes

To describe the conformational transition process of RBD (the
red part in Fig. 1A) from the closed to the open state, we defined
a set of geometric collective variables to define its opening
angle and torsion dihedral (Fig. 1A). For metadynamics simula-
tion, a strict convergence criterion of free energy calculation is
that the CVs exhibit diffusion behavior along the sampled space
over the simulation time. However, for a complex system such
as the spike protein trimer, which is large and highly glycosy-
lated, achieving ideal complete convergence within limited
computing resources is extremely challenging. Our trajectory
analysis indicates that some CVs have not yet achieved com-
plete free diffusion throughout the conformational space.
Therefore, interpreting the energy barrier height (e.g., the
apparent energy barrier of 10.9 kcal mol™') on the recon-
structed free energy surface (such as the WT protein as shown
in Fig. 1B) as accurate kinetic parameters is inappropriate.

To this end, we adopted a more robust analysis strategy,
shifting the focus from the pursuit of absolute accuracy in
energy values to capturing the topological differences in the
conformational energy landscapes among different variants.
We interpret the “low energy” regions as corresponding to
thermodynamically stable and highly sampled conformations.
Therefore, FEL is regarded as a powerful tool for analysing the
motion patterns of RBD in MD trajectories, rather than a
quantitative indicator for summarising the conformational
changes of RBD. Such an analytical strategy has also been
demonstrated in previous studies on the dynamics of RNA
conformation.”® Based on this, the minimum energy path
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connecting the closed state and the open state is defined as
the main pathway of conformational opening (opening path,
see Fig. S3). We believe that even if the free energy values do not
fully converge, significant changes in the FEL topological
structure (such as the position, shape, and relative depth
of the energy wells) can reliably reveal the differences in con-
formational intermediates and dynamic behaviors among dif-
ferent variants. To achieve standardised comparisons among
variants, we further project FEL onto a two-dimensional space
defined by the conformations and the RMSD of the reference
“open” and “closed” states (WT shown in Fig. 1C). This
projected space constitutes the basis for our cross-variant
comparative analysis (Fig. 2).

Based on RMSD FELs, the focus of our analysis is on the
occupancy ratio of the “open” and “closed” states. This metric
is defined as the proportion of low-energy conformations
within each energy basin (the state boundaries are shown in
Fig. S1) on the RMSD free energy surface. It directly quantifies
the thermodynamic preference of the system for each macro-
scopic state and the diversity of the conformational ensemble.
The quantitative occupancy ratio results of each variant have
been labelled on the respective free energy surfaces in Fig. 2.
By focusing on the relative changes in state occupancy rather
than the absolute energy barriers, the optimisation mechanism
of the dynamic behavior of the S protein under evolutionary
pressure can be reliably elucidated.

3.2. Divergence of the RBD opening mechanism among the
SARS-CoV-2 variants

The comparison of these FELs indicates that the open mecha-
nism of RBD has undergone significant changes as the virus
evolves to the Omicron variant. The transition from WT to Delta
reflects a conservative optimization strategy. This is well
demonstrated in the RMSD FELs of the wild type (Fig. 1C)
and the Delta variant (Fig. 2, upper left), showing similar
topological features: two distinct closed and open energy basins
separated by clear energy barriers. However, there are also
significant differences between the two: the low energy occu-
pancy ratio of the open state (occupancy ratio) in the Delta
variant (over 80%) has significantly increased from only 7.4% in
the WT. This indicates that the evolutionary process of the
protein has greatly expanded the conformational set accessible
within the open region, suggesting that the Delta variant has a
higher thermodynamic advantage in accessing diverse open
states. This represents a very effective evolutionary strategy,
consistent with previous experimental observations regarding
variants containing the D614G mutation.'®*?

Although variants like Delta, which are pre-Omicron vari-
ants, evolved through an optimized conservative kinetic path-
way, the emergence of Omicron introduced a major innovation -
a new path on the open pathway that features the appearance of
an intermediate state. As shown in the geometric FEL of BA.2
(Fig. S2), a stable intermediate state that is far away from both
closed and open states was formed, and it can be inferred that
this intermediate state significantly reduced the transition
barrier from closed toward open. However, this kinetic advantage
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is deceptive and is accompanied by a thermodynamic cost.
Although this intermediate state is easy to enter, the system is
difficult to escape from this “trap” to reach the fully open
conformation. This is quantitatively reflected in the low energy
occupancy rate of the open state of BA.2, being approximately
9.8% (Fig. 2), which is comparable to that of the original WT
strain. This mechanism difference provides a reasonable expla-
nation for the puzzling finding observed in the HDX-MS'
experiment, where the early Omicron variants have a lower
tendency to be open compared to their predecessors. The
conformational dynamics of BA.4&5 represent an integrated
feature, resolving the dilemma of BA.2. The key difference from
BA.2 lies in the topological structure of its energy landscape:
the geometric FEL of BA.4&5 exhibits a smoother energy slope
(Fig. S3), which facilitates a gradual transition to the open state.
The occupancy rate of its open state has climbed to over 60%
(Fig. 2), also strongly supporting this. By combining the kinetic
accessibility provided by the intermediate state driving path
with a thermodynamically favourable landscape conducive to
extensive exploration, the BA.4&5 variants achieve truly efficient
RBD opening. This suggests that the overall topological
features of the landscape during the optimization of dynamic
properties, including the smoothness of the pathway and the
presence of intermediate-state traps, perhaps play a more
critical role in determining the efficiency of opening. Next, we
will attempt to explain the changes in the opening mechanism
of different variants through protein structure analysis.

3.3.
swift

Glycan dynamics governing the RBD opening mechanism

The interaction patterns between key mutations and the sur-
rounding glycans are then investigated to uncover the mole-
cular underpinnings of these distinct energy landscapes.
As shown in Fig. 1D-F, during the opening process of the
RBD, various mutation sites (e.g., Q493R, E484A, S477N, and
L452R) form new and stable contacts with adjacent surface
glycans (colored in blue and orange) at different transitional
stages. This finding suggests that, given the significant changes
in polarity and charge introduced by these amino acid sub-
stitutions, they interfere with previously identified glycan-RBD
interaction patterns and replace the established RBD opening
mechanism in the WT and Delta variant, with a new, mutation-
induced mechanism.

The representative opening pathways, illustrated in the right
panel of Fig. 2, provide primary structural insights into the
dynamic differences, the core of which lies in the dynamic
behavior of key glycans surrounding the RBD. In both Delta and
BA.4&5, as the RBD opens upward, the N165-glycan forms
dynamic contacts with the N343-glycan on the lower side of
RBD, establishing a “bridge” structure, a key feature of the
“with N165-N343 glycan contact” mechanism illustrated in
Fig. 4. This observation of N165 and N343 glycans cooperatively
stabilizes the open state, building upon and refining previous
findings that highlighted their individual and collective roles in
modulating the S protein’s conformational energy landscape.*'*®
In contrast, during the opening process in BA.2, the N165-glycan
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remains adhered to the RBD surface and fails to establish effective
interactions with the N343-glycan, defining the “without N165-
N343 glycan contact” mechanism (Fig. 4). The absence of this
bridging structure likely contributes significantly to the ther-
modynamic instability observed in the BA.2 open state. This
suggests that viral amino acid mutations can reshape RBD
opening dynamics through allosteric modulation of the pro-
tein-glycan interaction network, indicating that the well-known
“glycan gating” phenomenon plays a central role in this evolu-
tionary trajectory.>">>>¢

To investigate the molecular mechanisms driving the differ-
ential glycan dynamics among the variants, we focused on key
amino acid mutations on the RBD surface. Detailed analyses of
the glycan-RBD interactions for the Delta, BA.2, and BA.4&5
variants are organized in Fig. S3, Fig. 3, and Fig. S4, respec-
tively. These complex dynamic data can be distilled into two
distinct, variant-specific RBD opening mechanisms, which
are illustrated as intuitive models in Fig. 4. These models,
classified as “with N165-N343 glycan contact” and ‘“without
N165-N343 glycan contact”, demonstrate how mutations
directly regulate the motional pathway of the N165-glycan by
remodeling the local amino acid-glycan interaction network.
The quantitative evidence supporting these mechanistic
models comes from our detailed analysis of interaction fre-
quencies, presented as histograms in Fig. S6. This figure
quantifies the evolving dynamic contacts between key mutated
residues and the N165-glycan (top, blue) or N343-glycan (bot-
tom, orange) along the RBD opening pathway, providing the
underlying data for the mechanisms shown in Fig. 4.

In the BA.2 variant, the Q493R mutation at the edge of the
receptor-binding motif (RBM) imparts a stage-dependent reg-
ulatory effect on the N165-glycan, showcasing a mechanism of
interaction during the RBD opening process. This finding
reveals that a specific mutation alters spike dynamics through
a glycan interaction, thereby reinforcing the view that glycans
play important functional roles beyond simply providing sur-
face shielding. In the early stages of RBD opening, the newly
introduced arginine residue (R493) acts as a potent electrostatic
anchor. Its positive charge forms a specific and strong salt
bridge with the negatively charged terminal sialic acid of the
N165-glycan. This initial interaction functions as a transient
but strong tether, significantly restricting the glycan’s confor-
mational freedom and guiding its initial movement along with
the RBD surface (see Fig. S5).

However, as the RBD transitions towards a more open state,
this specific, localized tethering effect diminishes. The increas-
ing distance and altered orientation between R493 and the
glycan weaken the initial salt bridge. The interaction then shifts
to a weaker, more diffuse electrostatic attraction. This second-
ary interaction is governed by the overall electrostatic comple-
mentarity between the positive surface potential of the RBD,
enhanced by the R493 mutation, and the glycan surface (see
Fig. S5A-C). Our additional simulation on BA.2 spike with
oligomannose-N165 glycan (see Fig. S5E) demonstrates that
this principle holds for different glycoforms, including both
sialylated complex and oligomannose types, which provides a
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structural basis for understanding why the N165 glycan can
tolerate significant structural diversity across variants while
still performing its crucial role in modulating RBD dynamics.
This transition from a strong, localized interaction to a weaker,
delocalized one is supported by our electrostatic potential
surface calculations and analysis (see Fig. S5).

Consequently, the Q493R mutation does not permanently
anchor the glycan but rather modulates its dynamics in a two-
fold manner: an initial strong restriction followed by a gentler,
more global guidance. This effect collectively ensures the N165-
glycan remains associated with the RBD surface, preventing the
large-scale swinging motions required for bridge formation.
This overall coupled motion is further corroborated by a
principal component analysis of the N165-glycan and the
RBD in the BA.2 variant (Fig. 3, lower right corner), which
reveals a high degree of correlation between their respective

This journal is © the Owner Societies 2026

centers of mass. To test the reliability of this proposed tethering
mechanism, we performed two additional, independent meta-
dynamics simulations of the BA.2 variant: one with re-
initialized glycan conformations and another where the N165
glycan was remodelled to the oligomannose-type (Man5) also
prevalent in Omicron. Crucially, the key features of this N165-
glycan restriction and the resulting thermodynamic instability of
the open state remained consistent across all simulations. This
consistency suggests that the observed mechanism is a feature of
the system and not an artefact of a specific initial model.

The Delta and BA.4&5 variants tried to employ a similar
strategy: by introducing a positively charged arginine residue
via the L452R mutation to increase the surface’s positive charge
and attract the N165-glycan. This successfully anchors the
root of the glycan, thereby balancing the competing needs of
stabilizing the RBD intermediate state and maintaining tip
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flexibility for N343 bridge formation (see Fig. S3 and S4’s lower
right corner). However, they diverge in the stabilization effect
on the RBD opening intermediate state, revealing how BA.4&5
selectively inherited and refined traits from its predecessor.
In the Delta variant, while the L452R mutation anchors the root
of the N165-glycan, the presence of the negatively charged
glutamic acid at position 484 (E484) contributes to a more
diffuse negative electrostatic potential on the surrounding
RBD surface. This creates a subtle, yet persistent, unfavorable
interaction with the overall partial negative charge of the
N165-glycan, thereby weakening the global affinity between
the glycan and the RBD. This attenuated attraction makes it
difficult for the Delta variant to stabilize a distinct intermediate
state during the RBD opening process, unlike what is observed
in its predecessors.

BA.4&5 meticulously refines this mechanism. While retain-
ing L452R, it eliminates the unfavorable electrostatic inter-
ference through the E484A mutation, leading to a markedly
enhanced contact between the N165-glycan and the RBD surface.
This strengthened and uniformly distributed interaction network
strikes an exceptional balance: it is strong enough to efficiently
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stabilize the critical intermediate state along the opening path-
way, yet it avoids the excessive tether-like restriction of BA.2’s
Q493R. By retaining the native Q493, whose neutral side chain
forms weaker hydrogen bonds compared to the potent electro-
static attraction from arginine’s positively charged group, it pre-
serves the conformational freedom necessary for the glycan tip
to form the bridge. By resolving the electrostatic hindrance
encountered by Delta, BA.4&5 resolves the dilemma between
kinetic accessibility and thermodynamic stability, demonstrating
a fitness advantage.

3.4. Mutational fine-tuning of the dynamic competition
network at the site 477/478

The consequences of these two distinct opening mechanisms,
as modeled in Fig. 4, are directly manifested in the formation or
dissolution of a dynamic competition network at site 477/478.
When the N165-glycan possesses bridging capability (as in Delta
and BA.4&5, see in Fig. S3 and $4), its free-swing tip frequently
contacts site 477/478, where it encounters the N343-glycan. This
establishes a dynamic “N165-glycan - site 477/478 — N343-glycan”
triangular competitive relationship. The contact frequency data in

With N165-N343

- e e el e ==

t

Open

Fig. 4 Schematic model of the RBD opening mechanism. This figure illustrates two different RBD opening mechanisms. The "no N165-N343 glycan
contact” mechanism was observed in the BA.2 variant. The “with N165-N343 glycan contact” mechanism was observed in the Delta and BA.4&5 variants.
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Fig. S6 (with site 477/478 highlighted in red) imply the formation
of this complex network, which constitutes the core structural
and dynamic feature enabling the “glycan bridge” mechanism.
Conversely, when the motion of the N165-glycan is restricted
(as in BA.2, no 477/478 interaction, see in Fig. 3), it is tethered
by R493 and cannot reach the 477/478 region for effective contact.
The direct consequence is the dismantling of the triangular
relationship. Data in Fig. S6 shows that the contact frequency
between N165 and site 477/478 is almost negligible in BA.2, which
in turn allows the interaction between the N343-glycan and site
477/478 to become markedly more stable and frequent, as it is no
longer subject to competition from N165.

Furthermore, the persistent mutational trend observed at site
477/478 throughout the evolution of SARS-CoV-2 implies a critical
function for this region in modulating glycan dynamics. We note
that the T478K mutation, which became dominant in the Delta
variant, and the S477N mutation, prevalent in the Omicron family,
could both further modulate the triangular competition network by
altering the local chemical environment. Chemically, the T478K
mutation substitutes a neutral, polar threonine with a positively
charged, long-chain lysine. We hypothesize that this newly intro-
duced positive charge center could more effectively “capture” the
polar glycan chains via long-range electrostatic attraction, thereby
enhancing the stickiness of this site as a network node and
potentially affecting the frequency and duration of N165 or N343
glycan contacts. On the other hand, the S477N mutation replaces a
serine with an asparagine; although both are neutral polar resi-
dues, asparagine possesses a different hydrogen bond donor-
acceptor pattern (due to its amide group) and a longer side chain.

Such a seemingly subtle adjustment could potentially optimize
the conformational landscape of the hydrogen-bond network with
the glycan chain, achieving a delicate “fine-tuning” of the inter-
action. This leads to an intriguing hypothesis: these subsequent
mutations may not serve to create entirely new mechanisms.
Instead, their role could be to seek a more advantageous dynamic
equilibrium for RBD opening and closing by optimizing inter-
action strengths at critical nodes within the pre-existing dynamic
framework. This hypothesis provides a new perspective for under-
standing variant evolution strategies, and its specific mechanisms
await further experimental and computational validation. This
“fine-tuning” hypothesis is also supported by another of our
findings. Our simulations show that in BA.2, the R346 residue
is also involved in electrostatic anchoring of the N165 glycan.
Notably, the R346T mutation frequently occurs in subsequent,
more widely spread Omicron subvariants (such as BA.2.75),
strongly suggesting that this site is also a key fine-tuning node
for the virus’s adaptive evolution to optimize glycan dynamics.

4. Conclusions

In conclusion, this study, through extensive molecular dynamics
simulations, elucidates two distinct evolutionary pathways for
the RBD opening mechanism of the SARS-CoV-2 spike protein.
Pre-Omicron variants, such as Delta, followed a conservative
refinement strategy, enhancing the propensity for opening
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without altering the core mechanism. The emergence of Omi-
cron BA.2, however, marked a radical innovation that achieved
kinetic accessibility by introducing a functional intermediate
state, albeit at the cost of the ‘“open” state’s stability. Ulti-
mately, the BA.4&5 variant represents a culmination of these
strategies by integrating the kinetic advantages of BA.2 with the
thermodynamic stability of Delta to achieve a strong RBD
opening capability. We further propose an atomic basis for
this evolutionary logic: key amino acid mutations (L452R/
Q493R) gate the RBD opening dynamics by modulating the
motional patterns of the N165-glycan, which in turn controls
the formation of a critical “glycan bridge”.

We also recognize that constructing a precise and comprehen-
sive description for a system as large and complex as the spike
glycoprotein is a significant computational challenge. On one
hand, although we cross-validated the simulations using multiple
standard methods, fully satisfying the ideal standard of multiple
reversible transitions for slow, large-scale conformational changes
remains a Frontier challenge. On the other hand, our current
analysis focuses on direct glycan—-protein interactions. We fully
acknowledge that water-mediated hydrogen bonds, or ‘‘water
bridges”, play a crucial role in the interaction landscape and
conformational dynamics. Indeed, we observed traces of structural
water molecules within our trajectories (as shown in Fig. S5), yet
fully characterizing their role requires additional extensive work. A
comprehensive analysis of these water bridges, which involves
dissecting the intricate coupling between solvent, flexible protein
loops, and glycans, represents a substantial undertaking that we
are pursuing as an independent, in-depth follow-up study. There-
fore, we position the FELs in this study as semi-quantitative
physical pictures that reveal key mechanistic divergences.
We believe that, building upon this foundation, future work
incorporating both longer simulation times and explicit analysis
of solvent effects will be able to refine the absolute values of the
energy barriers, thereby deepening our understanding of the
dynamic mechanisms of viral evolution.

This work provides insights into the physicochemical princi-
ples underlying viral adaptive evolution, highlighting how distant
residues can allosterically reshape conformational energy land-
scapes to alter function. Crucially, the detailed mechanisms
suggested here offer a robust framework for interpreting perplex-
ing virological data. For instance, the context-dependent RBD
dynamics we describe, which are intrinsically tied to the full
trimer conformation, provide a plausible mechanistic framework
for recently reported discrepancies between the binding affinities
of isolated RBDs and intact spike trimers for emerging variants
like JN.1.*° By illuminating these sophisticated evolutionary stra-
tegies, our findings offer new targets and refined principles for the
rational design of future antiviral drugs and vaccines.
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Data availability

The MD outputs are available from Zenodo at https://doi.org/
10.5281/zen0do.16876667. Scripts and glycan sequence infor-
mation mentioned in Methods section (including 3_Additi-
onal_Information.xlsx, 3_find_hbond_between.py) has been
uploaded in repo github.com/Venthaul/Spike_Open-Close.
Any other input files or trajectory files are available on request.

Minimum energy paths in free energy landscapes, and
interactions between key residues and adjacent glycans can
be found in supplementary information (SI). See DOI: https://
doi.org/10.1039/d5¢cp04391c.
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